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The electronic structure of three monolayévll. ) Co on Cif111), grown with Pb as a surfactant and capped
with two ML Cu, was studied using magnetic circular dichroism in valence-band photoemission. The easy axis
of magnetization in these films is perpendicular to the surface, allowing an experimental setup of extreme
symmetry(photon spin, light incidence, electron emission, and magnetization all aligned and perpendicular to
the surfacg In such a geometry features observed in magnetic dichroism can be directly related to the
symmetry character of the relativistic band structure. Experimental data in the photon energy range of 6—24 eV
are presented. The observed magnetic dichroism and its dispersion with photon energy can be explained on the
basis of direct transitions in a bulklike band structure of [80163-18208)04109-3

I. INTRODUCTION metry is less obvious, and additional fully relativistic photo-
emission calculations may be advisory. Setups of extreme
Magnetic dichroism in photoemission is the modification symmetry, on the other hand, in which the magnetization is
of intensity distribution curves by reversal of the magnetizaperpendicular to the surface and aligned to the wave vectors
tion direction. It is due to the interplay of the spin orbit and of both the photon incidence and the electron emission, are
exchange coupling in magnetic materigdge, for example, especially convenient to interpret the data in terms of the
Refs. 1-4. Since this interplay is of basic importance in the band symmetry:® In such a case a maximum number of
relativistic band structure of ferromagnets, magnetic dichrodifferent relativistic symmetry characters is assigned to the
ism in valence-band photoemission should be a most apprdsands, which together with the nonrelativistic dipole selec-
priate technigue for studying the electronic properties oftion rules makes it easy to extract the desired information
magnetic materials. Its differential nature allows the facilefrom the spectra. It is thus desirable to seek geometries with
identification of magnetic contributions in a spectrum andsuch high symmetries.
makes it superior to conventional photoemission. In contrast In Ref. 4 the direct connection between the relativistic
to spin-resolved photoemission, which also probes thdand symmetry and MCDAD was demonstrated for a surface
exchange-split nature of the valence bands, measuring mawith a fourfold symmetry, namely, the fdd00 surface of
netic dichroism has the advantage of relatively short acquiNi films. The comparison of experimental MCDAD spectra
sition times, because only photoelectron intensities are rewith relativistic photoemission calculations corroborated the
corded. Furthermore, it has been quite recently reported thdtand structure origin of the dichroism, giving the experi-
due to spin-dependent transport the contribution of surfacenenter an invaluable tool at hand for band structure investi-
resonances may be strongly overemphasized in spin-resolvegtions of ferromagnets.
photoemission spectra. In this contribution we will test the analytical expressions
For experimental geometries of high symmetry, analyticof Ref. 6 describing the MCDAD for a surface with threefold
considerations yield a set of direct relations between the relasymmetry and perpendicular magnetization. To do so we use
tivistic symmetry character of the valence bands and the obperpendicularly magnetized Co films on @w1), grown
served dichroismi.This has been experimentally verified for with Pb as surfactant. The MCDAD will then be applied to
perpendicularly magnetized Ni films, where the virtue ofstudy the magnetic band structure of the Co films.
magnetic circular dichroism in angular distribution  Without surfactants, the growth of Co on @1 is ac-
(MCDAD) for band structure investigations has been suc€ompanied by three-dimensional island formation and stack-
cessfully demonstratetllt has been shown that dichroism ing faults®>~1! At film thicknesses above 3 monolayéhdL )
spectra deliver an impressive amount of information about considerable amount of Co assumes the hcp phi4séA
the details in the exchange and spin-orbit split band structurperpendicular easy axis of the magnetization was reported
compared to conventional photoemission. The usefulness @xclusively for very thin film thicknesséd:!* Capping the
MCDAD for the investigation of magnetic band structures Co film with Cu increases the perpendicular anisotfépyd
holds in general for all experimental arrangements, althouglextends this thickness region for the perpendicular magneti-
the interpretation in experimental configurations of low sym-zation up to 2 ML Previous spin-resolved measurements
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of Co/CU11ll) (Refs. 7,8 were carried out at film thick- LEED patterns were observed before and after Co and Cu
nesses where the Co films are mainly hcp. Nearlthmint  deposition. All of the 2 ML Cu/3 ML Co/C{111) films pro-

of the Brillouin zone an exchange splitting of 4.15 eV  duced rectangular hysteresis loops of the polar Kerr effect at
for the lowerd bands was found.Varying the emission room temperature.

angle for photoemission excited by Nel radiation yielded a Photoemission spectra were taken at the 6.5 m normal-
dispersion predominantly of minority ban@s. incidence monochromator beamline of the Berlin synchro-

The morphology of the Co films can be significantly im- tron radiation facility(BESSY), with a circular polarization
proved by using Pb as a surfactant during the film grotfth. of about 909%4° As mentioned in Sec. I, the spectra pre-
The Pb is floating on the surface of the Co film and also orsented in this paper were taken in the totally symmetric con-
top of a Cu cap layer at all stages of depositidithe film  figuration, i. e., normal incidence of the incoming radiation,
growth is forced into a layer-by-layer mode, and the forma-and normal emission of the outgoing photoelectrons. The
tion of stacking faults is effectively suppress@drhe much  sample temperature during the acquisition of the photoemis-
lower roughness of the Pb-grown films and the absence dfion spectra was 300 K. The presence of the remanent mag-
stacking faults also affects the magnetic properties: In anetization was checked by MOKE before and after each of
capped Cu/Co/Qa1]) structure a perpendicular magnetiza- the measurements. To rule out apparatus induced asymme-
tion is now observed up to a Co thickness of 3—4 KMThis  tries, spectra for both helicities of the incoming light were
and the observation of a complete antiferromagnetic intertaken for both magnetization directions of the sample.
layer exchange coupling in Pb-grown Co/Cu/Co The electron spectrometer is described in detail
multilayers®” points toward a much smoother Co/Cu inter- elsewheré! It allows the detection of normally emitted elec-
face compared to films grown without a surfactant. trons for normal incidence of the incoming radiation. For the

To study the bulk band structure by using thin films it is measurements presented in this paper it was operated at a
favorable to go to film thicknesses as high as possible. Usuixed pass energy of 8 eV, resulting in an overall energy
ally the magnetic dipole interaction acts to keep the magneresolution of approximately 200 melihcluding the mono-
tization in the film plane when the thickness is increased. Irchromator resolution The angular acceptance can be esti-
the Co/Cu111) system, 3—4 ML seems to be about the high-mated to be less thath2°.
est Co film thickness with an out-of-plane remanent
magnetizatiort® We therefore usetPb)/2 ML Cu/3 ML Co/
Cu(11)) films for the dichroism measurements. These films
offer the adv_antage of a well-defined fcc structure with a low Before turning to the experimenta| results and their inter-
surface or interface roughness. We will show that thepretation, it is useful to recall briefly the analytical descrip-
MCDAD of these films exhibits already a distinct dispersiontion of MCDAD by J. Henket al® Instead of using the no-
along theA axis which can be explained by direct transitions menclature of the magnetic double group, we follow the
within a bulklike band structure. concept of Ref. 6 and express initial and final states in terms
of the symmetries of the nonmagnetic double group, but with
Kramer’'s degeneracy lifted.

In the nonmagnetic case, the symmetry of (h&l) sur-

The experiments were carried out in a UHV chamberface isCz, . Relativistic electronic states can be classified by
(base pressurex110™ 8 Pg equipped with facilities for low- two irreducible representations of the double graupand
energy electron diffractiofLEED), Auger electron spectros- A4s. The final states for normal emission hakg symme-
copy (AES), magneto-optical Kerr-effedMOKE), medium  try. For normal light incidence and normal electron emission,
energy electron diffractiofMEED), and thin film growth. only transitions between initial states containing spatial
Details of the setup may be found in Ref. 18. symmetry and final states with® spatial symmetry are al-

Before deposition of Co and Cu, 1.5 ML of Pb were lowed. Although the spatial symmetry, i.e., the irreducible
evaporated onto the clean sample. Pb was evaporated fronrepresentation of thénonrelativistig single group, is not a
stainless steel crucible by indirect heating with a tungstegood quantum number in the presence of spin-orbit coupling,
filament. The Pb coverage was calibrated by monitoring thave will append an upper index to the double group represen-
MEED specular intensity during growth. 1.5 ML of Pb tation indicating the predominant spatial symmetry.
showed the typical (4 4) reconstruction LEED patteri:*® The presence of the perpendicular magnetization reduces
The sample temperature was 450 K during Pb evaporatiorihe symmetry of the system and lifts Kramer’'s degeneracy.
which is still below the temperature at which embedded Pkeach of the two-dimensional irreducible double group repre-
atoms on C(111) have been foundf and 300 K for the sentations\g and A4 s of the nonmagnetic case decompose
subsequent Co and Cu depositions. High purity Co and Cinto a pair of one-dimensional representations, labeled ac-
was evaporated by electron bombardment from a cobalt rodording to Ref. 6Ag+, Ag—, Ays+, andAys—. The +
and a molybdenum crucible, respectively. Typical deposition( —) sign thereby denotes the symmetry behavior under time
rates for all three materials were 0.2 ML/min, while the over-reversal. It does not refer to majority or minority spin, be-
all pressure in the chamber did not exceed 1 8 Pa (5  cause the latter is, as the spatial symmetry, not a good quan-
X108 Pa in the case of PbNo surface contamination tum number in the presence of spin-orbit coupling. Without
above the AES detection limit=f1%) could be detected af- interband hybridization, however, bands with opposite spin
ter any of the deposition steps. It was checked using AESharacter exhibit also opposite time-reversal symmetry, in
that the complete Pb coverage was floating on the surfacte sense that majority bands witt? spatial symmetry have
after deposition of the Co or Cu films. Identical PbX4) negative () time-reversal symmetry.

Ill. THEORY

Il. EXPERIMENT
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Transitions in the totally symmetric experimental configu-
ration occur, in our nomenclature, between initial states of
A3+, A3—, Afs+, andAj — symmetry, and final states of
Ag+ andAg— symmetry. The contributions of these transi-
tions to the photoemission intensity for parallel or antiparal-
lel alignment of photon spia- and sample magnetizatidv
can be expressed in terms of partial matrix eIethhfé’ .
Here, the notation is thafl, 5 , for example, describes tran-
sitions from an initial state With\is— symmetry to a final
state withA3+ symmetry. The photoemission intensity for
parallel alignment ot andM, according to Ref. 6, is

difference

intensity

1(1T)=2|Mg “|?+|Mjq [>+|Mz5 |2 (1)

(o S ——

-l

As

For antiparallel alignment, we obtain As

(11 =2[Mg "[*+|Mgs [*+ Mg |2 ) A Ajs At Eg

In the nonrelativistic limit there are two majority and two binding energy

minority bands withA 2 spatial symmetry along thé axis of FIG. 1. Bottom: schematic representation of four bands of
the Brillouin zone. Each of these four bands is energetically 3, Ais—, Ai,s+y andA$+ symmetry contributing to the spec-
split by the spin-orbit interaction into two bands witty s tra in the totally symmetric geometry. The arrows indicate the split-
and A g symmetry. Because the spin-orbit coupling in the 3 ting due to spin-orbit interaction. Center: schematic intensity distri-
valence bands of Co is about one order of magnitude smalldrution curves for paralle(solid line) and antiparallel alignment
than the exchange splitting, we end up with closely space¢dotted ling of photon spin and magnetization direction. Top: in-
doublets of bands with parallel spin and different doubletensity difference of the spectra of the center panel. Plus and minus
group symmetry, separated from other doublets with oppoPeaks are located at the energetic positionsAgf- and A3+

site spin by the exchange splitting. This is true as long as n§ands.

hybridization with other bands occurs.

Let us now consider the dichroism one should observe byhe exchange splitting of the final state bands decreases with
changing either the light helicity or the magnetization direc-gjstance to the Fermi level. Considering the small energetic
tion. The Q|chr0|sm is the intensity difference upon helicity separation between two spin-orbit split bands\afs and A 6
or magnetization reversal: symmetry?? the dichroism of the former will probably not be

D=1(11)=1(11). 3) observed in the experiment. The main dichroism will arise
from transitions involving\ 4 initial state bands only. This is
The contribution of the\ g bands to the dichroisiD is of the  schematically illustrated in Fig. 1. In the bottom panel the
type[Mg ~|?—|M; |2 This means, for a given light helic- energetic positions of four bands withg+, AZ—, A3+,
ity only bands with eitherAg+ symmetryor with Ag—  and A3~ symmetry in the absence of hybridization are
symmetry contribute to the spectra. Without hybridization,marked by vertical lines. The influence of the spin-orbit
these bands are separated by the exchange splitting; this Sitlysiying is indicated by small arrows. In the case of vanish-

j‘\t'on Ssr;r?ﬂgtrleaigotﬁepg;gtjnﬁsg dd'chrg'sgn'cgﬁt?%s t‘_’(\;'rt]qng final state exchange splitting, for parallel or antiparallel
45 ) g +X’2 —Z2 12 1 g ‘outl alignment of photon spia- and magnetizatioM, either the
M5 [°— M35 |+ |Mys [“—|M 5 |°. Here, contrary to the A3+ or the A3— bands. respeci .
. 6 6 , respectively, do not contribute to
Ag bands, transitions from both, s+ and A,s— bands O )
' ' the photoemission spectrum. In the center panel of Fig. 1,

occur for each light helicity. Changing the helicity, transi- h s ity distributi for th
tions from the same initial state bands, but into different finaSCNeéMatic intensity distribution curves for the two cases
and M parallel [ (17): solid line ando and M antiparallel

state bands are excited. The dichroism\ips related transi- _ _ :
tions thus depends on the exchange splitting between thd11): dotted ling are shown. The difference between both

A+ and Al— final state bands, which in general will be is displayed in'the top.panel. Lt exhibitssplus and minus peaks
much smaller than in the initial state. Only for a nonvanish-at the energetic positions dfg— and Ag+ bands, respec-
ing exchange splitting in the upper bands do transitions intdively.

the two exchange-split final state bands take place at a The situation is summarized as follows: without hybrid-
slightly different value of the electron wave vector compo-ization between different bands, one of the two bands of a
nent perpendicular to the surfasg . This will lead to a  spin-orbit split majority(minority) doublet will give rise to a
dichroism, but only if there is a sizeable dispersion of thepositive (negative asymmetry. This intensity asymmetry is
lower bands. For either a vanishing exchange splitting of theorrelated to the symmetry character of the bands, and re-
final state bands or a vanishing dispersion of the initial statdélects directly the spin polarization in the absence of inter-
bands there will be no dichroism. We therefore expect thaband hybridization. Note that if the spin-orbit interaction is
the contribution of the\ ; s bands to the total dichroism will small compared to the width of the peaks, measuring the
be very small compared to that of tidg bands. In addition, dichroic difference will yield information equivalent to ex-

it should decrease towards higher photon energies, becauptcitly measuring the spin polarization.
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AR the peaks would require knowledge of the partial photoemis-
2Cu/3Co/Cu(111) + Pb sion cross sections and the hole-lifetime broadening of the
KTT)-1(T) (x5) close-lying bands. The differential nature of MCDAD, how-
hv (eV): ever, allows the precise separation of bands with different
double-group symmetry. To illustrate this, the differences
24 mﬂ o between the spectra of parallel and antiparallel alignment of
& o andM from the left-hand side of Fig. 2 are depicted on the
29 m 'R right-hand side, magnified in intensity by éarbitrary fac-
Il tor of 5. Circles represent the experimental data and solid
. 20 =T ' lines are the result of smoothing splines. At 6 eV photon
2 N 5 energy, a small but distinct plus-minus feature is made out at
5 : binding energies of 0.2 and 0.4 eV for the minus and plus
g 18P, il peaks, respectively. Both peaks shift towards higher binding
- w energy with increasing photon energy. The amplitude of the
"‘Z" 16 e minus peak thereby increases, whereas the plus peak is get-
2 w ting broader and less defined at photon energies between 10
. LR M ceiiatia and 20 eV. Possible reasons for this broadening of the dif-
v ference peaks will be discussed in Sec. V.At=24 eV,
12 st both peaks are again very pronounced and well defined, with
v' binding energies of 0.6 and 1.1 eV, respectively. At this
photon energy, the peak maxima reach values-6f8 and
10 Mv** 25% of the summed photoemission intensity771)
+I1(T1).
, 8 ety , We now turn back to the analytical considerations of Sec.
W lll. As discussed there, only the first terms of E@9.and(2)
6 Mﬁq@o o should give sizeable contributions to the dichroism. Bands of

A2+ symmetry[first term of Eq.(2)] give a negative con-
tribution to the differencel(17)—1(7]) and bands of
A2— symmetry[first term of Eq.(1)] a positive one. We
FIG. 2. Left: Series of partial intensity spectra of 2 ML Cu/3 therefore correlate the negative peak at lower binding ener-
ML Co/Cu(111), grown with Pb as a surfactant, for different photon gies to aA2+ band, and the positive peak at higher binding
energieshv. Shown are spectra for paralleolid lineg and anti-  energies to aAg— band. As already mentioned, without
parallel alignmentdotted line$ of photon spin and magnetization spin-orbit hybridization Ag+ means minority spin, and
directio_n. Right: differences between_ the partial spe_ctrr_:l of the Ieft-Ag_ majority spin.
hand sn_de, scgled by a factor of (6ircles. The_ solid lines are The peak positions of the two peaks in the difference
smoothing splines to the data. The small vertical bars mark peaknecira of Fig. 2 are traced by small vertical bars, and the
positions of plus and minus peaks. corresponding binding energies plotted in Fig. 3 as solid tri-
V. RESULTS angles versus the perpendicular component of the wave vec-
tor k, . The latter was obtained by assuming a simple free-
Figure 2 shows the results of the MCDAD measurementselectron-like final state dispersion with an inner potential of
On the left-hand side photoemission intensity curves at dif10 eV. The error bars reflect the accuracy with which the
ferent photon energies for parallgl(71), solid line§ and  energetic positions of the respective difference peaks can be
antiparallel alignment of photon spin and sample magnetizadetermined. Ugdown) triangles correspond to the peak po-
tion [1(7]), dashed linekare depicted. At 6 eV photon en- sitions of the plugminus peaks. They are connected in Fig.
ergy a small peak at 0.3 eV binding energy is observed3 by solid (broken lines, which serve as a guide to the eye.
superimposed on a large secondary electron background. At higher photon energies, the transitions take place at lower
becomes more pronounced lat=8 eV, and disperses to- k values, i. e., nearer to tHé point of the Brillouin zone.
wards higher binding energies with increasing photon en- Also shown in the inset of Fig. 3 is a fully relativistic
ergy. This peak is attributed to emission from Co Sates. calculation of Ebert of the Co bulk band structure along the
The contribution of the Cu @ states to the spectra is ex- A axis and for an in-plane magnetization along {i40]
pected at binding energies of 2 eV and higfie? The in-  azimuth?® Bands with predominant minority spin character
crease in intensity at the end of each spectrum marks indeexte depicted as dotted lines, and bands with predominant
the shoulder of an intense Cw peak, which shows a simi- majority character as solid lines. Although the calculation
lar dispersion with photon energy as does the Co peak. was done for an in-plane magnetization, we will label the
The I(17) and I1(7]) spectra exhibit clear differences, bands as in the case of perpendicular magnetization. The
which means that there is a pronounced magnetic dichroisndifferent symmetry of the in-plane and perpendicularly mag-
Conventional photoemission, at that point, would delivernetized system affects mainly the crossings between bands,
only the summed average of both curves. From that alone, @nd to a lesser amount the energetic positions of the indi-
would be very hard to extract more information than just thevidual bands. Bands which hatia the case of perpendicular
general dispersion behavior, because any decomposition afiagnetization Ag double group symmetry and a predomi-

2.0 1.5 1.0 0.5 0.0 2.0 1.5 1.0 0.5 0.0
binding energy (eV)
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L S S S B features are observed indicating a band structure related to
Iiiiff hcp Co characterized by its reduced Brillouin zone and the
I -t doubled number of bands.

As mentioned in the previous section, the plus peaks in
the difference spectra at photon energies between 10 and 20
eV are rather broad and less pronounced compared to those
1 at photon energies below 10 or above 20 eV. One reason for
. this observation could be the above mentioned hybridization
] between bands of\g— double group symmetry, and the
3 ML fec-Co(111) ] consequent simultaneous presence of two bands containing

] Ag— symmetry(cf. Fig. 3, insek In the hybridization re-
gion, the parabola shapeqb-like band contains a mixture of
A% and A! spatial symmetryand hence also a mixture of
spin-up and spin-down charackelt is conceivable that not

ot of th K bositi  the diff ‘ only in the vicinity of thel” point but also further away there
_FIG. 3. Plot of the peak positions of the difference spectra fromyg g4j); 5 considerable portion of3— symmetry in that band.
Fig. 2 as a function of electron wave vector perpendicular to th

surface. Upldown) triangles denote positions of plgsinug peaks erpltf] V\tlobwd;?nttr;]buff ?}p(.)s'tlve s(ljgnal Iadt:)he binding ePer?g
of the difference spectr& values were obtained by assuming free- of that band fo the dichroism, and cou € a reason for the

electron-like final states with an inner potential of 10 eV. Lines arebroad plus featu.re which |s_ observed betweenl 10 and 20 eV
guides to the eye. The inset shows a fully relativistic band structur®N0ton energyFig. 2). At higher photon energies the tran-
calculation of EberiRef. 29 (see text Bands with predominant SItioNs occur nearer to tHe point where these two bands_ are
majority (minority) spin character are depicted as sofibtteg ~ ClOSer in energy, whereas at lower photon energies regions in
lines. Thick lines denote bands withd symmetry, which are re- k space are probed which are further away from the hybrid-
sponsible for the dichroism. Only these bands are mapped byzation region. Both could account for the narrower peaks at
MCDAD. The region probed by our experiment is indicated by anthese photon energies.
ellipse. Another possible explanation for the broadening could be
the influence of the lower majority band around 2 eV binding

nantA3 spatial symmetry character, i.e\3 in our nomen-  €nergy, which exhibits the same double group symmetry,
clature, are emphasized by thiéttotted or solidl lines. As ~ and should hence contribute with the safpesitive sign to
outlined before, these bands are mainly responsible for thi'® magnetic dichroism as the higher majority band. A
magnetic dichroism. The spin-orbit coupling lifts the ener-Smearing out of two plus peaks could as well give rise to the
getic degeneration of the two-dimensiondl bands; this is observgd .broad pIu; feature. The energetic separation of the
seen as splitting oA 3 bands of the nonrelativistic case into WO majority bands is larger for the two highest and the two
two close-lying bands oA and A, s double group symme- Ipwest photon energies, which would explain the better de-
try, separated by the spin-orbit interaction, which in the va-finéd plus peaks observed there.

lence bands of the@transition metals is of the order of 100 '€ emission from the lower majority band is, however,
meV 22 not well resolved in the photoemission intensity curdeft-

A region of spin-orbit induced hybridization as a conse-han.d side of Fig.. P This'may b? dye toa strongly enhanced
guence of avoided crossings between bands of identic jfetime proadenlng athlgher b'”‘?"”g energies. _SUCh a strong
double group symmetry is present at about 1B% At this roadening of peaks at higher binding energy is not unusual

. . : for photoemission from thin film systemsThe peak in the
position, the spin character as well as the spatial symmet

r - -
are gradually exchanged between two bands\ gt sym- ¥pectrum ofhv=8 eV around 1.6 eV binding energy, and

R : . some of the intensity between the Co peak near the Fermi
metry. This can be followed as the band depicted by a thick ;
solid line (Ag—) turns into a thin dotted Iine/(é—). edge and the Cud3peak for photon energies up to 20 eV

may be assigned to emission from that band. At higher bind-
ing energies, as seen from Fig. 2, it is difficult to analyze the
V. DISCUSSION magnetic dichroism because of spin-dependent scattering of
spin-polarized substrate photoelectrons in the magnetic layer.
Comparing the experimentally observed dispersion of therhis spin-filter effect itself also generates a prominent “mag-
plus and minus peaks of the asymmetry spe@ig. 3) with  netic dichroism.”* It should not be confused with the effect
the calculated bulk band structufieset of Fig. 3, the band  of spin-dependent transport of the photoelectrons from the
structure origin of the magnetic circular dichroism becomesmagnetic film itself mentioned in Sec. I, which may hamper
immediately obvious. The dispersion of the minus peaks ofhe analysis of spin-resolved measuremértscause the lat-
the difference spectra with decreasing photon energy diser effect has no influence on MCDAD. Whereas the former
plays directly the dispersion of the lower minority band only exists in films thin enough to permit the detection of
(A3+) with increasingk, away from thel’ point. The plus  substrate or seed layer photoelectrons, the latter is present
peaks follow the dispersion of the lower majority bandalso in bulk samples. The immunity of MCDAD with respect
(Ag—), with little dispersion neat’, and an increasing up- to spin-dependent transport of the photoelectrons after exci-
wards dispersion when going fromto L. The experimental tation must be counted as an advantage over spin-resolved
dispersion of the dichroic features is hence consistent witlphotoemission.
the bulk band dispersion of fcc Co along the axis. No Although the qualitative agreement between the calcu-
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lated band structure and the experimentally observed dispewidth due to the reduced coordination of the surface and
sion of the dichroism features is very good, and clearlyinterface atoms and the two-dimensional character of the
proves the interpretation in terms of relativistic band symmed{ilm. None of this is observed. Spin-resolved photoemission
tries as outlined in Sec. llI, the exact energetic positions an@f Co/Cu11l) revealed a bulklike behavior of Cal3tates
the dispersion of the bands differ. The main discrepancy bealready at coverages as low as 2 Nilin a recent study
tween experiment and theory concerns the energetic separdlankey et al. showed that angular distributions of photo-
tion between the upper and lowgbands. In the experiment, electrons of Ni/C(001) exhibited bulklike electronic disper-

the upper majority and the lower minority band are sampledSion even in films as thin as 1.2 ME.This is attributed to
Near ' we find binding energies for these bands of 1 1hybridization of the electronic states with the substrate. For a

+0.1 and 0.6:0.1 eV, respectively. This is in good agree- small lattice mismatch between substrate and film, such a

ment with spin-resolved measurements of CaAtd) films hybridization imposes the Bloch periodicity of the substrate

. ! . . on the electronic wave functions in the film. We suggest that
at higher thicknesses, in which values of 1 and 0.7 ev WeTh our Co/Cy111) films a similar hybridization between Co

obtained, although the_ separatlon_ between the bands '3nd Cu states is also the origin of the strdggdispersion.
somewhat smaller than in our experiment. One has to keep i s in the ultrathin Ni film&® no narrowing of thed bands

mind, however, that we are probing the binding energies of i respect to the bulk band structure is observed. The elec-
only one of each of the spin-orbit split pairs of bands,onic structure of Co and Cu is very similar, differing pri-
whereas spin-resolved photoemission determines the centgiayily in band fitting, and the lattice mismatch is only 1.8%.
of both. This should yield a difference in the band separationrhis favors the hybridization of certain substrate and film
of the size of the spin-orbit splittinf. From the band struc-  states, which leads to the development of the characteristics
ture calculation, binding energies of 0.9 and 0.7 eV are foungf g bulk electronic structure in the ultrathin film.

atT for the positions of the\i— and A3+ bands, respec-
tively. The top of theA3+ band, as found from our dichro-
ism measurements, is located at a binding energy of 0.15

+0.05 eV. In the calculation, it only reaches up to 0.4 eV A magnetic dichroism study of the electronic properties of
belowEg . As a consequence of the larger band separation igpijtaxial Co/C(i111), grown with Pb as a surfactant, was
the experimental data, the crossing point between the twperformed. The experimental dispersion of dichroism peaks
bands, in the calculation around 53%, is located at higher and its coincidence with expected band dispersions from
k values in the experiment. At 65%L, the highesk value  band structure calculations leads to several conclusions.
accessible to our range of photon energies, they are stiffirst, the theoretical description of the dichroism in terms of
separated. direct transitions between valence bands of different double
In general the electronic propertie§ @ 3 ML Co film  group symmetries, as outlined in Sec. lll, is appropriate for
may very well deviate from bulk properties and lead to dif-the conclusive and consistent interpretation of all of the ex-
ferent binding energies of the states. We therefore considgrerimental MCDAD data. The analytical expressions of Ref.
the observed band dispersion as an experimental resul, link peaks in the difference spectra to the symmetry of
which reflects the band structuré @ 3 ML Co film, grown  valence bands. This was experimentally verified also for the
with Pb as surfactant and sandwiched between Cu. Besiddlreefold surface of Co/G11), where the content of infor-
the influence of the finite thickness, another reason for thenation of intensity spectra for opposite orientation of light
guantitative discrepancy between experiment and theorfelicity and magnetization direction is comparable to explic-
could be that the exchange splitting of the upper bands igly spin-resolved photoemission measurements. Second, by
somehow overestimated in the band structure calculationzarying the photon energy the dispersion of the participating
Whereas the exchange splitting of the lower bands, 1.4 eV, ibands could be mapped. In 3 ML perpendicularly magne-
identical to the one found with spin-resolved photoemissiontized Cq111) films the observed dichroism yields the disper-
the exchange splitting of the upper bands is higher than exsion of bulklike bands. No band narrowing with respect to
perimentally observed. Combining inverse photoemissiorbulk band structure calculations is found. This is attributed to
data of Ref. 26 with the spin-resolved photoemission data ofiybridization with the substrate periodic electronic states.
Ref. 7 results in an exchange splitting for the upper bands ofhird, the experimentally observed band structure points to-
1.15+0.15 eV! In the calculation, the average splitting is wards an fcc structure of the Co film. No indications for the
1.6 eV. This may be a hint towards the influence of many-Jresence of hcp Co were found. Fourth, the relative energetic
body effects on the photoemission spectra similar to the caggosition of the upper majority and lower minorityband is
of Ni. It was already pointed out theoreticaifyand shown  slightly different with respect to band structure calculatfdns
experimentall§® that the influence of many-body effects and previously published photoemission dafBhe higher
may also be important in photoemission from Co ultrathinseparation at thE point between these two bands found here
films. may be a hint towards the influence of many body effects.
Another aspect of the present result is that in films as thirAltogether, the present work demonstrates the capability of
as 3 ML there is already a bulklike band structure with amagnetic circular dichroism in valence-band photoemission
pronounced dispersion, which in our case is even slightiffor electronic band structure investigations of magnetic thin
stronger than in the corresponding bulk band structure calcuilms. The differential nature of the effect makes it insensi-
lation. On the first look it may be astonishing that in a film tive to contributions of nonmagnetic overlayers, which
consisting of only three atomic layers there should be such ahould in principle also allow for the study of buried mag-
strong dispersion; one would expect a strongly reduced banaetic layers, e.g., in devices or multilayered stacks.

VI. CONCLUSION
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