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Magnetic circular dichroism in valence-band photoemission from perpendicularly magnetized Ni thin films
on CU00Y) has been studied both experimentally and theoretically. Over the photon energy range of 11-27 eV
for normal emission and normal incidence, intensity asymmetries up to 20% upon light helicity or magneti-
zation direction reversal were found. Fully relativistically calculated photoemission spectra agree well with
experiment and reveal the interplay between spin-orbit coupling and exchange splitting, which is at the origin
of magnetic dichroism. From comparison of theory and experiment the band dispersion is determined and
points of hybridization along thA axis are identified.

[. INTRODUCTION photoemission is more complicated than that in core-level
photoemission. The knowledge of both the detailed valence-
As is well known, the electronic structure of metals is and conduction-band structures of the semi-infinite crystal is
influenced significantly by spin-orbit couplifg? A variety — necessary to interpret adequately the experimental findings.
of effects including spin polarization of photoelectrons inUsing an experimental arrangement of high symmetry facili-
paramagnets’ and the polar Kerr effect, owe their existence tates the interpretation by means of dipole selection rules.
to the presence of spin-orbit coupling. Great effort has beefror normally incident circularly polarized light and normal
put, especially in the last few years, in the investigation ofemission of photoelectrons from &01) surface of a cubic
spin-orbit-induced effects®and it has turned out that even crystal, selection rules allow only transitions from valence
in the valence-band structure of lofvmaterials, as for ex- states withA® single-group symmetry spatial parts into final
ample Cu, spin-orbit coupling is significatit? states withA® symmetry?® Furthermore, the photoelectron
Magnetic dichroism in photoemission or absorption,spin polarization is complet&?*and is aligned with the di-
which is the modification of intensity-distribution curves by rection of light incidencé'?2°-2"The presence of a mag-
reversal of the magnetization direction, is exclusively due tetization generally reduces the symmetry of the semi-
the interplay of spin-orbit and exchange couplitege for infinite solid, however, when it is perpendicular to the crystal
example Refs. 13—16Magnetic dichroism in x-ray absorp- surface, the surface normal remains a rotation axis, and the
tion as well as in core-level photoemission probes the interelectronic states can still be classified according to irreduc-
action of spin-orbit split core levels with spin polarized va- ible double-group representations of the nonmagnetic
lence electrons. It is hence considered as a tool for elementase'>?® Such a totally symmetric geometry thus opens the
specific investigations of magnetic properties. For thepossibility to discuss the MCDAD in terms of a simple in-
determination of the electronic band structure, angleterband transition model, including both spin-orbit coupling
resolved photoemission spectroscofyRPES of valence and exchange interaction.
electrons is one of the most commonly used and powerful The purpose of the present paper is to relate the valence-
method<:1"18 Magnetic circular dichroism in the angular band magnetic circular dichroism in Ni to the underlying
distribution (MCDAD) of valence-band photoemission is band structure. Starting with a simple picture of band sym-
caused by the interplay between exchange-splitting and spimaetries and selection rules, a thorough comparison with fully
orbit coupling in the valence states. ARPES with the extenrelativistic band-structure calculations provides a deeper in-
sion of measuring the accompanying MCDAD therefore is asight into the details of the band structure. Points of hybrid-
most appropriate tool for the direct investigation of the elec-zation between bands of different spin occupancy and dif-
tronic structure of ferromagnets, including both exchangderent orbital symmetry, where the expectation value of the
and spin-orbit coupling. spin polarization is low and the illustrative picture ceases to
For MCDAD from core levels, calculations for single at- work, may be identified this way. Whereas the main
oms reproduce qualitatively the experimentally observedMCDAD features can be qualitatively explained by the sym-
findings (see, for example, Refs. 14, 19, and).2Recent metry of the involved initial states, extended statements on
experiments, however, show effects on the MCDAD asym-+he origin of all of the observed dichroic features and their
metry due to the crystallinity of the sample; in other words,relation to exchange and spin-orbit coupling are only pos-
they reveal the limits of atomic calculatiofis?? sible with access to fully relativistic photoemission calcula-
The interpretation of magnetic dichroism in valence-bandions. The procedure is to check as a first step the input
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parameters for the calculations by comparison of the experinesses for perpendicular magnetization vary between 7 and
mental spectra to one-step photoemission calculations. ThED ML for the lower limit and between 56 and 75 ML for the
next step is to correlate specific dichroic features to the calupper limit>*3* This is at present the highest film thickness
culated relativistic band structure. This serves to finally endvhere a simple magnetic overlayer shows a perpendicular
up with an experimental determination of the exchange- anghagnetization. It is attributed to the magneto-elastic volume
spin-orbit split band structure, which may in details of dis-anisotropy caused by substrate-induced strain in the epitaxial

D g1 34736 ; i
persion and hybridization quite possibly differ from the cal- Ni film.™~*>The Ni/Cu001) system thus offers the unique
culated one. possibility to study the magnetic circular dichroism for a

The chosen system to do this is that of an epitaxial Nif"mperpendicular magnetization at relatively high film thick-

deposited on a G001 substrate. The interplay between ex- NESSES: where the electronic structure can be thought of as
: o . ulklike. Because of the strain in the film the electronic
change and spin-orbit interaction can be preferably ObserVelatructure will of course not be fully identical to that of bulk

in nickel as a prototype system, where both interactions ar i. However, there are no indications for a nonhomogeneous
f th me order of magni .3/0.1 eV. The rela- ‘ . X ; X
of the same order of magnitude-0.3/0.1 eV. The rela crystalline structure over the whole film thicknéés! so

tively small exchange splitting in nickel compared to that of S ; : U
iron or cobalt has the advantage that there are extended rglat the magnetic circular dichroism can be studied in the

gions in the Brillouin zone in which both corresponding ma_advantageous fully symmetric configuration as provoked by

jority and minority bands are occupied. The dispersion ofthe . bulkhlge_ electronic structure of the homogeneously
such bands may thus be followed experimentally over a disg,tramed Ni film.
tinct range ofk by photoemission spectroscopy. The ob-.
served dichroism also exhibits more spectral features whe

both majority and minority states contribute to the photo-

The origin of the perpendicular anisotropy of Ni/Q00
self is also of great interest. Perpendicularly magnetized
ilms of some ten monolayers are much more favorable for

emission signal, which is advantageous for the unambiguo technological applications than those of just one monolayer.

correlation to certain electronic states of the band structure.sgt?nCotr;]tgbiﬁf'olgigon;tgengiggiet'gleag'ﬁg:r()pgrgvgirr(;%rt?pfg_'
Furthermore, for Ni001) as a prototype case one-step 9 P 9 P 9y y

photoemission calculations have already been performed thted to the spin-orbit cou.plleq electronic structure of the sys-
demonstrate the origin of specific features in MCDAD em. To explore the relativistic band-structure may therefore

spectral® Calculated photoemission spectra for normal elec-help to identify the nature of this anisotropy together with

tron emission from perpendicularly magnetized (00} s_upplementary work on structure and morphology of the

were presented for both helicities of the incoming circularlyf'lm_l_sﬁe oraanization of this paper is as follows: In the next

polarized UV radiation. The calculated spectral features of . gar - bap } '

the magnetic circular dichroism could be correlated to rela—Secuon d(_atalls of the experiment are described. In Seg:..lll the

tivistic band-structure calculations and were discussed b omputat_lonal method is presen_tedz and the ongin of

means of direct transitions CDAD in _the present geometry is discussed analytlcally:
) Both experimental and theoretical results are presented in

The choice of the Ni/Cu thin-film system was also gov- A
erned by other considerations. For the reasons mentione%fc' IV. In Sec. V they are correlated to the relativistic band

above it is advantageous to have a magnetization perpel§_ructure, and specific information about the e'lectronic struc-
dicular to the sample surface. For bulk Ni the easy axis of théure of the system is drawn from the comparison of experi-
magnetization is thd111] direction, thus prohibiting the ment and theory.

totally symmetric configur_ation W_ith the vectors o_f photon Il. EXPERIMENTAL ASPECTS

and electron momentum, light helicity, and magnetization all

collinear with thg001] surface normal. In ultrathin magnetic =~ The experiments were carried out in a UHV chamber
films, however, other contributions to the magnetic anisot{base pressurexX110 8 Pa equipped with facilities for low-
ropy due to the shape and the influence of surface and inteenergy electron diffractioflLEED), Auger electron spectros-
face of the thin-film system as well as magneto-elastic coneopy (AES), magneto-optical Kerr effedMOKE), medium
tributions to the magnetocrystalline anisotropy can lead tenergy electron diffractiodMEED), and thin-film growth.
different orientations of the magnetization direction. In mostDetails of the setup can be found in Ref. 38.

of the cases the predominant influence of the magnetic dipole Nickel was evaporated from a high-purity nickel rod by
interaction, the shape anisotropy, results in an easy directioelectron bombardment. Typical deposition rates were 0.5
parallel to the film plane. In a number of special cases andiL/min, while the overall pressure in the chamber did not
for limited thickness ranges, there is the possibility that theexceed 2108 Pa. No surface contamination above the
shape anisotropy can be overcome by other contributions tAES detection limit &1%) could be detected after nickel
the magnetic anisotropy related directly to the thin-film na-deposition. The sample temperature during deposition was
ture of the systerd®>~3! In such a case the total anisotropy 300 K. All experiments presented in this publication refer to
may manifest itself in a resulting magnetization directionfilm thicknesses of 15 ML. This is well in the range of per-
perpendicular to the film surface. It is therefore important topendicular magnetization, the presence of which was
select an appropriate substrate to induce the required anisohecked before and after acquisition of photoelectron spectra
tropic properties in the epitaxially deposited ferromagneticby means of polar MOKE measurements. All films produced
film. It is reported in the literature that thin films of Ni de- rectangular hysteresis loops at room temperature. During the
posited on a C(©01) substrate exhibit a perpendicular orien- collection of the photoemission spectra presented here the
tation of the easy axis of magnetization over an extendedample temperature was maintained at 300 K.

thickness rang&—>* The published values of the film thick- ~ MEED measurements during Ni evaporation exhibit dis-
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tinct oscillations in the specular beam intensity for the firstlations of the layer Korringa-Kohn-Rostoker type using a
five monolayers, indicating layer-by-layer growth. This is Green’s-function formalisrfi! In this method, spin-orbit cou-
followed by a three-dimensional film growth at higher thick- pling and exchange interaction are included on an equal foot-
nesses manifesting itself in a monotonously decreasinghg. Photoelectron spectra are calculated within the one-step
MEED specular beam intensity. This growth behavior wasmodel involving relativistic dipole-transition-matrix ele-
also observed by scanning tunneling microscopyments to time-reversed LEED states of the semi-infinite
_rneas_,urement°57. The films showed a (1) LEED pattern  gqjid. Hole lifetime is incorporated from the start. Our
identical to that of the clean Cu substrate, from which amethod is strictly valid aT =0 K and in good approximation
pseudomorphic fcc structure with the lateral lattice constant; temperatures well below the Curie temperature.

of Cu(100 is concluded. In order to determine a tetragonal The effective quasiparticle potential is taken in the
distortion qften qbserved in pseudomorphic fcc films with A uffin-tin shape approximation, which is adequate for
certain lattice mismatch to the substrate, LEEN) mea- ., ol hacked metallic systems. Its spin-dependent real part
surements of thé00) beam were performed. From the shift . side the muffin-tin spheres is adonted from a bulk poten-
of energetic positions of the sequence of single-scatterin al. which we calculgted self-congistently by the IFi)near

Bragg maxima 6.0%0.3% compression of the vertical L ) . T
layer spacing with respect to the copper substrate is obtaineluffin-tin orbital method. Since for Ni this leads to ex-

This is slightly less that one would expect assuming constarfthange splittings of about 0.6 eV as opposed to an average

atomic volumes of the nickel atoms, which leads to a value/alue of 0.3 eV observed in photoemission experiments, we
of 6.9%. modified it by anad hocspin-dependent self-energy correc-

To minimize the film roughness, the sample is heated tdion reducing the splitting between the majority- and the
450 K for 10 min immediately after completion of the depo- minority-spin potentials by a factor of 0.5. The real part of
sition. This procedure is reported to result in flat pseudomorthe inner potential is chosen as 14.67 eV for initial and as
phic films of good quality without copper segregatidri?  14.67-0.15(E—Eg) for the final states. For the imaginary
After the annealing procedure, no change of structure opart we adopt energy-dependent forms increagingabso-
magnetization could be detected, and the AES Ni to Cu infute valug away from the Fermi energyEr as
tensity ratio remained identical. 0.025E — E¢) for the lower and as 0.08- Eg)%?° for the

Photoemission spectra were taken at the 6.5 m normalpper states. The surface potential barrier is simply approxi-
incidence monochromator beamline of the Berlin synchromated by a reflectingnonreflecting step for the loweup-
tron radiation facility(BESSY), with circular polarization of  pep states.
about 90%° As already discussed in Sec. |, the spectra pre= For the geometrical structure of the Ni film we assume a
sented in this paper were taken in the totally symmetric CONte(ragonally-distorted fcc lattiodict) with the in-plane lattice
figuration, i.e., .no.rmal incidence (_)f the incoming radlatlonConstant of bulk Cu, namely 2.55 @ompared to 2.49 A for
and normal emission of the outgoing ph°t°9'ec”of‘s- _bulk Ni). The vertical layer spacing is suggested as 1.69 A

The eliactron spectrometer i described in deta‘"by the results of our LEED{V) measurements, which indi-
elsewheré! It was operated at a fixed pass energy of 8 eV’cate a 6% tetragonally compressed fcc structbrék value
resulting i_n an _overall energy resolution of approximatelyOf Ni: 1.76 A). All layer spacings of the atomic layers were
200 meV(including the monoghromator resolutjoThe an- taken to be equal, thus neglecting possible relaxations in the
gular acceptance can be estimated tq be less thah To vicinity of the surface. Because we found experimentally no
rule out apparatus-induced asymmetries, spectra for both h%i”nission from the Cu substrate, we calculated the photo-
licities of the incoming light were taken for both magnetiza- emission spectra and the bulk Band structure for a semi-

tion directions of the sample. The F“ag.”eﬂza“"” Was T€jnfinite Ni crystal (with the above fct structujanstead of a
versed after approximatell h measuring time, whereas the 15 layer Ni slab on top of the Cu substrate

light helicity was changed after each scan of about 5 min. The tetragonal distortion of the Ni lattice, i.e., the de-

Al spectra n this paper are sh(_)wn normalized to the pho'crease of the interlayer spacing compared to the fcc case with
ton flux. This is done by considering the energy dependenc

t th h : hoton flux for both i ¢ Bu lattice constant, increases the dispersion of the bulk
% f iomogoc romlfa_or ‘t) (t)hon' ux tor tOD gr? INgs tr_om bands, as is expected. The band structure for the present fct

el. 24U and normalizing to the ring current. DUe 1o vanalionSqy,oyre js rather similar to that of bulk-fcc Ni. Differences
of the beam position and size with the ring current, the rela

! - .are obtained in the position of the spin-orbit-induced band
tion between photon flux at the sample and the ring current 'ﬁaps. In photoemission, spectra obtained for the three differ-
nonlinear. Normalizing linearly with the ring current would ,

; . . . _ ent Ni lattices, namely the tetragonally distorted lattice, the
result in too smalllarge intensities at highlow) ring cur-

. 4 bulk Ni lattice, and the undistorted fcc lattice with the Cu
rents. To account for this effect, the relation between photorllattice constant, show the same general shape. Minor peaks

flux and ring current was ext_racted ff"m measurements af,q shoulders, which are brought about by spin-orbit cou-
constant photon energy for different ring currents and use ling, differ slightly in intensity and energy position.
for the normalization procedure. The remaining uncertaint ’

in comparing experimental intensities at different photon en-

ergies is in the range of about 10%. B. Analytical considerations

Ill. THEORETICAL ASPECTS Before turning to the experimental results and their inter-

pretation, it is useful to present briefly some analytical re-

sults on MCDAD. The presence of perpendicular magnetiza-
Theoretical photoemission spectra and the correspondingpn reduces the symmetry of tf§801) surface fromC,, to

bulk band structure were obtained by fully relativistic calcu-C,, because each mirror operation reverses the magnetiza-

A. Computational details
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tion and, thus, is no symmetry operation of the entire system.
The electronic states can be classified according to four one-
dimensional irreducible representations of the double group.
Instead of the nomenclature of Falicov and Ruvildse
prefer to use the one of the nonmagnetic systesince the
reader is likely to be more familiar with the latter. Because
magnetic exchange breaks the time-reversal symmetry, i.e.,
Kramer’'s degeneracy is lifted, each of the two-dimensional
irreducible double-group representatiog and A, of the
nonmagnetic case decomposes into a pair of one-dimensional
representations, i.eA¢+, Ag—, A7+, andA;—. The basis
functions of these obey the relatio$A;+)=[A;—) and
T|Aj—)=—]A;+), T denoting the time-reversal operator
andi=6,7. It is important to note that the (—) sign does
not refer to “majority” (“minority” ) spin because the latter
is not a “good quantum number” in the presence of spin-
orbit coupling. All the above irreducible representations
comprise basis functions with spin-up and basis functions
with spin-down Pauli spinors. For example, the double-group
representatiol g+ has basis functionAéJr, with A? spa-
tial symmetry and spin-up, and2+, with A® spatial sym-
metry and spin-down. The actual states of the semi-infinite
crystal are linear combinations of these two types of basis
functions. X
After calculating the spin-density matrix for photoemis-
sion with circularly polarized light, we obtain analytical ex-
pressions for the intensity o..) and the electron-spin polar-
ization P,(o.), where o. indicates the helicity of the

© hv=21.1eV
T -1(TL)

intensity

incident light. P, can only assume the valuesl and -1, (a)

and the in-plane polarization components are identically X .

zero. For each dipole transition, the photoelectrons are thus 1.5 1.0 0.5 0.0
completely spin polarized parallel to the surface normal. binding energy (eV)

The intensity for right-handed circular light reads

FIG. 1. lllustration of the origin of observed MCDADa) Fully
relativistic bulk band structure of Ni along the axis with magne-
tization along the same axis, calculated with a real effective poten-
tial. Bands with majority-(minority-) spin expectation value are

l(o,)=2(IMg " [2+|M7 |3, (1)

where MfS' denotes the transition-matrix element from a
12 . g . - 5 .
A;s" initial state with single-group symmetna” into &  gon as thick(thin) solid lines. (b) As in (a), but with bands
Ags final state with single-group symmet™. For left-  istinguished according to their double group symmetry as labeled
handed circular light we obtain in the figure. A final state band with mainly® spatial symmetry,
_ —42 +—12 shifted downwards by 21.1 eV, is shown as dash-dotted line. The
(o) = 2(|M6 | +|M7 ). 2 vertical lines mark crossing points of the final state band with four
Equations (1) and (2) reflect the symmetry relation !nglal bandsf of predngnatlng dSpa“ar'] symm_eiryse?_ tr‘z‘)t The
I(o. ,+M)=1(o~ ,— M), which is obvious from the mirror -+ oroc O SPIn-orbi 450 and exchange interactiomg,) is

. . . indicated by arrows(c) Spin-resolved photoemission spectra for
operations of the point group 4,. Consequently, the intén- 51 1 e\ photon energy, calculated with the above potential aug-

sity asymmetry, which constitutes MCDAD, can be obtainedyented by a uniform imaginary part describing the finite hole life-
by reversing either the magnetizatitvh or the light helicity.  time. Majority (minority) spin spectra are labeled as,— and

In the following we denoté (o, ,+M) andl(o_,—M) as As— (A;+ and Ag+) in correspondence with the underlying
1(11), andl (o _'\7') and| (o —|—|\7I) asl(7]). Accord- initial-state bands, spectra for parallehtiparalle] alignment ofo
il —+ — .

ing to Egs.(1) and(2), I(11) consists of contributions from andM asA;+ and A~ (As+ andA;—) bands(see text (d)

e Calculated photoemission intensity spectra for para#elid line)
5_ 5
initial states ofAg— andAz+ symmetry, and(7) of those and antiparallel alignmer{tiotted ling of photon spine- and mag-

5 5 T
of Ag+ and A7— symmetry. In the nonmagnetic limit, netization vectoM. (e) Difference of the two curves df).
Kramer's degeneracy impliesM;" " =M, "=:M;, with

i=6,7, and the MCDAD vanishes, as it should. . ) .
magnetized NDOJ). In panel(a) the fully relativistic band

structure is shown, calculated with the parameters mentioned
above. The bands are distinguished according to their spin
More detailed insight into the physical origin of magnetic expectation value: thickthin) solid lines indicate majority
circular dichroism is provided in Fig. 1 by a typical set of (minority) character, corresponding to a positifreegative
numerical results for normal emission from perpendicularlyspin expectation value. The effect of the magnetization, i.e.,

C. lllustration of magnetic dichroism
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the exchange splitting of 0.3 eV, is easily recognized. It is The topmost panel of Fig. 1 represents MCDAD as the
also obvious that the spin is no longer a “good quantumdifference between the two curves of pafdl. It shows a
number” due to spin-orbit coupling, because some bandpronounced minus feature at 0.8 eV binding energy, which is

change from minority to majority character. due to emission fromA;— and, to a lesser extent, from
In panel(b) the same bands are distinguished according ta\g+ states. The other large feature, a positive peak around
their double-group symmetr,+, Ag+, A;—, andAg—. 0.4 eV binding energy, is mainly due to emission from the

The final state band which is reached by photoexcitation ifiigherA;+ band, which crosses the shifted final-state band
also shown as dash-dotted line, shifted downwards by 21.at this energy.

eV. In the direct transition model, which is useful for inter-  The above example clearly illustrates how spin-orbit and
pretation purposes, the initial state binding energy is giverexchange interaction in conjunction with relativistic dipole
by the crossing points of this line with the initial state bands.selection rules lead to MCDAD. Comparison of the results of
As already mentioned, only bands wit? spatial symmetry one-step photoemission calculations with the relativistic
contribute to the photoelectron spectra in the present totallpand structure shows that all of the observed spectral fea-
symmetric geometry. Without spin-orbit and exchange couiures can—via direct transitions—be correlated with the re-
pling, there is only one band with this symmetry. This bandspective details of the electronic bulk band structure. Mag-
is split by spin-orbit and exchange interaction into four en-netic dichroism, which does not require the experimentally
ergetically separated bands. The vertical lines in Fig. 1 origiimore cumbersome spin resolution of the photocurrent, hence
nate at the crossing points of these four bands with thés & powerful tool for analyzing the spin character of the

shifted final state band. Because of their prevailing spatialnitial states. While in the above example only bulklike states
symmetry they can be Iabeled§+, AgJ_ A?—, and are relevant, we note that this also holds for photoemission

Ag—. The influence of spin-orbitXso) and exchange inter- from surface states and thin-film states, in which cases a
. A is indicated b bet th ¥ IS|m|Iar interpretation, based on layer-resolved densities of
action (g is indicated by arrows between the vertica states rather than the bulk band structure, can be dses,

Iines_. _ . e.g., Ref. 43
Figure 1(c) shows calculated spin-resolved photoemis-

sion spectra for 21.1 eV photon energy. As discussed in the

previous section, for parall¢antiparalle] alignment of pho- IV. RESULTS

ton spin and magnetization direction, onh2+ and A3—

(A3+ andAS—) states contribute to the spectrum. The spin  The left-hand side of Fig. 2 shows a series of experimen-
polarization of the respective photoelectrons is complete i@l intensity spectra of 15 ML Ni on @00 for different

the sense tha’rA§+ and A§+ bands contribute to the pho'Fon energies from 11.1 up to 27.4 _e\_/. Spectra for parallel
minority-spin spectra, Whereaé— andAg— appear in the (antiparalle] alignment of the light helicity and the magne-

orit . tra. The f it ¢ deict tization direction are represented by salibtted lines, fol-
Majority-spin Spectra. 1he four resuiling spectra are depicte wing the nomenclature already used in FigdL The ver-
in Fig. 1 (c), using the line types corresponding to the initial

o X tical lines mark special peak positions which will be
state double-group symmetry: Minority peaks are given byyiscussed later.

solid and dashed lines, correspondi_ng_ to the nomenclature o the right-hand side, calculated photoemission spectra
used forAz+ andAg+ symmetry, majority peaks by dotted for the same photon energies are depicted. Again, spectra for
and broken lines, corresponding 45— andAg— symme-  parallel (antiparalle) alignment of the light helicity and the
try. Sizeable peaks in the photoemission spectra in p@hel magnetization direction are depicted by sdiitbtted lines.
are seen to be associated with the four discussed crossing Good qualitative agreement between experimental and
points in panelb). As can be seen, there are also significantheoretical data can be stated already at first sight. The spec-
contributions to the spectra at other than the marked crossinga for 11.1 eV photon energy display relatively sharp peaks
points. This is due to the fact that hybridization betweenjust below the Fermi energy. With increasing photon energy
bands of the same double-group symmetry but different spaa dispersion towards higher binding energies and a broaden-
tial symmetry can occur, leading to a larger number of initialing of the peaks are observed. The higher intensity in the
states containing\® spatial symmetry parts. At the photon peak maximum of the dotted curves in the spectra from
energy of 21.1 eV, such hybridization is mainly observed inhv=11.1 up to 21.1 eV is reproduced well in the theory.
bands ofA;+ andAg— double-group symmetry, leading to From 19.1 to 27.4 eV photon energy, intensity for antiparal-
peaks at 0.45 and 1.2 eV binding energy, respectively. lel alignment of photon spin and magnetization dominates
Without spin resolution in the photoemission experimentthe peak on the higher binding energy side in both the ex-
the spectra cannot be distinguished according to the electroperimental and theoretical curves. Sharp structures are better
spin polarization as in Fig. 1c). As the calculated spin- resolved in the theoretical curves. A distinct MCDAD, that is
integrated photoemission intensities in Figidl show, there the difference between dotted and continuous lines, is seen
is however a strong MCDAD, which still contains much in- from both experimental and theoretical spectra. Although the
formation on the relativistic band structure. The salibt- MCDAD is significantly larger in theory, the qualitative
ted lines correspond to paralléantiparalle] alignment of agreement to the experimental one is quite good. The lower
photon spin and magnetization directipi(77) and1(7]), experimental MCDAD must be attributed to the limited en-
respectively. Each spectrum is the sum of the two corre-ergetic and angular resolution, to possible imperfections in
sponding spectra of panét): A;+ and Ag— give I(T1), film morphology, and to the background of inelastically scat-
Ag+ andA,— give I(T]). tered electrons not considered in the calculations. Further-
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Experiment — :gB Theory Experiment Theory (x0.2)
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FIG. 2. Series of partial intensity spectra for different photon 02 2 1 0 2 1 0
energieshv. Shown are spectra for paralledolid lineg and anti-
parallel alignmentdotted line$ of photon spin and magnetization
direction. Left: Experimental spectra, right: Theoretical spectra. The
vertical lines indicate the occurrence of a hybridization region as
explained in the text.

binding energy (eV)

FIG. 3. Series of asymmetry spectra for different photon ener-
gies hv, calculated from the corresponding spectra of Fig. 2 as
ran-=-1aDIIaEH)+1(11)]. Left: Experimental asymmetries,
right: Theoretical asymmetriggiote the different scal@sThe ver-
tical dotted lines mark the dispersion of the prominent minus peak.

more, the theoretical spectra were calculatedfer0 K and
100% circular polarization.

To visualize the dichroism more clearly, in Fig. 3 the
normalized asymmetry of the spectra of Fig. 2 is shown. Thetates (below Eg) in order to make the connection of
normalized asymmetry A is defined as A=[I(]1) MCDAD with the band structure clearécf. Fig. 1). Apart
=T DI T)+1(T1)]. Again, experimental results are from the thus-explained different scale, the agreement be-
depicted on the left-hand side, theoretical on the right-hanéween experiment and theory in Fig. 3 is rather good. Several
side. We firstly note that the experimental spectrum atharacteristics of the photon energy series can be seen in
hv=11.1 eV shows an asymmetry 6f20% near the Fermi both the experimental and theoretical asymmetries. With in-
edge, which is an unusually large dichroism for valence-bandreasing photon energy the asymmetry is reduced. We as-
photoemission, and to our knowledge among the largest everibe this mainly to the decrease of the lifetime of the initial
reported. To facilitate comparison with the experimentalstates moving away fronk: and to a lesser extent to the
data, the theoretical asymmetry curves have been scalefbcrease of the photoelectron lifetime with increasing kinetic
down by a factor of 0.2. The original theoretical asymmetryenergy. At all photon energies there is one pronounced mi-
values substantially exceed their experimental counterpartsus feature, which disperses towards higher binding energies
for the following reasons. Firstly, the experimental energywith increasing photon energy. The dotted vertical lines in
and angular resolution and the inelastic background, whiclfrig. 3 indicate the dispersion of this minus indentation. The
have not been taken into account in our calculations, tend texperimentally observed dispersion is slightly smaller than
reduceA. Secondly, the calculate®l depends on the choice the calculated one: At 11.1 eV photon energy the minus peak
of the imaginary partd/; of the optical potential for lower is located just below the Fermi edge in both experiment and
and upper state@vith A decreasing for increasing;), and  theory, whereas at 27.4 eV it exhibits binding energies of
we have deliberately chosen a very snmdlifor the lower 1.25 and 1.4 eV in experiment and theory, respectively. Its
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absolute size shrinks with increasing photon energy. At 27.4
eV it amounts only to—2% in experiment and-20% in
theory. Forhv=15.3 eV this minus peak is accompanied by
plus peaks at both sides, the relative size of which differs
between experiment and theory. They are seen most clearly
at hv=19.1 and 21.1 eV, and disperse together with the
minus peak towards higher binding energies. From Fig. 3 it
appears that the pronounced minus feature is too small
(large in the theoretical spectr@fter reducing them by the
factor 0.2 at low (high) photon energies. This discrepancy
is, like the factor 0.2 itself, associated with the imaginary
potential partV; for the initial states, and indicates that the
simple linear form, which we assumed in the absence of
realistic first-principles knowledge, underestimates the in-
crease olV; with increasing binding energy.

In the theoretical spectra an additional plus/minus se-
guence around 2.3 eV bhinding energy is observed, which
shows no dispersion. This asymmetry stems from emission
from a surface resonance. It is not resolved in the experi-
ment, which might be due to the relatively intense back-
ground of inelastic electrons compared to the low intensity of . . : . .
this resonancécf. Fig. 2. 00 02 04 06 08 10

The dispersion of the asymmetry peaks and the observed r K, (2n/a) X
plus/minus/plus feature can be understood from the illustra-
tive picture of band symmetries and relativistic dipole selec-
tion rules mentioned in Sec. Ill C. In the case with no hy-
brldlz_atlon of_ thg bands witth® spa'tlal §ymmetry present, oemission spectra. Bands with,+, Ag+, A;—, and Ag—
the situation is like the one shown in Fig. 1, but more sym-gopje group symmetry are distinguished as labeled in the figure.
metric. Only the four bands af® spatial symmetry contrib-  The arrows indicate bands & orbital symmetry aX andT". The
ute in that case to the photoemission signal. When differentin solid lines are sections of the final-state band, shifted down by
lifetime broadening of states with different binding energiesthe photon energy indicated at the respective line.
is ignored, the maximum of the minus peak in the dichroic
asymmetry then gives the energetic position of the center ah Fig. 1 (b), again reproduced with differently dashed and
the bands withA® spatial symmetry, always disregarding dotted lines according to their double-group symmetry, as
possible hybridizations. The dispersion of this peak, indi-labeled in the figure. No classifications according to spin-
cated by dotted lines in Fig. 3, thus reflects the dispersion ofccupancy or single-group symmetry are made. However,
the four bands withA® spatial symmetry. Its experimental the four bands originating from th&% band in the nonrela-
observation allows an estimation of the band dispersionijvistic case, which lead to the dispersion of the minus peak
which would be very difficult from intensity spectra alone in the asymmetry spectra, are marked by arrows on both
(Fig. 2. sides of the panel: Starting at thepoint, they have binding

This example demonstrates that exploiting the magnetienergies between 1.5 and 1.9 eV. When going alongAthe
dichroism already in the simple qualitative interpretationaxis towards theX point, they disperse together upwards,
without access to relativistic photoemission calculations ofinterrupted by hybridization with other bands, to reach the
fers a significant plus of information with respect to conven-x point at energies between 0.15 eV below and 0.3 eV above
tional photoemission. Details of the band structure, howeverhe Fermi energy. As the content AP spatial symmetry of
or quantitative statements on the size of spin-orbit and exa band is necessary for the observation by photoemission in
change interaction can only be made with the help of relathe present geometry, these bands and bands involved in hy-
tivistic calculations. bridization with them are the origin of all of the observed
spectra, as outlined before.

To facilitate the correlation with the photoemission spec-
tra, nine sections of the calculated final-state band\pf

Before it is possible to deduce information about the spinsymmetry, shifted down by the nine photon energies used in
orbit and exchange split valence-band structure, the relatiothe experiment, are depicted in Fig. 4 by weak solid lines. As
between the calculated photoemission spectra, obtained indemonstrated in Fig. 1 for 21.1 eV photon energy, the cross-
one-step formalism, and the fully relativistic band structure,ngs between these lines and the bands mark the energetic
calculated with the same parameters, has to be provided. Asositions at which in the spectrum of the respective photon
has been seen already from Fig. 1, the model of direct trarenergy the transitions should be observed.
sitions serves to correlate specific details of the photoemis- We will now first turn to the description of the band struc-
sion spectra to details of the relativistic band structure. ture, which is essential in the qualitative interpretation of

In Fig. 4 the theoretical band structure along theaxis  photoemission results. Because in Ni both exchange energy
from Fig. 1 is depicted on a larger scale. The bands are, likand spin-orbit coupling possess approximately the same

binding energy (eV)

FIG. 4. Symmetry-resolved real valence band structure of Ni
along theA axis, calculated with the same parameters as the pho-

V. DISCUSSION



11628 W. KUCH et al. 53
magnitude £0.1-0.3 eV, the valence-band structure shows spectra for parallel alignment of photon spin and magnetiza-
a lot of small band gaps, i.e., regions where bands of differtion direction, according to the double-group symmetry
ent single-group symmetry but identical double-group sym-Ag—.
metry hybridize. Double-group theory implies that bands In the calculated photoemission specfrght-hand side
with the same double-group symmetry but different spatiabf Fig. 2), this hybridization can be followed in thig?11)
symmetry couple due to spin-orbit interacti¢e.g., A§+, spectra from 19.1 eV up to 25.3 eV photon energy. At lower
A2+, andAS+). Here, we will focus on electronic initial photon energies, there is only one peak at the higher binding
states with prominenA® spatial symmetry, because that is energy side of the solid curves. This peak is due to transi-
what we observe in the present experimental geometry.  tions from Ag— initial states. Ath»=19.1 eV, and most

In the energy range from 2 eV up to the Fermi level0 clearly athv=21.1 eV andhv=23.2 eV, this peak is split
eV), Aq+ initial states show spin-orbit induced band gaps atinto two peaks, one of them producing a shoulder around 1.2
k, =0.30(27/a) and atk, =0.75(27/a), whereas\g— ini- eV binding energy. This is the consequence of the hybridiza-
tial states show such gaps dt =0.45(2x/a) and tion, which leads to two bands df— double-group sym-
k, =0.70(2w/a). For occupied bands witiA;+ (A;—) metry having partiallyA® spatial symmetry. The shoulder at
symmetry there is only one gap aroukd=0.55(27/a) Eg=1.2 eV is due to emission from the lower of the two
(k. =0.20 27/a). bands. The maximum separation of both bands should be

Let us first consider the hybridization of bands with observed at photon energies of 21.1 and 23.2&\VFig. 4,
A+ symmetry. The hybridization gap is the result of anwhich leads to the clear separation of the observed shoulders.
avoided crosssing of bands W_imz andA® spatial symmetry. At higher photon energies the hybridization is weaker, and
The steepen\;+ _band of minority-spin charatz:ter ch.anges the higher band consists of mainli— symmetry. At
symmetry(and spin occupangywith the flatterAz+ major-  h, =253 eV therefore only one peak as contribution from
ity band. This hybridization should occur in the photoemls-theA6_ bands is observed at 1.3 eV binding energy.
sion spectra of 19.1 and 21.1 eV photon energy, as seen from the pypridization induced shoulder is also seen in the

Fig. 4. In Fig. 1 it was already demonstrated how both of they, ,erimental spectra of Fig. 2. It is most clearly identified at

A5+ bands in the hybridization region contribute to the pho'hv=21.1 eV at 1.2 eV binding energy, but shows up already
toelectron spectra. The vertical lines in Fig. 2 indicate the '

e , . .athv=19.1 eV. The separation of the different peaks is bet-
hybridization region. They mark the corresponding peaks Mer in the calculated spectra, which may be a consequence of
the photoemission intensity spectra for and M parallel '

[1(11), solid lines in Fig. 2. The continuous lines show the the experimental resolution. By comparison of experiment
positioyns of bands containing3+ symmetry, and fade out with theory, however, this shoulder in the experimental spec-
7 ’

into dotted lines where thA§+ symmetry character in these tra is unequivocally identified as emission from the hybrid-

X . izing Ag— bands.
g%r;dzf F;rigdgmg:ﬁ]ez'f tlr?etﬂibﬁg:gﬂgtignzgeggﬁhéehz?gin- The other hybridization regions of initial bands containing

guished as separate peaks in the solid line spectra. It @5 character which have not yet been discussed concern
clearly seen how the hybridization leads to an energetic dis?@nds ofA;— and Ag+ double-group symmetry. The hy-
placement towards higher binding energies of the respectiveridization gap of thel;— bands ak, =0.20(2=/a) should
peak in thel (11) spectrum when the photon energy is in- not be visible in the photon energy range used in the experi-
creased from 17.4 to 23.2 eV. In the experimental spectrinent(cf. Fig. 4. Transitions fromA¢+ bands appear in the
(left-hand side of Fig. R the hybridization occurs as ener- spectra for antiparallel alignment of photon spin and magne-
getic shift of the intensity weight of the peak i§71) be- tization direction[1(T])]. As the energetic sequence of the
tween 19.1 and 21.1 eV. Whereas at 19.1 eV the peak ifour A® containing bands i3+, A2+, A3—, A2— (cf.
asymmetrically shaped with higher weight at the low bindingFig. 4), the emission fromA2+ andA5— bands overlaps in
energy side, at 21.1 eV the weight is shifted to the side witlthe spectra to give one broad peak in the dotted curves of
higher binding energy. This leads also to an energetic shift oFig. 2. It is therefore much more difficult to observe the
the first plus peak in the corresponding experimental asymhyhbridization of these bands. The hybridization of thg+
metry curveg(left-hand side of Fig. Bfrom 0.1 eV binding  pand with thesplike Ai+ band which has a strong disper-

energy ahv=19.1to 0.3 eV ahv=21.1 eV. _ sion and an energetic minimum lat~0.5(2x/a) is in fact
The next hybridization region we will discuss in more hardly observable in the photoemission spectra.
detail is the hybridization oA¢— bands. One of the hybrid-  The comparison of experimental data with the calculated

izing bands withAg symmetry is thesplike minority band  spectra enables us to draw specific information about the
with A' spatial symmetry which starts at tHe point at  relativistic band structure from the experiment. Keeping in
Eg~0.6 eV and reaches a minimum in binding energy atmind that certain experimental circumstances as, for ex-
k, ~0.5(2w/a). It hybridizes with a band ong— symme-  ample, the temperature and the experimental energetic as
try, producing the two hybridization gaps at well as angular resolution are not considered in the calcula-
k., =0.45(2w/a) andk, =0.70(2m/a). Between these gaps tions, the good qualitative agreement proves that the corre-
both bands are separated by less than 0.35 eV. In this regiolation of the experimentally observed features to the details
the bands have a low expectation value of the spin polarizaef the band structure, as delineated in the previous section, is
tion, and exhibit a considerable mixing of spatial symmetry.correct. Deviations between experiment and calculation can
Both bands contain thus a significant portionAf— sym-  then be judged as experimental evidence for a distinct behav-
metry, and should hence both appear in the photoemissiaor of the system.
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Such a deviation regards the dispersion of the observemental measure of the strength of spin-orbit coupling in the
dichroic structuregdotted lines in Fig. B The experimen- valence bands. At that particular point of the Brillouin zone
tally observed dispersion is about 0.15 eV smaller than th€50=5) meV are obtained compared to 60 meV from the
theoretical one. This can, however, either be explained by aalculations. This is the same order of magnitude but never-
different behavior of the lower or of the upper bands. Al-theless significantly smaller than the 100 meV obtained for-
though the comparison of theory and experiment can also beerly for copper!?
used to judge the authenticity of the values taken for the real It is more difficult to estimate an experimental value for
part of the inner potential, this is not accurate enough tahe exchange splitting from the present spin-integrating mea-
decide between the two possibilities. The good agreement afurements. The comparison with the calculations concerning
the experimental and theoretical photon energies at whicthe appearance of the bands below the Fermi edge and the
the A;+ hybridization is observedcf. Fig. 2), shows that positions of the hybridization gaps indicates that the value of
the real part of the inner potential is basically well chosen0.3 eV taken for the calculations is correct.

The small deviation of 0.15 eV in the dispersion of the initial We have used Ni/Q001) as a prototype system to dem-

bands may nevertheless still be assigned to both a slightlgnstrate the capability of valence-band MCDAD measure-
different behavior of the upper bands as well as a differentnents supported by relativistic calculations. The perpendicu-
dispersion of the valence bands. lar magnetization of this system allows us the direct

The different dispersion in theory explains the disagreecorrelation of the dichroism to the band structure. However,
ment in the height and the width of the first plus peak neain systems with a lower symmetry, the content of informa-
the Fermi edge observed in the asymmetry spectra of Fig. 3ion of MCDAD is similar. The comparison with relativistic
Especially at 15.3 and 17.4 eV photon energies this peak isalculations should also provide a detailed understanding of
much more pronounced in theory. This can be explained byhe electronic properties of the spin-orbit and exchange split
the slightly stronger dispersion of the calculated photoemissystem, even when a correlation with interband transitions is
sion peaks. In theory, th&5+ band responsible for this plus not possible.
structure is already significantly below the Fermi edge at
these photon energies, whereas in the experiment full emis- VI. CONCLUSIONS
sion from that band is observed only at higher photon ener-

gies. Furthermore, the broader peaks due to experimental ®m how from the comparison of experimental MCDAD

ergetic resolution lead to a higher intensity of also the L ) . .
: data to fully relativistic calculations even fine details of the

[(T]) spectra at the Fermi edge and thus to a lower asym; .
metry band structure can be resolved. Whereas the experiment

Another property of the system which can be extracteozlt?c?uet ;ﬁealerli?:?r)(/)nciipsa;ﬁﬁtltjcr)ed(tarlllgearcgg:gt?c:“;jlImIglr;Ti?/tigir::
from the present data concerns the hybridization betweegalcuIations rovides the oséibilit to extract s )écific infor-
bands of the same double-group symmetry. The experimen-_ " P P y CL Spe

e ..~ mation about the valence states. The dispersion of the

tally observed hybridization gaps agree very well with

. : A°®-type valence bands, the position and type of spin-orbit-
theory, S0 tha_t the c_alcu!ated band structure of F|g)r4:|_g. indu)(/:%d hybridization gaps Fr:md values foyrpthe strpength of
1) is fully confirmed in this respect. The contentf spatial P . ) . )

X S . o spin-orbit and exchange interaction and for the inner poten
symmetry in the hybridization regions, which is NECesSaYial could be determined from the experiment that way. It
for the experimental observation in the totally symmetric ge- i

; i : . as demonstrated how MCDAD in a totally symmetric ar-
ometry, is also confirmed by the comparison of experimen o N
, . ; ; rangement is directly related to the relativistic band structure.
with theory. It is for the sake of clarity not shown in the

figures but principally also available. The capability of magnetic circular dichroism in valence-

Taking advantage of special points in the Brillouin zone,band p_hotoe_miss_ion fo_r_th_e investigation of the exchange
. ; ] : . and spin-orbit split relativistic band structure of ferromagnets
it is also possible to determine information about important thus proven
parameters of the relativistic band structure. At 11.1 eV pholS us proven.
ton energy, for example, only two minority bands &f—

and Ag— symmetry contribute to the spectfef. Fig. 4).
They are energetically separated by the spin-orbit interac- This work was supported by the German minister of edu-
tion, and appear each for a different alignment of photon spircation, science, research, and technold@®vIBF) under

and magnetization direction. The separation of the corre€ontracts No. 05 621EFA and No. 05 5PGABB7. We like to
sponding peaks in the experimental spectra for parallel anthank B. Zada for her technical assistance, and are indebted

antiparallel alignment o& andM (Fig. 2) is then an experi- to the Freie UniversitaBerlin for its hospitality.

It has been shown, using Ni/@01) as a prototype sys-
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