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Magnetic dichroism in valence-band photoemission from Co/C(001): Experiment and theory
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Ferromagnetic Co films on Q@01) have been investigated both experimentally and theoretically by pho-
toemission from valence bands with unpolarized 21.2 eV radiation. The measured spectra exhibit sizable
magnetic dichroism and are well reproduced by their counterparts calculated by means of a fully relativistic
Green’s function method. Prominent intensity maxima can be attributed to direct bulk interband transitions.
Magnetic dichroism with unpolarized light is explained by the interplay of exchange splitting with a spin-orbit-
induced spin-polarization effect for off-normally incideprpolarized light. Experiment and calculations fur-
ther give evidence that in Co films on @@1) prepared at elevated temperatuf480 K), Cu has diffused to
the top of the film[S0163-18206)01228-3

[. INTRODUCTION Up to now, most of the experiments focused on core lev-
els, on the one hand angle integrated to obtain sum Hiles,
In recent years, an effect which has been known for mor@and on the other hand angle resolved in order to obtain the
than a century attracted much interest due to its rich physicaingular distribution of photoelectrons and the magnetic do-
information and its application in imaging and analyzing of main structurél*2Valence-band measurements of magnetic
surfaces: dichroism, in the sense of selective absorption afichroism have been performed using circular polariZed,
light in two different (often orthogonal polarization states, linear polarized?® and even unpolarizéd® light.
was described by Pastetiin photoelectron spectroscopy  On the theoretical side there were several efforts to ex-
from nonmagnetic solids, dichroism is the difference be-plain magnetic dichroism. Cherepkdtas well as Thole and
tween electron emission intensities for two orthogonal light-van der Laart® developed atomic models, which success-
polarization states, for example, left- and right-handed circufully describe qualitatively and semiquantitatively experi-
lar polarized light (circular dichroism in angular mental data obtained from core levels. One picture for ex-
distribution? or two perpendicular states of linear plaining magnetic dichroism in photoemission is interference
polarization® of final-state partial waves combined with spin-orbit cou-
For magnetic materials, especially crystalline surfaces angling (SOQ in the initial states? Tamuraet al. calculated
thin films, dichroism was found by changing, in particular core-level emission spectra for semi-infinite crystals within
reversing, the direction of the magnetization. First observedhe relativistic layer-KKR framework taking the final state
in absorption experiments with lin€aand circulaf polar-  correctly as time-reversed low-energy electron-diffraction
ized light, it was subsequently also found in photoelectronfLEED) state. Recent experiments revealed limitations of
emissior’ The intensity of the photocurrent changes uponatomic models, which were attributed to scattering of the
reversal of the light helicity or reversal of the magnetizationoutgoing electrot®?! In other words, the crystal structure
direction, both of which are macroscopic and easily controlhas to be taken into account in thedfyFor valence-band
lable parameters. For special geometries, reversal of the ligithotoemission from clean surfaces and thin films, relativistic
helicity is, in fact, equivalent to the reversal of the magneti-layer-KKR calculations within the one-step model were done
zation, as is obvious from symmetry considerations. by Feder and co-workefS-2°In this work, the structure and
Magnetic dichroism also shows up in photoemission bysymmetry of the entire systefsemi-infinite solid, incident
linear polarized lighfmagnetic linear dichroism in angular light, and magnetizationwere fully taken into account. In
distribution (MLDAD )]. For s-polarized incident light, the general, magnetic dichroism occurs if a photoelectron spin-
two magnetization directions were chosen perpendicular tpolarization component parallel to the magnetization is pro-
each othef, for off-normally incident p-polarized light duced by SOC. This more fundamental picture — since it
antiparallef Since unpolarized light can be viewed as anholds for both core levelgs long as the one-particle picture
incoherent superposition &f andp-polarized light, the lat- applies and valence bands — is based on analytical calcu-
ter case implies that at off-normal incidence, even unpolarlations of the photoelectron spin-density matrix within the
ized light produces magnetic dichroishwe would like to  one-step mod&{ and confirmed by numerical relativistic cal-
mention that magnetic dichroism obtained by the reversal o€ulations(cf., for example, Refs. 23 and 24
the magnetization is more general than that obtained by In this paper, we present a joint experimental and theo-
switching between two orthogonal states of light polariza-retical investigation of magnetic dichroism in photoemission
tion, which becomes obvious when considering magnetic difrom valence bands. As a prototype system, we chose fcc-Co
chroism by unpolarized light. films on CY001), which has been intensively studied in the
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literature®® Our aims are to explain the magnetic dichroism z
in angular distributiofMDAD) by unpolarized light and to
obtain information on the electronic structure of fcc¢@ai)

by comparing experimental and theoretical photoemission
spectra.

This paper is organized as follows. In Sec. I, we give a
brief survey of the experimental apparatus and the setup. In
Sec. lll, we outline essential theoretical ingredients. In Sec.
IV, the origin of the MDAD for unpolarized light is revealed
by symmetry arguments and some symmetry relations of the
photoelectron spin polarization vector are derived. Experi-
mental and theoretical results are presented and discussed in
Sec. V.

Il. EXPERIMENTAL DETAILS FIG. 1. Experimental setup for MDAD measurements from fcc-

Cobalt films were deposited on a @01)-single crystal at Co((.)Ol). in normal emission. Unpolarized. light with photon energy
substrate temperatures Bt 300 K andT=400 K, from a hv |mp|nges_ at a pole_lr ar_lgle of 60° W|t_h respect toothe_ surface
Co rod with 99.99% purity heated by electron bombardment"°'™al € axis, [001] direction and an azimuth of 135° with re-
The deposition rates were kept constant at 0.5 ML/min, a§PeCt o the magnetizatidv (parallel to thex axis, [110] direction
calibrated by a quartz microbalance. Since the Iayer—by-laye?nto the solid surfacdgray area The electricfield vectors of

. . p-polarized ands-polarized partial waves are shown in addition,
growth of this system beIOW_ 450 K is well knOV\(BE.:e for (p,s). Traces of fc€00D-mirror planes are the and they axes, as
example Ref. 2f the ML thickness could be easily con- "o dashed-dotted lines.
cluded from the deposition time. The fcc structure of the Co
films was confirmed by LEED, which also yields the defini-
tion of the surface normal. From threshold photoemissiorWithin a relativistic layer-KKR-type Green's function for-
measurements, the work functions were determined as 4.3%alism, which has recently been presented in détaie
eV for Cu001) and 4.96 eV for 20 ML of Co on G001). employ an effective quasiparticle potential of muffin-tin
This allowed a determination of the vacuum level and hencshape, which has been calculated self-consistently for bulk-
a direct comparison with theoretical data. fcc-Co with Cu lattice constant. Electron and hole lifetimes

All photoemission measurements were done at room temare incorporated via a uniform imaginagbsorptive self-
perature. Photoelectrons were excited by unpolarized VU\energy part, for which we assume an energy-dependent form
radiation from a resonance lamf{photon energies He  suggested and successfully applied tq1il) by Gollisch
21.22 eV, Hg: 40.81 eV and detected by a hemispherical and Fedef! Specifically, we choose [B=0.38E
analyzer with a radius of 150 mivSW150. The electrons 159 which considerably suppresses emission from the

were collected with about 5° full acceptance at a pass energyajority d bands below- 1 eV. The other parameters are the
of 1 eV, which leads to an apparative energetic resolution;me as in Ref. 25.

(37 meV), which is small compared to the thermal broaden-

Ing Of. the specjcre(l_l4 meV. The geo_metry of the EXPET" thickness on a Q001) substrate, we use for the comparison
rrje.nt is shown |-n F'Q- L The.easy aX|§ of Fhe magnet'.zat'OQheoretical results obtained for semi-infinite (G01) (with

M is the[110] direction (x axis). The direction of light in-  appropriate lattice constantdhis is justified by the fact that
cidence was dictated by our present apparatus: plane of inihe film is thick enough to suppress emission from the cop-
dence atp=135° relative toM and polar angled=60° per substrate. Calculated photoemission spectra for the Co/
relative to the surface normal. We note that while magneticCu-film system are almost identical to those for semi-infinite
dichroism should be maximal fap=90° and a somewhat Co(001), except for minor intensity modulations neBf,
smaller value ofd, it turns out to be still appreciable in the due to quantum well statésfilm states™), which are hardly
present geometry. resolved in the present experiment.

The experimental photoemission spectra have been re- The geometrical structure of Co films on (©01) has
corded by repeated cycles of sampling the photoelectroniseen intensively studied by LEED analy$ts® For a Co
(one sweep over the kinetic-energy rapgeeversing the film of 8 ML thickness, Clarkeet al*? found that lowest
magnetization direction by flashing, subsequent samplingeliability factors are obtained for a fct structure with relax-
(also one sweegpand flashing. Because both the photon fluxation of the outermost layed(, reduced by 6%, with respect
and the sampling time per energy are constant, the intensitiee the Cu interlayer spacingand a contraction of the Co
for +M and—M are directly comparable and the asymme-interlayer distanced reduced by 3% We have used this
try can be calculated correctly. “best fit” geometry in our calculations, but have addition-
ally investigated how the magnetic dichroidasymmetry
and the surface electronic structure are affected by surface
structural details. Obviously, the energies of surface states

Spin- and angle-resolved photoemission spectra from thand resonances near the Fermi level depend rather strongly
semi-infinite crystalline system, bulk band structure, andon the position of the surface potential barrier. Further, a
layer density of stated. DOS) are calculated simultaneously contraction of the outermost interlayer distandg,) is nec-

Although experimentally we have a Co film of 20 ML

Ill. THEORETICAL APPROACH
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essary to obtain majority spin surface resonances at about 0.5 TABLE I. Effect of the symmetry group i@m on the electric-

eV below the Fermi energy. field vector E=(EX,Ey,EZ), the photoelectron spin-polarization
Finally, we note that the present calculations, which revectorﬁ:(Px,Py,Pz), and the magnetizatiohl along thex axis

quire perfect lattice periodicity parallel to the surface, are(ct. Fig. 1).

rigorously valid only for zero temperature, whereas the ex

perimental data were taken at room temperature. Besides e®peration Electric-field vector ~ Polarization =~ Magnetization

citation of phonons, elevated temperatures imply fluctuationg (Ex.Ey.E) (Px.Py.P,) M
of the local spin magnetic moments. These produce strong, (—Ex.E,.E) (Py,—Py,—P) M
effects in room temperature photoemission from ultrathinm, (Ex,—Ey,E)  (—=P,,P,,—P) M
films 3 for which the Curie temperature is rather sniakv- ¢, (—Ex.—E,E) (—Py,—Py.P) M

eral hundred B compared to the Co bulk valug388 K).
For films of 20 ML thickness, however, we expect the effect

of spin fluctuations on the photoemission results to be VerYLSPB for (110 surfaces of nonmagnetic cubic crystals.
small, since the Curie temperature is close to that of bulk Co. \ye now turn to off-normal incidenp-polarized light

(E,#0). ForE,=0, i.e.,E andM are coplanar, we find that
there is no MLDAD(cf. operationm,). For E,=0, however,
i.e., E andM are orthogonal, there is no operation, which
In this section, we elucidate the origin of magnetic dichro-tyrns M into —M and simultaneousl)é into +E. Thus,

ism with unpolarized light. First, some symmetry argumentsthere is a MLDAD. This statement holds also for arbitrary

will be given, then we report briefly on recent analytical azimuth, i.e., forE,# 0 andE, 0. Further, all three compo-
results on MLDAD in normal emission. nents ofP may be nonzero.

In the (hypothetic_a] nor_l_ma_gnetic case, @Dl) ShOWS The above symmetry arguments are supported by analyti-
4mmsymmetry Cy, in Schaflies notation, which consists .51 cajculations of the photoelectron spin-density mdttix,

of & fourfold rotational axis, €.g., t.he surface norrrmh(ds),' which reveal that there is a MLDAD by off-normal incident
and two sets of perpendicular mirror planes. Each set is ro- . . . . =

tated by 45°, with respect to the othef. Fig. 1. In the p»-polarlzed light if there is a component & parallel to
ferromagnetic case with in-plane magnetization, this symmeM brought about by SOC in the nonmagnetic limit. In the
try is reduced to &im (bars indicate the additional operation €XPression for the photoemlssmn Intensity, there are two
of time reversalif the magnetizatio lies within a mirror ~ {€rms. The first remains unchangedffis reversed and does

plane, for example, in thiL10] direction(easy axis, denoted not vanish in the nonmiignetic limit. The second one changes
asx axis). Therefore, the electronic states cannot be classisign by the reversal oM and vanishes in the nonmagnetic
fied by the irreducible representatiods; and A, of the  limit (where obviously there is no magnetic dichro)si@or-
double group associated withmdm. Instead, there are two responding terms occur in the expression for the component
one-dimensional and degenerate by time-reversabf the spin polarization parallel thl . But here, the first term

representation®, y; and y,, the basis functions of which changes sign by reversal f and vanishes in the nonmag-
are closely connected to those of the double gromm®cf.  netic limit. The second term does not change sign and re-
Ref. 27. Each basis set consists of functions with spin parmains in the nonmagnetic limit. In other words, this term is
allel and antiparallel tavi. Thus, the spin expectation value exclusively due to SOC and is, therefore, connected to the
of a band may vary continuously betweerll and+ 1. well-known spin-polarization effect for off-normal incident
Unpolarized light impinging on thé001) surface can be p-polarized light, which has been theoretically predicted by
described as an incoherent superposition ofsarand a  Tamuraet al® and experimentally confirmet.
p-polarized light electromagnetic wave. Therefore, the pho- From the experimental point of view, measurements with
toemission intensity is the sum of the intensities obtained founpolarized light are advantageous with respect to conven-
s- and p-polarized light: I(=M,unpol.)=1(+M,s) tional MLDAD experiments. Due to the high photon flux,
which is considerably reduced by a polarizer in MLDAD,
high count rates can be obtained. The asymmetry for unpo-
larized light, which is defined by

IV. MAGNETIC DICHROISM
WITH UNPOLARIZED LIGHT

+1(= M ,p). Let us consider the effect of the operatidas
(trivial operation, m, [reflection at the ¥,z) plang, m, [re-
flection at the %,z) plang, andC, (rotation around the sur-
face normal by 180°) of the symmetry groupn2h on the

electric field vectolE, the spin-polarization vectd? of the A(unpol) = I(+M,p)—I(—=M,p)

photoelectron, and on the magnetizatidnalong thex axis T H(+M,s)+I(+M,p)+I(—=M,s)+I(—M,p)

(cf. Table ). @
For s-polarized light €,=0), we obtain forE,=0 or

Ex=0 thatP,=P,=0 andP, changes sign iM is reversed s reduced with respect to the standard MLDAD cés#-

(cf. operation C, in Table ). Obviously, there is no normal incidentp-polarized light, because ths-polarized

MLDAD. For E,#0 andE,#0, we find that all three com- part of the unpolarized light produces no MLDAD in the

ponents of P may be nonzero. The in-plane componentschosen setup, i.el{+M,s)=1(—M,s).

change sign iM is reversed, buP, does not. This is com- In conclusion, the MDAD for unpolarized light, denoted

pletely in line with the recently theoretically predictéénd ~UMDAD by Getzlaff et al,’ is a straightforward conse-

experimentally confirme linear spin polarization effect quence of the MLDAD in standard geometry, i.e., by off-
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FIG. 2. Experimental MDAD of 20 ML Co/C@01) taken at
21.22 eV photon energy with unpolarized ligiicident off normal

as specified in Fig. )Llin normal emission. The sample has been

prepared at room temperatur@ Solid (dotted circles represent
spectra for magnetization iri10] direction (110] direction); (b)

corresponding asymmetry. Maxima discussed in the text are labeled

a andb. The energy zero is the Fermi level.
normal incidentp-polarized light with the electric-field vec-

tor having no component
magnetization.
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FIG. 3. Theoretical MDAD from C@®01). (a) Relativistic band
structure alond’-A-X. Valence bandgfor real potentigl with ma-

In this section, we present experimental and numericallyority (minority) spin-polarization expectation value are represented
calculated results on photoemission intensity and MDADPY solid (dotted lines. The numbers at various parts of the bands
spectra with unpolarized light for ferromagnetic Co onindicate their prominent spatial symmetry according to the single-

Cu(001).

A. MDAD for 300 K films

We begin with experimental data for 20 ML Co on
Cu(001) prepared at room temperature. Pafel of Fig. 2
shows experimental energy distribution cur¢&DC’s) ob-
tained with unpolarized lightincident at 60° relative to the
surface normalin normal emission for the two magnetiza-
tion directions M||[110] andM||[110], cf. Fig. 1. The two

intensity maxima, the first at 0.35 d\denoted(a) in Fig. 2],
the other at 0.1 eV binding enerdp), are both from Co.

group 4nm. The real parts of upper bandsbtained for complex
potentia) with Imk, <0.3 2/d and prominentA® spatial symme-

try (dash-dottefare shifted down by 21.22 eV photon energy. Di-
rect transitions discussed in the text are labeleahdb. The energy
zero is the Fermi levelb) Band structure as ita), but with valence
bands distinguished according to the relativistic magnetic symmetry
types y, (solid lineg and vy, (dotted line$. (c) Photoemission in-
tensity fors-polarized,p-polarized, and unpolarized light for mag-
netizationM parallel (+ M, solid) and antiparallel - M, dotted to
[110]. Spectra for unpolarized light correspond to the experimental
ones shown in Fig. 2a andb label maxima corresponding to direct
transitions.(d) Asymmetry obtained from the spectra for unpolar-
ized light indicating MDAD.

Corresponding maxima arise in the very early stage of
growth and are well known for ultrathin Co films in the 1 Co(001) in the experimental setup together with the bulk
ML — 5 ML range®! The thickness of the present film pre- band structure, which turns out to be useful for the interpre-
vents contributions from the Cu substrate. Exchange-splitation of the spectra. In panéd) of Fig. 3, we display the
partners of the maxima near the Fermi level are not obrelativistic band structure of ferromagnetic fct ©61) with
served, neither in the intensities nor in the asymmetry. valence bands distinguished according to predominant ma-
The asymmetrycf. panel(b) of Fig. 2] within the energy jority and minority spin character. In panéd) we present,
range from—2 eV up to 0 eV shows a minimum of less conventionally, the same bands characterized by their
—3.5% at—0.4 eV (a) and a maximum of 3.5% near the magnetic double-group symmetrigs andy,. Although the
Fermi edge(b). Its shape was found to be qualitatively and commonly used classification of the bands by single- or
guantitatively nearly the same for films from 6 ML up to 35 double-group representations of the groumm does not
ML thickness. hold strictly, it is still meaningful to indicate the prominent
To explain the above experimental data, we have calcuspatial symmetry of the electronic states in each bavith
lated photoemission spectra for the above described fctl” standing for the single-group representatiar, etg. In
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the valence-band structure, there are numerous SOC-inducsible for the observed MLDAD. A change of the photon
splittings and gaps of about 0.1 eV, for exampld'atand  energy shifts the initial state energies away from the hybrid-
halfway alongl’—X around—0.25 eV and—1.2 eV. The ization region and thence reduces the MLDAD. Thus,
latter example can be viewed as an avoided crossing betwe@mDAD measurements can directly reveal SOC-induced hy-
a majority and a minority band, with the spin-polarization bridization in the initial states.

expectation value along the “new” bands going through  Unpolarized light can be viewed as an incoherent super-
zero and changing sign. Around0.25 eV, where nonrela- position of s- and p-polarized light. Therefore, EDC’s for
tivistically there is a crossing between a minority and a  ynpolarized light can be obtained by summing up the inten-
minority A* band, SOC leads to g band with mainlyA®  sjties for both linear polarizations. Since the spectra for
spatial symmetry and tweg, bands with both spatial sym- s-polarized light show no MLDAD, the asymmetry is re-
metry types, which have equal weights at the hybridizationy,ceq with respect to that obtained Ipypolarized light.
gap. In photoemission by-polarized light, such hybridiza- a4 nd —0.25 eV the reduction is about 40%. For compari-
tion leads, for nonmagnetic crystals, to photoelectron spiry,, iy core-level photoemission, the reduction should theo-
polarization, and, for ferromagnets, to magnetic dichroismretiéa"y be exactly 50% and inélependent of the energy if
as we shall discuss in detail below. The exchange splitting_—the crystal structure is neglect®drhe asymmetry for the

which is readily visible in the spin-classified presentation INEDC’s for unpolarized light shows the typical minus/plus
panel(@) of Fig. 3 — depends on the spatial symmetry of thegy, 1 re near the Fermi level, as it is observed in experi-

12 (25 ; :
bands and ok, . Thel 2 9 )5p0|r_1ts are split l_)y 162eV nent. At energies below 1 eV, the asymmetry is negative
(1.50 eV, for both theX* and X® points we obtain 1.69 8V 54 nearly constant, which also corresponds well with the

splitting. We_n_ote that Clemenst a‘I1.2 report an average experimental findings. The theoretical asymmetry exceeds
exchange-splitting of (1.550.15) eV.” which agrees with ¢ oyherimental one, due to the experimental resolution and
our calculated values. This casts doubt on the averageghe jnelastic background, which are not included in our cal-
exg:?gnge- splitting value of 1.2 eV, deduced by Mankey o, ations. In experiment, the polar angle of light incidence
al.™ in an _experlme_ntal_ inverse photoemission and UV'(60°) is fixed, but it is close to the angle of maximum asym-
photoemission investigation. metry obtained by theory (51.5°).

_The calculayed photoemission specisge panel(c) in Experimental spectra taken with [lephoton energy
Fig. 3] are dommatgd by two _pealasandb at—0.35eV and . (40.81 eV, not shown hershow no considerable asymmetry
—0.20 eV, respectively. As is seen from the corresponding A - 104 Further, the shape of the spectra does not change

crossing points between.initial and.final statg _bands, thes onsiderably with respect to those taken at 21.22 eV. Theo-
peaks can clearly be attributed to direct transitions from  a4ica| calculations confirm the experimental results and cor-

initial states, which have dominant spatial symmetfy and  ohorate further the band-structure origin of the MDAD, i.e.,
from v, states, which are strongly hybridized by SOC in they,y prigization of initial states. Direct transitions, which show
vicinity of the band gap aroune 0.25 eV. The energy split- ,,, for s-polarized light, occur at about 0.75 eV near’
ting of peaksa and b, observable withs- and with  inority spin and at—0.32 eV atX (majority spin. For
p—polarlz_gd light, directly reflects the spin-orbit splitting of p-polarized light, a broad majority maximum arourd).9
the y; initial band. Both peaks correspond very well to thosegy shows MLDAD. There are no strong direct transitions
observed, with unpolarized light, in experimef. Fig. 2. ¢om hybridization zones of initial states with® and A
In the energy range from 1.7 eV up to—1.0 eV, there is @  gpatial symmetry. As the latter is necessary for the MDAD,

broad maximum that is due to emissions from majorityhe asymmetry is very small, which agrees with the experi-
bands. Due to the imaginary part of the hole self-energyantal findings.

which increases rapidly with binding energy and is about 0.7

eV at —1.5 eV, this maximum is much broader than those

closer to the Fermi energy. It appears not to be clearly related B. Spin polarization

to direct transitions from our valence bands. This is, how- N i ) )

ever, not surprising, since we included the above-mentioned !N @ddition to the above intensity spectra, we have simul-

large imaginary self-energy part in the photoemission calcytaneously calculated the correspondmg spec_tra _of the three

lations (to make them more realislicout neglected it, for components of the photoelectron spm-polarlzatl(zn vector.

clarity’s sake, in the band-structure calculation. In the experiThey are all nonzero in the present geometry wihnot

mental data, this maximum is further broadened so that it cagerpendicular to the plane of incidence. The component col-

hardly be identified. linear with the magnetizatioM (along[110], x axis) [see
Magnetic dichroism can be seen in Fig. 3 as the differenc@anel(a) in Fig. 4] reflects the spin polarization of the initial

between the spectra calculated ferM and —M. For  stateqcf. panel(a) in Fig. 3]. Because fos-polarized light

s-polarized incident light, there is no MLDAD, in line with {here is no MLDAD in the chosen setup, reversalbfonly

the symmetry arguments in Sec. IV. For off-normal incident . 3 .

changes sign of thi® component. For off-normal incident

p-polarized light, howgvgr, ther(_a is a pronounced MLDAD p-polarized light, however, this does not hold because of the
around —0.25 eV. This is precisely the energy range, in MLDAD

which the y, bands exhibit the SOC-induced gap and the i - i -

y, initial states comprisa® and AS spatial symmetry parts 1 he in-plane component dt perpendicular tdv (along

with comparable weights, as already discussed above. Thig10], y axis) is nonzero for botfs- andp-polarized light, in

hybridization, which already in the nonmagnetic limit pro- accordance with Table I. Again, reversal Mdf changes sign
duces photoelectron spin polarization, is ultimately responfor s-polarized light(cf. operationC, in Table ). Note that
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performed for 10 ML and 15 ML Co coverageeveal a
strong majority emission, which significantly exceeds the
] minority intensity. We can rule out an explanation in terms
of the tetragonal distortion of the film, since this has already
been taken into account in our calculations. As a possible
b origin, one may think of surface states or resonances associ-
ated with the majority bands at th€ point. Such a surface

1 state was suggested to be responsible for a majority peak
1 observed at-0.6 eV by Clemenst al*?> We, therefore, per-
formed more detailed LDOS calculations varying the surface
barrier position and the relaxation of the outermost mono-
layer. We find two surface resonances that are associated
with the majority band edges at thepoint (—0.60 eV and

80 pm —0.32 eV}, but the resulting majority contribution to the
X 0 in-plane |M photocurrent is very small. It seems, however, possible that
Al other DOS contributions could come in due to the disorder of
S50 F Tl the Co films.
100 (a) Another mechanism, which we did not take into account

in our calculations is the spin dependence of the inelastic
mean free path. As was foutfef®for Ni, and confirmed also
for Fe and Ca(see Refs. 46—49 and references therdime

FIG. 4. Theoretical photoelectron spin-polarization vector frommean free path is significantly larger for majority than for
Co(00)) for s- and p-polarized 21.22 eV light incident at polar minority electrons. The relative contribution of majority
angle 60° and azimuthal angle 136®lative toM), calculated for ~ electrons in the observed spin-resolved photocurrent is
M parallel to[110](+ M) and reversedii (—M) with line symbols ~ thence enhanced, provided that there are majority electrons
as indicated in pandh): (a) in_p|ane_componerﬁ"”’\7l , in the[110] “-tO Sta-rt with.” If Only minority Spln electrons are excited
direction; (b) in-planeP, y; , in the[110] direction; and(c) normal  (in @ given energy rangeonly minority electrons reach the

to surfaceP,, in the [001] direction. Note thaM is not perpen-  detector, regardless of the values of the spin-dependent in-
dicular to the plane of incidence. elastic mean free paths. By itself, this mechanism can, there-

fore, not produce majority electrons.

this component is exclusively due to the joint occurrence of Majority photoelectrons can, however, appear due to spin-
exchange and SOC. Fprpolarized light, there is no change flip processeglike excitation of magnons or Stoner pairs
of sign in the whole initial energy range. In the nonmagneticwhich — in the language of the simple three-step model of
limit, this component is also present and due to the LSPE fophotoemission — the photoexcited minority electrons un-
off-normal p-polarized incident light. dergo on their way out to the surface. These majority elec-

The perpendicular component Bf (along[001], z axiy  trons then can benefit from the larger mean free path and
for s-polarized light can be attributed exclusively to the contribute relatively more than what is warranted by their

LSPE for 2nm surfaces. Thus, it does not change with theCréation cross section. A further source of majority electrons
can be provided at finite temperatures by small spatial re-

gions of opposite spin polarization generated by spin fluctua-

-25 20 -15 -1.0 -0.5 '
Energy (eV)

reversal of M, as is shown by the symmetry arguments
above(see Table)l For p-polarized light, this component is tions

due to tpe joint interaction of S_OC ang exchange. In summary, we suggest the following explanation for the
The P components perpendicular ¥ show the largest opserved strong majority spin part of the photocurréy:

absolute values in the energy ranges where direct transitiongeation of majority electrons by photoexcitation from sur-

occur, i.e., from—2.0 eV up to— 1.5 eV for majority initial  face states or resonances, by spin-flip processes, and possibly

states and from-0.5 eV up to 0.0 eV for minority initial  py thermal spin fluctuationg?) subsequent enhancement of

states. This further corroborates the band-structure origin gfgjr weight(relative to the minority electropsdue to their

the MDAD. larger mean free path. Obviously, the interplay of these

As has been shown by analytical calculatidhshe ex-

pression for the three components & for s- and
p-polarized light involves six different combinations of Co films. The above explanation in terms of effects, which

transition-matrix elements. Measurement of the ve&tdor

mechanisms and the resulting spectral strength of the major-
ity emission(quantitatively depends on the thickness of the

occur after the actual photoexcitation, which produces

both light polarizations, hand in hand with correspondingMDAD, gains further plausibility from the good agreement
calculations, therefore promises to reveal further details othat we find between the experimental and the calculated

the wave functions.

MDAD.

While experiment and theory are in good agreement with
regard to intensities and MDAD, an intriguing discrepancy

exists in the photoelectron spin-polarization component

along M. In the energy range between aboufl eV and
Er, our calculations produce purely minority spin photo- for a sample prepared &t=400 K. The most striking depar-
electrongcf. Fig. 4); spin-resolved measuremertghich we

C. MDAD for 400 K films
In Fig. 5, we present experimental photoemission spectra

ture from the data from the films prepared at room tempera-
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35 30 25 20 -15 10 05 00 05 To understand in more detail the origin of the additional

§10 peak at—2.65 eV and the left shift of the Co peak, we
= sl IT‘;Z"L%“/CO(OOD ‘Q‘ performed LDOS and photoemission calculations for a
% ol . _\__ model consisting of 1 ML Cu/Q601). The results are also

g T e T T presented in Fig. 5. On the grounds of the LDOS, the addi-
=5 © Expt it b tional intensity maximum can be clearly attributed to a Cu
2_10 20 ML Co/Cu(001) T =400 K ( )

d state localized in the topmost monolayer. Further, the pho-
toemission intensity fos-polarized light is much larger than
for p-polarized light, which indicates a promineh? spatial
part of this initial state. In contrast to experiment, the calcu-
lated Cu peak shows, however, no significant MDAD. We
explain this as follows. Necessary for the MDAD are both
spin polarization as well as hybridization Af andA® spa-

tial symmetry parts of the initial states. First, the former is
rather small for the Cu-film state, which gives rise to the
additional peak. Second, there is nearly no hybridization
with Co states, as is evident from the LDOS. Therefore, there
is no significant MDAD in the theoretical results for 1 ML
Cu on C@001). Figure 5 shows some further discrepancies

Intensity (arb. units)

E())ql)\f[rlingc?/tCu(OOI) T < 400K %i between calculated and measured spe¢@iahe experimen-
| tal left shift of the Co peakrelative to the 300 K spectras
P absent in the theoretical intensity cury®) the asymmetry
-35 -30 25 20 -1.5 -1.0 -0.5 0.0 05 line shapes between aboutl eV andEg are significantly
Energy (eV) different; and(c) while in the 300 K data an asymmetry

o extremum coincides with the intensity maximum, it is left
FIG. 5. Normal photoem|§5|on from _20 MI__ Co/@01) tgken at  ghifted by about 0.2 eV in the 400 K data.
B o e o menye  Fiom these disciepancies we conclude tht the model of
[110]) and—M (outlined circles, paralli110]). The sa’mple has ML Cu/Co(002) falls short of representing the actual experi-
’ ' mental surface morphology. Some more clues to the latter

been prepared at 400 K substrate temperature. The theoretical spec- . - . .
tra are calculated for 1 ML Cu/@001). The Cu peak is marked by Can be obtained from earlier experimental restitSwhich

lines. (b) Experimental(solid line with dotg and theoretica(solid su.ggest.that in addition to a Cu coverage there_ls a Cu ad-
line) asymmetry for the spectra of par@). mixture in the subsurface layers of Co,_ anq that in this gllpy
each Cu atom adds two electrons, which increase the filling
ture (cf. Fig. 2 is an additional intensity maximum at of thed band of Co. The latter finding may explain why the
—2.65 eV. As preparation of fcc-Co films on @01 at  Co peak(which is at—0.35 eV for the 300 K sampleshifts
elevated temperatures is known to lead to pin H8lesid,  to lower energy relative to the Fermi energy in the experi-
therefore, to Cu migration to the top of the Co film, we mental 400 K data. Since such alloying is rlahd cannot
attribute this additional peak to emission from Cu. Indeedbe) included in our calculations, the theoretical intensity
spectra from clean G001) show a peak at-2.75 eV, which  curve does not have this shift. Given “alloying-induced”
can be interpreted in terms of a bulk interband transitiordiscrepancies between experimental and calculated intensi-
from a mainlyA®-symmetry initial state. The finding that our ties, agreement can no longer be expected for the asymmetry.
Cu peak is slightly shifted — by about 0.1 eV towards higherSince magnetic dichroism stems from the interplay of spin-
energy — is not surprising, since the initial Awstate is now  orbit coupling and exchange, a substitution of subsurface Co
localized in the surface region. atoms by Cu, which obviously modifies “exchange,” gener-
Between—1.5 eV andEg, the intensities and the asym- ally will affect magnetic dichroism asymmetry curves. We
metry are similar to those in Fig. 2. But the intensity maxi-now return to the above-mentioned displacement of the
muma at —0.35 eV is shifted to-0.55 eV and the associ- asymmetry extremum relative to the Co intensity maximum.
ated asymmetry extremum is leftshifted by about 0.2 eWVe first note that a coincidence of an intensity maximum
relative to the intensity maximum. with an asymmetry extremum cannot generally be expected,
Before trying to explain these changes, we report thabut is sort of accidental for particular emission conditions
even for 35 ML of Co grown at a substrate temperature offor which particular initial states play a rgleThis happens
400 K, we find the peak at-2.65 eV. Further, XPS mea- for the 300 K data. The absence of this coincidence in the
surements at 1253.6 eV still show a contribution from Cu400 K data is then likely to be due to the modification of the
2p core electrongwhich should have an escape depth ofinitial states by a Cu admixture in Co layers. Cu in the sub-
about 8 MD). This further corroborates that Cu diffuses onto surface region would also contribute to the observed Cu
the surface. This behavior was also found by Li and Totiner peak. Since there is stronger hybridization between Cu and
with angle-resolved x-ray photoemission spectroscopy. IrCo in the initial states, subsurface alloying may also well
the LEED pattern, however, we observe no change with relead to the observed MDAD in the Cu peak.
spect to the samples prepared at room temperature. This sug- Our above findings shed some new light on earlier photo-
gests that the Cu-enriched surface region has the same gesmission dat¥ obtained for Co films on Q001) increasing
metrical structure. from 1 ML to 20 ML. While the usual bulk Cu peak de-
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creased with coverage, a new peak-a.6 eV emerged and toemission intensity due to thepolarized light shows no
persisted. The energy position of this peak was nearly indemagnetic dichroism, whereas the intensity fmpolarized
pendent from film thickness and from photon energy. Suchight does. Since unpolarized light can be viewed as an in-
behavior is to be expected for a photoemission peak arisingoherent superposition of s- apdpolarized light, magnetic
from a state localized in a single Cu monolayer like thatdichroism by unpolarized light is thus easily understood.
presented above. We thence conclude that the Co films of By symmetry arguments and analytical calculations, we

Ref. 54 also had Cu at their surfaces. . showed further that, in our geometfwith M not normal to
It is interesting to compare our 400 K results with those ofthe plane of incidende the photoelectron spin-polarization
another experiment, in which the growth of Cu on a 20 ML yector may have three nonvanishing Cartesian components,
Co film was studied” Although their Co film was also pre- instead of being aligned parallel to the magnetization, as is
pared at 400 K, they did not find any Cu-related feature fofne case in the absence of spin-orbit coupling. This was con-
the clean Cdonly from 1.5 ML Cu coverage upwardsThe  firmed quantitatively by our numerical calculations.
lower energetic position of their Co pe&ompared to oujs Samples prepared &t=400 K show — even at a Co film
is, according to calculations which we carried out, due t0 gnhjckness of 35 ML film — an additional peak at2.65 eV.
different photon energy17 eV). It thus appears that the 400 cajculations fo a 1 ML Cu/Cq001) confirm that this peak
K Co film of Ref. 55 does not have a significant amount ofcan pe attributed to emission from Qustates. There are,
Cu in its surface region. Comparison with our results sugnhowever, several discrepancies between experiment and the
gests a delicate dependence of the surface morphology a'%%ectra obtained for this simple model geometry. They can,
on details of other preparation conditions than the temperay, 5 qualitative manner, consistently be explained by assum-
ture. ing substitutional Cu-Co alloying in subsurface layers. In
agreement with some earlier results, we conclude that the
VI. CONCLUSIONS preparation at elevated temperatures can lead to pin holes
and to Cu migration to the top of the Co film.

Magnetic _dichroism in yalencg—band photoemis_sion by While we obtain good agreement between experimental
unpolarized light has been investigated both experlmentall%md theoretical intensity and MDAD spectra, there is a dis-

and theoretically for the prototype thin film system fcc-Co/ crepancy with regard to the spin polarization of the photo-

.Th f i h . A X
Cu(001). The good agreement of experiment and theory Concurrent in the vicinity ofEg: spin-resolved measurements

cerning both intensity and asymmetry yields details of the how a dominan f maiority photoelectrons. wher .
electronic structure and reveals clearly the origin of this>OW @ dominance of majority photoeiectrons, whereas ou

magnetic dichroism calculations yield minority electrons. We suggest an expla-
The maxima in. the experimental energy distribution nation of the observed majority emission in terms of spin-flip

curves can be associated with direct transitions, whereas SLR_rocesse@n the final statgand spin dependence of the in-

face resonances do not make any difference in explaining th%lastlc mean free path. To resolve this issue in a quantitative

spectra. Magnetic dichroism is strongest at direct transition'®Y" however, further experimental and theoretical work is
where electronic initial states df* andA® spatial symmetry required.

hybridize, due to spin-orbit coupling. This fact, in conjunc-

tion vv_ith dipole se_:lection rules, symmetry arguments, an(_JI ACKNOWLEDGMENTS
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