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Magnetic linear dichroisnfMLD) in angle-resolved valence-band photoemission ¢flE@ has been in-
vestigated by means of symmetry considerations, analytical theory, numerical calculations, and photoemission
measurements. The dichroic photoemission spectra and their dependence on photon energy clearly show that
the microscopic origin of MLD is an interference effect induced by hybridization of initial states of different
spatial symmetry at band gaps arising from spin-orbit coupling. The dependence of MLD on the light incidence
angle evidences that it is substantially influenced by the optical response of the metal, the approximation of
which according to classical Fresnel theory is adequate to reproduce our experimental data.
[S0163-182¢08)04618-9

I. INTRODUCTION the relativistic electronic structure has been successfully in-
vestigated by magnetic circular dichroism for (N)0).’
Spin-orbit coupling(SOQ in the valence bands is the How MLD can be used to study in detail relativistic band
microscopic origin of magnetic phenomena such as th&tructures will be shown in this paper.
magneto-optical Kerr effect and the magnetocrystalline an- In this joint experimental and theoretical study we focus
isotropy. However, up to the present it has not been clarifie@n MLD in the valence-band photoemission from(EE).
in detail how SOC influences these effects. For example, th@ur investigations rely on an analytical thedfthe appli-
question arises which electronic states are responsible foregtion of which to FEL10) is presented in Sec. Ill A. It al-
large Kerr rotation or determine the direction of the easy axidows us to show, in Sec. IV C, that the microscopic origin of
of the magnetization. In principle, the mechanism is wellthe actually observed MLD is a SOC-induced hybridization
understood: starting from the spin-polarized band structur®etween wave functions with spatiatt and =3 symmetry.
of a ferromagnet, SOC further reduces the symmetry of thd0 make more quantitative contact with the experimental
system. Hybridization between spin-up and spin-down bandéata, we performed numerical calculations using a spin-
occurs and degeneracies between them are removed. Congelarized relativistic layer Korringa-Kohn-Rostok@(KR)
quently, the energy levels depend on the magnetization dformalism. The comparison of experiment, numerical calcu-
rection and total-energy calculations yield the easy axislations, and analytical theory in Sec. IV provides a consistent
Therefore, it is of general interest to have a wide basis oficture and in particular evidences the adequacy of our the-
experimental and theoretical data in order to answer in detafretical methods. Additionally, it reveals how the MLD for
the question of how SOC influences the electronic structurep-polarized light is modified by the optical response of the
In the last few years it has experimentally and  solid.
theoretically ~'° been shown that SOC is a necessary ingre- MLD by itself is an interference effect, so it is very sen-
dient for the various types of magnetic dichroism. Under thesitive, for example, to SOCRef. 19 and to the magnetiza-
term magnetic dichroism those phenomena are collectetion. Founded upon this result, we discuss in which way
where an observable, e.g., the x-ray absorption coefficient dViLD can be used to obtain detailed information on the rela-
the photoemission intensity, depends on the magnetizatiofivistic valence-band structure or other magnetic properties,
direction (for reviews on SOC-influenced spectroscopies wee.g., the arrangement of magnetic moméfits.
refer to Ref. 18. One of these dichroism effects is magnetic
linear dichroism(MLD) in the angular distribution of photo-
electrons. It commonly denotes the dependence of the angle-
resolved photoemission intensity under excitation by linearly Experimental spectra were recorded at the monochro-
polarized light on magnetization reversal. Due to the closanator beam line TGM3 of the synchrotron radiation facility
connection of SOC-induced spin polarization to dichroism,BESSY, Berlin. It provides photons in the energy range from

II. EXPERIMENTAL ASPECTS
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14 to 30 eV and from 30 to 70 eV with two different grat-
ings. The degree of linear polarization of the light decreases
monotonously over the whole photon energy range from
90% at 15 eV down to 70% at 70 eV. The kinetic-energy
analysis of the photoelectrons was performed by an 180°
hemispherical analyzer with 50 mm diameter and an angular
resolution of=2°. The combined energy resolution of pho-
tons and electrons was 200 meV. Additionally, the photon
flux has continuously been recorded during the measure-
ments in order to normalize the spectra. The geometrical
setup is described in Sec. Il A.

Ferromagnetic Fe layers were grownsitu on a W110
single crystal in an UHV chamber with base pressure of 5
% 10~ mbar, which increases during electron-beam evapo-
ration to 1x 10~ 1° mbar. The bulklike, 15 atomic lay€AL ) FIG. 1. Standard setup for magnetic linear dichroism in photo-
thick Fe layers were evaporated at a rate of 0.5 AL/min an¢@mission from cubi¢110 surfaces. The crystal is remanently mag-
at a substrate temperature of 450 K. The layer thickness watized along the[110] (M.) or the [110] (M_) direction.
measured during the evaporation with a calibrated quartz miP-polarized light impinges at a polar angéeonto the surface. Its
crobalance with an accuracy af5%. electric field vectorE lies within the mirror plane that is perpen-

These preparation conditions result in sharp low-energylicular to M and contains the surface normal. Photoelectrons are
electron-diffraction(LEED) spots with a low background detected in normal emission.
evidencing the epitaxial growth of the Fe layers on the bcc
W(110 substrate. Three growth phases can be distinguishe@ne-dimensional irreducible representaticdh§s=1, . . . ,4,
During all phases the symmetry of the LEED pattern isits double group a single two-dimensional irreducible repre-
2mm(C,,). The first two monolayers grow pseudomorphi- sentations 5. The presence of the magnetizatidhreduces
cally, i.e., _the L_EED patte_rn of the Fe and the clean W subype symmetry to point groum, with symmetry operationg
strate are identical. For thicknesses between 2 AL and 10 Al g m, . Its double group has two one-dimensional irreduc-

one observes a superstructure in the LEED patterns causggle representationsy, andy_, which are degenerate by
by periodic lattice distortions compensating the lattice misfit; e reversaf223 Already at thié point, symmetry consider-
of 9.4% between Fe and W. Above 10 AL Fe the distortion-4iions show that MLD should existf. "I'able ). The opera-

induced superstructure is no longer visible in LEED and ON&. 1s of amm leave o Ni } either invariant or turn it into
observes the LEED pattern of a clean (id®) surface. The Z oA i .

distance between the spots and intensity vs energy curvéQf ,M_). In other words, there is ho operation that reverses
evidence that the film grows now with the lattice constant ofM and simultaneously leaves the light polarization invariant:
bulk bcc Fe. In addition, growth and cleanliness have beethere is MLD. The operatiom, gives for the components of
checked with Auger electron spectroscopy. Distinct kinks forthe photoelectron spin polarizatid?,=P,=0 and P,#0.
each completed monolayer in the intensity of the 47 eV Au-The latter component is already present in the nhonmagnetic
ger line as a function of Fe thickness evidence layer-by-layecase due to the linear spin-polarization effécEPE by
growth up to 3 AL. Further details of the preparation haveTamura and Fed&? (discussed below For normal inci-

been published elsewhefe. dence[9=0°, E(p.)=—E(p_)] or grazing incidence
[0=90°, E(p+)=I§(p,)], there is no MLD(cf. opera-
tion m,).
lll. THEORETICAL ASPECTS To elucidate the origin of the MLD in detail, we decom-
A. Analytical results pose the electronic states of the semi-infinite system into

In this section we discuss briefly the microscopic origin of V&V€ functions RStESTS>-_The spin7® is described by Pauli
MLD by means of symmetry considerations and analyticalSPinors|e) and|g) quantized along the magnetization direc-
calculations, both applied to our specific setep Fig. 1.  tion. The angular parts belonging ®&° with s=1,...,4
For the MLD the FéL10) film is remanently magnetized CONSist of symmetry-adapted combinations of spherical har-
along the two in-plane easy axes, i.e., in fa#0] and[110]  Monics. Collecting the various parts, each electronic state
direction (+y axis and the magnetization read.=(0, ©= Pelonging toy. can be written as
+M,0). P-polarized light impinges under a polar angbe
on the surface. We distinguish two light polarizatiops
with electric-field vectors E(pi)zEO(t c0s9,0,sin ).
The electrons are detected along the surface noffrh0], z
axis).

TABLE I. Effect of symmetry operations of the point group
2mmon light polarizationp., , magnetizatiorM . , and photoelec-
tron spin polarizatiorP= (P, ,Py ,P,).

As mentioned above, the point group of a culid0 E: P '\f+ Py +Py +Pe
surface of a nonmagnetic solidy@n(C,,), has four symme- 2 p- M- —Px —Py P,
try operations: the identit§, the twofold rotation about the my: p- M_ + Py —Py L
surface normaC,, the reflection at thex;z) planem,, and  m,: P M, - Py +Py -P,

the reflection at they(,z) planem,. Its single group has four
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|\P+>=|R1+21a>+|RiE3a>+|Rﬁ§2,8)+|RiE4,B), electrodynamics (Snell's law and Fresnel’s formulahat
(18 leads to significant effects on the photoelectron spin polar-
ization and on magnetic dichroisffor details see Refs. 18
W )=|RLE1B)+|R233B) +|R232a) +|REZ ). and 28. We denote internal quantitigield vectorE/} and
(1b) propagation angled’) of the light by a prime. In dipole
The superscrips on the radial part®S. refers to the single- approximation, selection rules yield) Eg, induces transi-
group representatioB®. Their subscripts are not to be con- tions from 33 components of the initial states, the corre-
fused with a spin index: each state contains both Paulsponding matrix elements beifgcos 9’ M@0 (i) Ef, con-
spinors due to SOC. In the nonmagnetic case, Kramers’ derects initial- and final-state functions both with* spatial
generacy require®3 =R® ,s=1,...,4.Since in the mag- symmetry and matrix elemeng;sin ¥'M®™_ (i) In our
netic case Kramers' degeneracy is lifted, one member of getup,>2 and3* components of the initial states cannot be
pair of exchange-split electronic states belongsyto, the  opserved.(iv) Spin conservation within the excitation pro-
other toy_, and we haveR: #R® . cess requests=i for the matrix element® 1) andM (3,

We now sketch the analytical calculation of the photo-  These selection rules in conjunction with the formation of
emiss:ion intensityl (for details, see Ref. _112Initi?l states  gOC-induced hybrids have two important consequen@gs.
are given Gby Eq(1). Final states are mainly i~ spatial  gach initial state with an admixture & or 32 functions
symmetry® due to the absence of exchange and SOC in the e ohserved: i.e., also a band with nonrelativifioor
vacuum.hln fﬁCt’ SOC_: Ileads to scattering into Wﬁvec—jfunptlor%z; symmetry can contribute to the photoemission intensity.
parts with other spatial symmetries. However, the dominan ii) Initial states with simultaneously nonze®' and 3,2

. 1 ) -
component is of.* spatial symmetry. We therefore approxi parts have the same final state in the excitation process.

mate the final-state wave function by regarding only the lat- . 3
ter component. The transition-matrix elemeM&™ are in- Hence, there is interference between ¥e and3.3-related

dicated by the single-group representatidf,6=1, . ..,4) Uansitions.

of the respective radial-angular part of the initial state, the From th? phqtoemlsélon mtensmeéMi) for the ,\E\,'_VDO
double-group representatiop (i=+) of the initial state, magnetization directions, we define the differenc®

andy;(f=+) of the final state. The radiation field inside the =[!(M4)=I(M_)}/2 and the sum S¥'°=[I(M.)
solid is approximated macroscopically according to classicat-1(M _)]/2. The resulting expressions are

DML (9")=2|E{|?Im[sin ¥/ cos &' * (ML+H)x ME+H) A=)\ E==)y], (29)

SYP (87) =]sin &' Eg|2(IMT ]2+ M 7)]2) + [cos & Egl2(IM B )2+ MG~ )2, (2b)

with initial states|¥ ) and |V _) at the same initial-state incidence angled is obtained. Approximating the internal
energyE;. [The energy- an&‘l-conserving termsS(E;— E; field by the external oneDMP shows a sin @ dependence
—hv) % &(kj) have been omitted for clarity. The asterisk de-and SML'_D can be written asAsir’9+Bcosd, with A(B)
notes the complex conjugatigrReversal of the magnetiza- comprising the terms with thet (M EMY matrix ele-
tion turnsM©™ into MG&~T~D which changes the sign of ments. Note, within this approximatioB”-° is extremal at
DM whereassM'P is invariant. Without SOC there would normal or grazing incidence, whereB8''° is extremal at
be no products of matrix elements with different spatial in-45°.
dexi that leads to a vanishin™P. In the nonmagnetic In summary, our model of MLD is based on four ingre-
g - fi —f,—i . ) g : ) 9
limit, Ithedmtﬁtrlx gleng)entsl\ﬂl(s ) anMdLII;/I(SAt | I)t bt?lcom?_D dients: (i) SOC induces the formation of hybrids consisting
Sggg hgg alsoer; Igcgo;/ollzunig vr\:ic'zh Sommetr az ; un?ents ;Of wave functions with different spatial-spin symmetf)

' y y arg ' "®fhe simultaneous excitation of partial waves from the differ-

normal incidence ¢ =0°) and grazing incidence)=90°) : . . .
because in these cases only one hybrid component is excite?ﬂt hybrlpl clomponenys .r"esults. inan |.nterferenc.e ter m in the
otoemission intensityiii) This additional contribution to

The origin of MLD in standard geometry can be attributedP ) ) . ) .
to the LSPE fomp-polarized ligh?2>2%In the nonmagnetic the photocurrent is spin polarized and changes sign, if the

limit, the “surviving” term in the expression folP, (not magnetization is reversed, i.e., MLD is observé@d) The

shown hergis an interference term that in this case is exclu-Optical response of the solid has been incorporated by taking

sively due to SOC, i.e., it is due to the LSPE. Furthermore:[he macroscopic classical electrodynamics into account.

this LSPE can be regarded as the origin of MLD, because the B. Computational method

corresponding transition-matrix elements are involved in the

interference terms in both the intensity and spin-polarization Numerical calculations of band structures, of layer-

expressions? resolved densities of staté®@0S), and of photoemission in-
Collecting Snell's law, Fresnel's formula, and E@), a  tensities have been performed within the framework of the

rather complicated dependence $f'° and DM on the spin-polarized relativistic layer KKR methdd>? Instead of
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the bcc Fe film of 15 AL finite thickness used in the experi-
ment, we take semi-infinite bcc B0 with bulk lattice | -
constanta=2.87 A. This approximation is justified since s
first, due to the small escape depth of the photoelectrons, -2
emission from the actual W substrate is negligible, and sec-
ond, quantum-well states are not resolved in the present ex-
periment. The surface geometry is not relaxed, as one ex-
pects for a closed packed surface and as has been determined
by LEED for F&110).%3

The effective spin-dependent muffin-tin potential has
been obtained by a self-consistent bulk linear muffin-tin or-
bital (LMTO) calculation, but modified in some respects.
First, the real part of the inner potentid0.5 eV with refer-
ence toEp) has, for the occupied states, been augmented by
a self-energy correction term OB{ E() in order to repro-
duce the measured quasiparticle exchange splitting. Second,
the spin-dependent potential in the topmost layer has been
linearly rescaletf such as to achieve a magnetic moment

¥+ Representation | y_ Representation

~-

Binding Energy (eV)

. . 8 - \ -8
enhanced by 20% relative to that in the beik3 hy = 23.8 eV
The surface-potential barrier has been approximated by a {hv=238ev -
reflecting step function 0.48above the outermost internu- 10 4 10

clear plane. This simple model is adequate for the present LA B I B B B B L L B
purpose, since it yields a layer-resolved DOS almost identi- N % T z N

Iﬁ:(;llvﬂlth the one from a self-consistent surface LMTO calcu- FIG. 2. Relativistic valence band structure of E&) separated

. . A . into representationy . (left pane) and y_ (right pane] of double
In our photoemission calculatlons,. Ilfet|me effects are Ir?'groupm. Labels indicate the spatial-spin symmetry of the dominat-
corporated by an energy-dependent imaginary part of the ing g component of the respective initial state. Circles denote SOC-
ner potentialV;. For the lower stateghole we useV;  jnduced band gaps betwedr and33 bands. Additionally, the two
=—0.2(E—E+0.25 eV and for the upper state¥; possible final-state bands with dominaBt-spatial symmetry
=—0.05E—Eg). V; leads to broadening and shifts of peaks (shifted down by 23.8 eV photon enejggre represented by the
to lower binding energy with respect to the real-potentialdash-dotted line for low damping and the dashed line for high
band structure. The radiation field inside the metal has beettamping within the solid.

taken into account according to classical optigsell's and

Fresnel's formulas!®28 by circlesA to D. CirclesA andB belong to the band gaps
at the “nonrelativistic” pointsT'2® 1 and I'2% |, respec-
IV. RESULTS AND DISCUSSION tively. At C (left pane) the situation is more complicated;

Since our photoemission spectra and their MLD can b%hree band gaps occur in this region, the largest one between

I i . ;
interpreted in terms of direct bulk interband transitions, we he 2 Tland the3E3T band. The anticrossing poirty be-
first focus on the relativistic band structure. Subsequently'fWeenz | and>”| pelongs to the unoccupied s.ta'tes.
measured and calculated photoemission spectra are prE.— Table I.I summarizes energy Ievels_and_ sphttmgs from
sented, and the microscopic origin of the MLD is discussed. 9. 2 at high symmetry points of the Brillouin zone in com-

Finally, the dependence of the MLD on the incidence angleoarison .W.ith_ other calculations and with experiment. The
of the bhotons is shown nonrelativistic band structure of Ref. 8@st column is very

close to our original LMTO resulténot shown, with minor
differences attributable to the use of relativistic the@yrac
equation in our work. The exchange splitting is increased by
Figure 2 shows the relativistic band structure of ferromag-about 0.2 eV to 2.17 e\kf. first column due to our energy-
netic Fe along thd'—3—N direction, the relevant one in dependent real self-energy correction. Inclusion of the imagi-
normal emission geometry from the lg¢¢0 surface. Forits nary part, which accounts for the finite hole lifetime, slightly
calculation we used the bulk part of the potential as specifiededuces it to 2.11 e\{cf. second column
in Sec. Ill B, except that the imaginary part of the optical In view of interpreting our dichroic photoemission spec-
potential for the lower states has been set to zero, whickra, we added to Fig. 2 final-state bands with domin&ht
yields so-called real bands. The bands are classified accordymmetry(steep-dashed and dash-dotted ljn@gich were
ing to their double-group representation, andy_ . In ad-  calculated with the complex optical potential. These bands
dition, the dominant spatial-spin representation is indicatedhave been shifted downward by 23.8 eV photon enébgy
This usual nonrelativistic characterization is a good approxicause at this photon energy the maximum MLD is observed,
mation over large parts of the bands, but of course breaksee below so that crossings with the occupied bands corre-
down at SOC-induced band gaps due to the high degree @pond to possible direct photoemission transitions from bulk
hybridization. initial states. For each relativistic representation there are
Four of these particularly interesting regions, in whith  two final-state bands. Our calculation shows that the corre-
and 3 states are strongly hybridized, are marked in Fig. 2sponding states differ in their decay length along [th&0]

A. Band structure
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TABLE Il. Binding energies, exchange splittings, and spin-orbit = -
splittings atl” (in eV relative toEg). Theoretical values from band hy =

A

structures(calculated with real potentinland from densities of | e\ 30 ¢ oy e
states(calculated with potential including the imaginary part speci-
fied in Sec. Il) are indicated by “bands” and “DOS,"” respec-

tively. The former are compared to results from Ref. 36. Energy
levels are labeled by their single-group representationsgdenotes
the mean value.
This work Ref. 36

bands DOS Expt. bands
Energy levels:
r=(ri ri)) 9.56 8.24
&'y 2.47 2.40 24 2.26
ry 0.99 0.95 0.9 0.94 S
r®)| 0.30 0.29 0.3 0.34 §
r| -1.31 §
Agxc:
| -2y 2.17 2.11 21 1.92
Asoc:
r®'y 0.07
r®) 0.057

direction, i.e., in their penetration depth into the solid. The
1/e penetration depth of the final states of the dash-dotted
band is larger than 18, /7, whereas the one for the dashed

band is smaller than &, /.

B. Phot issi t
otoemission spectra Binding Energy (eV)

Results of our photoemission experiments and our corre-
sponding calculations—obtained as specified in Secs. Il and FIG. 3. Experimentalleft pane) and calculatedright pane)
Il B—are shown in Fig. 3 for a sequence of photon energiephotoemission intensities(M ) (solid line) and I(M_) (dotted
(as indicategl and both magnetization directiorisolid and line) of Fe(110 for various photon energiebv. Vertical lines
dotted curves The experimental data are normalized tosketch the dispersion of the corresponding initial state. The labels
equal photon flux, i.e., plotted on the same intensity scalegive the spatial-spin symmetry of the dominating component of the
The theoretical spectra have been multiplied by the Fermiespective initial state. The denotes an incoherent superposition
function, folded by a Gaussian function corresponding to théf the two initial states.
experimental energy resolution and scaled such as to match

the experimentaf™-" leading peak at 23.8 eV photon en- dominate the interpretation. This leaves us with five crossing
ergy. Therefore, experimental and calculated spectra can dispints: (i) with the 11 band at 2.5 eV(ii) with the 331
rectly be compared, bearing in mind the following differ- panq at 2.3 eViii) with the 31 band at 1 eV(iv) with the

ences. In the calculations, we used completely Iinearl)§1l band at 0.3 eV, anév) with the 33| band at 0.25 eV.
polarized light and “perfect” angle resolution. Furthermore, Since the spacin1g of point§) and (ii) is less than the

the theoretical spectra are for zero temperature and do n%aginary potential partand of the order of the experimental

contain an inelastic background. energy resolution taken into account in the calculated spec-
We first establish that the peaks in the theoretical spectr gy - . Pe
3fa), the two transitions cannot be resolved, and in fact mani-

which were obtained within a one-step-model approach t h | broad K 2 Afekeach
photoemission, can be interpreted in terms of direct inter! €St themselves as a broad peak near .Afel/each mag-

band transitions from the initial-state bands shown in Fig. 2MN€tization directionin the spectra in Fig. 3. With respect to

if one takes into account the slight shift of the photoemissiorﬂonre_lat'V'S“C spatial-spin symmetry of the mmgl states this

peaks to lower binding energies due to the imaginary potenP€ak is labeled by *1 @331, (The® denotes the incoherent

tial describing the finite hole lifetime. For 23.8 eV photon Superposition of the two transitions that cannot be resolved

energy, such transitions can be expected at energies whetige to the limited energy resolutignCrossing point(ii )

the final-state bands in Fig. 2 cross with initial-state bands oforresponds to the photoemission p&d at 0.9 eV in Fig.

spatial symmetry charact&r* and3.®. 3. Transitions pertaining tGv) and(v) are merged due to the
Since the final states belonging to the dash-dotted bandaxperimental energy resolution and show up as the dominant

have an averaged six-times larger penetration depth into theeak 3| @3] at 0.3 eV. The above discussion extends

solid than those belonging to the dashed bands, they shoulthalogously to the other photon energies. The changes of
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peak energies with photon energy, which reflect the dispertier experimental binding energies for @40 with various

sions of these bands, are sketched by the solid vertical lineground-state calculation results, which has been shown in

in Fig. 3. Table Il of Ref. 37, further supports this finding. For a more
We now proceed to a more detailed discussion. The struddetailed discussion on self-energy corrections in photoemis-

ture3 11 @331 shows no significant dispersion above 22 eV sion from Fe—as obtained for f@01)—we refer to Refs. 38

photon energy. Below 22 eV it splits into the two pedky and 39.

and> 1 following the upwards dispersion of ti%* and the

nearly constant binding energy of thé band. The transition

at '®'1 is reached at 29 eV photon ener@ybtained by
further downshifting the final-state dispersjoispersion We now turn to the MLD. Figure 3 reveals that for vari-

and peak form are well described by the calculation, but iloys photon energies the two spedifhl . ) andI (M _) mea-
overrates the intensities of the'1 ©3°] structure. The in-  sured for the two different orientations of the magnetization
tensity is determined by the transition-matrix elements aglong [110] are different. Hence, a magnetic dichroism is
well as self-energy corrections that are nonlocal and depenghserved andMP is unequal zero.

on the binding energy. In our calculations we assume a spa- |n detail, the3 @331 transition possesses a negative

tially constant self-energy and a linear dependence on thg. MLD v ; ;
energy(cf. Sec. lll B). Thus this deviation can be explained fifference D 18, the I(M.) intensity exceeds the

by the breakdown of the linear approximation at these bind! (M) one. lts calculated MLD exists in the whole investi-
ing energies. gated photon-energy range with a pronounced maximum at
The corresponding exchange-spjit states give rise to around 23 eV, whereas the experimental MLD is signifi-
the big3!| @33| feature close to the Fermi level. For pho- cantly nonzero only from approximately 24 eV up to 29 eV
ton energies below 21 eV, tE?| disperses abovEq. Both ~ With its maximum at 26 eV. For th&'| 33| structure a
in the experimental and the theoretical spectra, one observ@sitive MLD is observed in both the experimental and the-
with decreasing photon energy only the dispersiol bf to  oretical spectra in the whole photon-energy range. For exci-
higher binding energies, a decrease of the intensity and &tions below 21 eV, the photoemission calculations with a
broadening of the peak form. With increasing photon energyvery small imaginary part of the self-energpot shown

C. Magnetic linear dichroism

the'? | point is reached at 26.8 eV. here reveal that both, states contribute to the MLD with
Emission from theS2] and the32| band, which neaf  the same sign. _ '
might add to thes 11 ©331 and theS!| @323| peak, respec- We now address the question of whether the analytical

theory sketched in Sec. Il A is capable of explaining the
Pbserved MLD. As a first step, one has to identify those
initial states within the Brillouin zone from which MLD is
expected. Referring to the theory, these are states signifi-
cantly hybridized by SOC, i.e., states near SOC-induced
band gaps where hybridization is strongest. In our geometry
he relevant anticrossing points are between nonrelativistic

1 and3® bands with the same spin, i.e., the poiAtandB
it thel” point and the point€ andD in the middle of the
rillouin zone (cf. Fig. 2.

As a second step, one has to show that MLD is observed
)jf the corresponding direct transitions are near such anti-
crossing points. This statement will be discussed for the ex-
ample of the prominent!| ©33| structure for which the
dependence oBM0 and DMP on the photon energy is
given in Fig. 4. A comparison of experiment with theory is

an s-polarized component, the measured peak near 0.9 eg%lgfti?eg:otr?ésfosrtrttrj;;i:ﬁo% ;Tfeézwbbe?%:grgfwrﬂg g;j o
may have an additionat *-derived contribution, which is y y :

For the critical points of the quasiparticle band structure) (I\7I,) at the respective peak position. Some remarks on the
experimental binding energies have been obtained by fittingrrors in Fig. 4 should be made. The statistical error in the
the measuredSM'° by Gaussians after subtraction of a intensity and the systematical one in the photon energy is
Shirley-like background for the corresponding photon energywithin the symbol size. Due to the strong dependence of
for which the transitions take place Bt These values and SY-°, and especially oD™-° on the binding energy, the
the exchange splitting are seen, in Table II, to agree excebystematical error ir8¥-° and DM is larger and can be
lently with their calculated quasiparticle counterpditsthe  approximated by the scattering of the points. The scaling
column “DOS”). The deviations from the results of the between calculation and experiment is the same as in Fig. 3;
ground-state band structure of Ref. 36, which are very closexperimental and calculate®¥-° at 23.8 eV photon energy
to our own LMTO ground-state band structure, clearly dem-have the same height. Therefo®''® and DMP can di-
onstrate that a real and an imaginary self-energy correctiorectly be compared to the experimental data. Note that the
as specified in Sec. Il is significant. The comparison of eardifferenceDM-° has been plotted on a five-times larger scale

tively, is negligible, because first, spatial symmelry parts
cannot contribute to the transition-matrix elements in norma
emission, and second, tRe' and3 3 admixtures, which can
contribute, are very small.

Around 0.9 eV binding energy, the'1 peak appears, for
which the transition af''?| takes place at 27.25 eV photon
energy. While experiment and theory agree in the bindin
energy of this peak, its intensity is much larger in the experi-
mental than in the calculated spectra. In search for an expl
nation, we turn to they_ band with dominant*{ symme-
try. For purely p-polarized light incident in the[001]
azimuth, this band yields hardly any emission, since matri
element parts witts* states vanish anfl* and>3 admix-
tures are very small. Fors-polarized light, however,
>4-derived emission is quite sizable. Since the light used i
our experiment is not completely polarized, i.e., contains
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FIG. 4. Photon-energy dependence of sB° (upper panél

and differenceDM-° (lower panel of the 3*|® 32| structure.
Experimental and calculate8V-° are scaled to have the same
height at 23.8 eVDMP is plotted on a fivefold larger scale. Within
this scale the experimentBM'° has been multiplied by a factor of
2.

k, (n/a))

FIG. 5. Detailed dispersion of the initial states of tBé|
®33] structure labeled by bandsandll represented in the upper
in comparison toSY'P . Within this scale the measured panel and in the inset by thick lines. Dependence of3h¢ and

DMP has been multiplied by a factor of 2 to fit approxi- 2?| parts of band (middle paneland of thex*|, X%|, andX*|
parts of bandll (lower panel on k;, and the final-state energy
mately the calculated one.

. o . boveEg.

We find a good qualitative agreement between experlmen%
and calculation ofSM-°® and DM regarding the photon- Figure 5 reveals that the bands change their character due
energy dependence below 31 eV. Both quantities exhibit & hybridization; both bands at band gBpand additionally
pronounced maximum at around 24 eV. For photon energiesand! at pointD and band| at the two anticrossing points
above 33 eV the calculate®'P differs from the measured with the flat=#1 band at about 1 eV binding energy. Note
one by a second weaker maximum at around 40 eV. Fothat due to the complicated dispersionBatcf. the inset in
DMLP the agreement above 33 eV is much better; in bottFig. 5 the maximum degree of hybridization betweBh|
experiment and calculation a decreasing MLD difference i@@nd 33| for the two bands are &, =0.037/a, and not
observed. directly atI'(k, =0).

In order to explain the dependenceSf° andDM-P on We now return to the discussion and show how the
the photon energy, we have additionally projected out the®hoton-energy dependence of thé| ©3°| MLD can be
parts of | and>*| functions of each of the two relevant €xplained by the band structure and hybridization at pBint
initial-state bands. The result is shown in the middle andAt around 15 eV photon energy, the transitions take place
lower panels of Fig. 5 as a function &f . In addition, the nearly in the middle of the Brillouin zone. Up to 21 eV, only
ﬁna|_state energy is given in the upper horizonta| Sca|e Ofransitions fr0m the initial'state baﬂﬂ are Observed W|th a
Fig. 5. This scale is based on the corresponding direct trarProad peak belovEg in the photoemission spectra. At the
sition into that final state with practically no dampitdash-  correspondingdk points the initial state consists of a hybrid of
dotted line in Fig. 2 Above —27 eV binding energy, both 3| and>*1 functions(cf. Fig. 5, lower panélso that, if the
final states contribute approximately equally to the photo-model is correct, no MLD should be observed. In fact a small
emission spectra due to their comparable damping. The umand nearly constant experimen@aM-? is observed, caused
per panel of Fig. 5 repeats the relevant part of the banthy the breakdown of the direct-transition picture into one
structure. The two initial states are represented by bold linefinal state.
and labeled as bandsandll. The inset shows the detailed Above 21 eV, band-derived transitions are possible. In
band structure near tHe point. the photoemission spectra the prominent structiire
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®33| occurs and therefor8V° increases with a maximum Point D belongs to the unoccupied band structure and
at 23.8 eV. Additionally, the increase &f'C is observed. cannot be observed in the experimental photoemission spec-

Within our model this can easily be explained by the increastra. But calculatedinverse photoemissigrspectra that in-
ing hybridization of the initial states near band gapThe clude transitions from initial states abokg also show MLD
maximum of DMP is reached at 24.8 eV ork, @&t this point. o _
=0.05m/a, , which is nearly exact at the maximum degree In summary, the MLD of photoemission calculations and

of hybridization of the two bands &, =0.03w/a, . Above of measurements can qualitatively be explained by the ana-
25 a\/ SMLD decreases. ie. the trzlinsition-mz;[rix elementéytical theory in combination with the band structure accom-

panied by hybridization analysis. Differences between ana-

become smaller. Therefor@"-°, which depends linearly | . .
. ' Iyncal theory and measurements as well as calculations can
on the matrix elements, decreases. Note that the above intet-

. . X e attributed to simplifications in the above discussion, for
pretation assumes that the transition-matrix elements Vargxample the neglect of the dependenceE6f ', and the
slowly with photon energy. hase difference between the two partial waves on photon

The above comparison between the photon-energy depe

MLD e . X hergy and the restriction to one direct transition.
dence oD with the initial-state dispersion shows thatthe |, 'the following we now want to discuss the discrepancies

1| ®X°| MLD can be explained by the dispersion and thepetween photoemission calculations and measureméits:
hybridization of the corresponding initial states of bards For photon energies above 31 eV the calculated intensity
andll. We want to emphasize at this point that the MLD is SMLP increases, whereas the experimental one is almost in-
not caused by incoherent superposition of the transitiongependent of the photon energy. As mentioned above, the
from the two individual initial states that would lead to a photoemission intensity is additionally determined by self-
vanishing DM°. In fact, MLD is an interference effect energy corrections. Thus the different dependenc&‘6P
caused by the coherent excitation of ®!|- and a on the photon energy can be attributed to the self-energy
>3] -related part from each of the two initial states. corrections in the upper state regime that cannot be described
In the same way the MLD of the exchange-sgit; by our linear approximatioficf. Sec. Il B).
@331 structure can be explained by the hybridization at the (i) The calculations overrate the MLD approximately by
SOC-induced band gab. Additionally, within the analytical @ factor of 2 in the. whole |nvest|_gated photon-energy range
framework, it is easy to explain the opposite signs of theunder the assumption that experimental and calculgted
S11@33% andSt| 33| structures. Basing on nearly the at 23.8 eV ha\_/e the same vqlue. The overrat!ng of the MLD
same dispersion nedl of the 311 and331 initial states on has two possible reasons; first, the calculations have been

the one side and thB!| and3 3| initial states on the other do_ne unqler perfect condltlons_, €., with fully linearly po-
larized light and the magnetization at zero temperature.

side, it is a good assumption that the CorrESpondmgl'herefore, the calculated MLD should exceed the experi-

transrgorllz-mz;tr|>t<hele_:r?erf1ts are compar'cflbllqe. BUth as can l_b%ental one. Additionally, effects of spin-dependent and in-
seen in Eq(2), the interference terms of the exchange-sp elastic scattering as well as a spin-dependent lifetime have

statesy, andy_ possess opposite signsm. Hence, if |15t peen incorporated in the calculations. This could lead to
now the matrix elements are independent of the photon eny gecrease of the dichroism. For the same reason it is pos-
ergy, especially the phase difference between the two partiafipie that the experiment&@™-° of the 311 ® 331 structure
waves, the sign reversal is observed. is smaller in comparison to the!| 33| MLD. Second, as

In the experimental spectra t'{ transition at 0.9 €V  an interference effect the MLD should be very sensitive to
also seems to have a MLD for photon energies larger thaaxperimental conditions as well as numerical modeling.
19.6 eV. But in our interpretation its MLD can be explained From the experimental point of view these are the prepara-
by an artifact caused by the rather small energy separation dion conditions and possible contamination at the surface that
about 0.7 eV from th&!| @33 structure and its dominat- can influence the MLD(An effect of contamination in our
ing positive MLD. This interpretation is proven first by the experiment can be neglected, since it was checked by re-
fact that in the experimental 25.9 eV spectra the MLD re-peated measurements of the MLD after several hpurs.
verses sign at th& 11 peak position and, second, by fitting ~ Based on these results, we can offer a few comments on
the individual peaks of the experimental spectra for boththe question of how MLD in the valence-band photoemission
magnetization directiongafter subtracting a Shirley-like can be used to obtain further information on the magnetic
backgroungl In addition, in the calculated spectra this peakground state of the system, such as spin and orbital magnetic
shows no MLD. moments. Because MLD depends strongly on the detailed

This observation is expected within the direct-transitionelectronic structure, this seems to be hardly possible. For
picture combined with hybridization analysis. Transitionsexample, if the phase difference between the two partial
nearC are possible at photon energies around 16 eV. But fowavesA u satisfies ImMisin 9'cosd *exp(Au) =0, no MLD
these photon energies ti®'7 emission near 0.9 eV de- is observed. Furthermore, MLD depends on the absolute
creases as can be seen in Fig. 3, i.e., corresponding matnslue of the involved matrix elements. So that, if the transi-
elements and hence the interference terms become small. Rion is forbidden due to the selection ruld==*1, again no
higher photon energies the emission from ¥ band in- MLD is observed. This may be the reason why different
creases but possibE>®1 admixtures are negligible due to the MLDs are observed for the same initial state. In our case, for
large energy separation in comparison to the exchange spliexample, the transitions &*| @3] at 24 and 29 eV pho-
ting from the downwards dispersing®| band(cf. Fig. 2.  ton energy into the same final state start at the same initial
Hence, no MLD is observed. states of band andIl. But both exhibit differentD™-P,
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FIG. 6. Dependence on the angle of the impinging light for
SV (upper panél and DMP (lower panel of the S| @33

structure at 25.9 eV photon energy. Additionally, two fits are given

based on the analytical theory wittlotted ling and without(dash-
dotted ling optical response. Experimental and calculs8¥tP are
scaled to have the same height/'® is plotted on a fourfold larger
scale. Within this scale the experimenEdl''® has been multiplied
by a factor of 3.

which can easily be explained by the different absolute val
ues of matrix elements. This may be callefiral-state effect
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been scaled by a common factor in order to best fit the ex-
perimentalSVLP . At this photon energy the numeridafM-°
overrates the experimental one by a factor of 3, which has
been incorporated in the lower panel of Fig. 6.

Within the external field approximation, i.e., without
Snell's law and Fresnel's formul@ash-dotted lines in Fig.
6), the analytical formula predicts a sif2dependence of
DMLP and a superposition of sift and codd dependences
of SMP | The result of a fit tadDM-? based on this approxi-
mation is additionally shown. The discrepancy between both
experimental and calculate8-° and DM-® completely
rules out the external field approximation. Thus, the refrac-
tion of the light has to be incorporated.

The analytical results with optical response of the metal
(dotted lines in Fig. pwere obtained from Eq2) by fitting
simultaneouslySM-® and DM and using Snell’s law and
Fresnels’ formula, regarding the transition-matrix elements
as parameters. For the complex index of refraction we took
€=0.54+0.31i (as in the photoemission calculatigrfsom
Ref. 40. We assumed two initial states, i.e., the bands with
nonrelativistic2!| and33| symmetry, both with three in-
dependent parameters; the absolute val{id$'™)| and
IMG| of the transition-matrix elements and the phase dif-
ference between them.

The experimental as well as the numerical data are well
reproduced by the analytical fit. This proves clearly that
MLD is described correctly by our analytical theory, espe-
cially by Eq. (2). The good agreement fddM-° is only
achieved if one assumes two initial states. Thus, one can
conclude about the number of initial states for thé|
@31 structure by measuring the incidence-angle depen-
dence ofDM-P,

Additionally, one concludes that the angular dependence
of the MLD observed in the valence-band structure of
Fe(110 is properly described by classical Fresnel theory. At
first glance, it seems surprising that the optical response in

because the initial-state wave functions are the same at boffi® toPmost surface layers can be neglected in the interpre-

photon energies.
The detailed analysis above shows a delicate behavior

MLD on both exchange splitting and SOC. Thus, a simple

rule of thumb, for example, that magnetic dichroism depend&"a!'© ) X o _
cgitudinal electromagnetic partial waves, which in spin-

linearly on the magnetization and therefore can be regard

§nergy

tation of photoemission spectra from (E&0 in the VUV
range, contrary to findings for layered
emiconductoré! The next step beyond the Fresnel approxi-
ation, the so-called hydrodynamical moéfeleads to lon-

S

as a measure for the latter, can hardly be true, in particular jR0!arized photoemission from (@01 can be completely

valence-band photoemission. Such information can possibl
be derived by comparing the measurements with fully rela-

tivistic photoemission and band-structure calculations.

D. Dependence on light incidence angle

eglected due to the very low effective plasmon energy with
espect to the photon eneréf/The latter result may be re-
garded as valid also for FELO).

In principle, referring to the incidence angle dependence
of the MLD, it is possible to calculate thabsolutevalues of
the photoemission transitions and the phase difference be-

Correctness and relevance of both the analytical and nuween them. Unfortunately, in our case this is not possible
merical calculations can directly be proven by comparing théecause the corresponding peak is a superposition of two

experimental and the theoretical dependence&sd® and
DMLD on the polar angle of incidencé of the light. To
verify the theoretical predictionsSM-° and DML of the
31 @33 structure at 25.9 eV photon enerfy.4 eV bind-

ing energy have been recorded experimentally for various

maxima and, therefore, the fit is not unambiguous. However,
in the bare calculated spectfaithout folding with the ex-
perimental resolutionthe initial states can be separated.

V. CONCLUSION

polar anglesy. The result is represented by the solid squares
in Fig. 6. For the errors the same argumentation holds as in We have presented an investigation of MLD in valence-

Fig. 4.
The numerical datéopen squares with solid linefave

band photoemission from FELO) in a fourfold way: by sym-
metry considerations, analytical theory, numerical calcula-

been obtained from photoemission calculations. These haw®ns, and measurements. We have shown that by comparing
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experimental and theoretical results the microscopic origin ognergy dependence of tHe? | -related MLD can be ex-
MLD is mainly the SOC-induced hybridization of the initial pjained by means of the initial-state band structure of bulk
states. If the various components of such a hybrid are simu €110 within the direct-transition picture. Furthermore,

taneously excited, one observes an interference between theory reveals a substantial influence of the refraction of the
partial waves. The sign of the interference term depends Ofcident radiation on the MLD, and comparison with experi-

the magnetization dlrect_|0n and thus MLD is observed. Thement shows that a description of the radiation field inside the
agreement of the experimental results with both the predic- etal in terms of classical Fresnel optics is adequate for

tions of thg analytical fqrmula and the quantitative re_sults O'g]hoton energies in the VUV regime.
the numerical calculations proves that our theoretical de-
scription of MLD is adequate. Other models, if properly en-
hanced, for example, by relativistic group theory and relativ-

istic photoemission theory, should also lead to the same

conclusions>*°In summary, one can use MLD to identify e thank M. Mast and W. Braun for their help during the
SOC-induced band gaps or hybridization zones in the bangheasurements at BESSY, Berlin. The experiments have been
structure by measuring the photon-energy dependence @fipported by the Bundesministeriurir fBildung, Wissen-
DMP, schaft, Forschung und Technologi@MBF) under Contract

For the case of K&10 on W(110, we have further No. 05 5PCFXB 2 and by the Deutsche Forschungsgemein-
shown that the observed MLD is derived from the SOC-schaft through SFB 341. The theoretical work has been fi-
induced gaps dt2° 1 andI'%®' | and that the MLD signals of nancially supported by the BMBF under Contract No. 05
the exchange-split states possess opposite sign. The phot@R1PGA.
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