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Magnetic linear dichroism in valence-band photoemission: Experimental and theoretical study
of Fe„110…
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Magnetic linear dichroism~MLD ! in angle-resolved valence-band photoemission of Fe~110! 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.
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I. INTRODUCTION

Spin-orbit coupling~SOC! in the valence bands is th
microscopic origin of magnetic phenomena such as
magneto-optical Kerr effect and the magnetocrystalline
isotropy. However, up to the present it has not been clari
in detail how SOC influences these effects. For example,
question arises which electronic states are responsible f
large Kerr rotation or determine the direction of the easy a
of the magnetization. In principle, the mechanism is w
understood: starting from the spin-polarized band struc
of a ferromagnet, SOC further reduces the symmetry of
system. Hybridization between spin-up and spin-down ba
occurs and degeneracies between them are removed. C
quently, the energy levels depend on the magnetization
rection and total-energy calculations yield the easy a
Therefore, it is of general interest to have a wide basis
experimental and theoretical data in order to answer in de
the question of how SOC influences the electronic struct

In the last few years it has experimentally1–6 and
theoretically7–15 been shown that SOC is a necessary ing
dient for the various types of magnetic dichroism. Under
term magnetic dichroism those phenomena are colle
where an observable, e.g., the x-ray absorption coefficien
the photoemission intensity, depends on the magnetiza
direction ~for reviews on SOC-influenced spectroscopies
refer to Ref. 16!. One of these dichroism effects is magne
linear dichroism~MLD ! in the angular distribution of photo
electrons. It commonly denotes the dependence of the an
resolved photoemission intensity under excitation by linea
polarized light on magnetization reversal. Due to the clo
connection of SOC-induced spin polarization to dichrois
570163-1829/98/57~22!/14370~11!/$15.00
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the relativistic electronic structure has been successfully
vestigated by magnetic circular dichroism for Ni~100!.17

How MLD can be used to study in detail relativistic ban
structures will be shown in this paper.

In this joint experimental and theoretical study we foc
on MLD in the valence-band photoemission from Fe~110!.
Our investigations rely on an analytical theory,12 the appli-
cation of which to Fe~110! is presented in Sec. III A. It al-
lows us to show, in Sec. IV C, that the microscopic origin
the actually observed MLD is a SOC-induced hybridizati
between wave functions with spatialS1 and S3 symmetry.
To make more quantitative contact with the experimen
data, we performed numerical calculations using a sp
polarized relativistic layer Korringa-Kohn-Rostoker~KKR!
formalism. The comparison of experiment, numerical cal
lations, and analytical theory in Sec. IV provides a consist
picture and in particular evidences the adequacy of our
oretical methods. Additionally, it reveals how the MLD fo
p-polarized light is modified by the optical response of t
solid.

MLD by itself is an interference effect, so it is very se
sitive, for example, to SOC~Ref. 19! and to the magnetiza
tion. Founded upon this result, we discuss in which w
MLD can be used to obtain detailed information on the re
tivistic valence-band structure or other magnetic propert
e.g., the arrangement of magnetic moments.20

II. EXPERIMENTAL ASPECTS

Experimental spectra were recorded at the monoch
mator beam line TGM3 of the synchrotron radiation facili
BESSY, Berlin. It provides photons in the energy range fro
14 370 © 1998 The American Physical Society
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14 to 30 eV and from 30 to 70 eV with two different gra
ings. The degree of linear polarization of the light decrea
monotonously over the whole photon energy range fr
90% at 15 eV down to 70% at 70 eV. The kinetic-ener
analysis of the photoelectrons was performed by an 1
hemispherical analyzer with 50 mm diameter and an ang
resolution of62°. The combined energy resolution of ph
tons and electrons was 200 meV. Additionally, the pho
flux has continuously been recorded during the meas
ments in order to normalize the spectra. The geometr
setup is described in Sec. III A.

Ferromagnetic Fe layers were grownin situ on a W~110!
single crystal in an UHV chamber with base pressure o
310211 mbar, which increases during electron-beam eva
ration to 1310210 mbar. The bulklike, 15 atomic layer~AL !
thick Fe layers were evaporated at a rate of 0.5 AL/min a
at a substrate temperature of 450 K. The layer thickness
measured during the evaporation with a calibrated quartz
crobalance with an accuracy of65%.

These preparation conditions result in sharp low-ene
electron-diffraction~LEED! spots with a low background
evidencing the epitaxial growth of the Fe layers on the b
W~110! substrate. Three growth phases can be distinguis
During all phases the symmetry of the LEED pattern
2mm(C2v). The first two monolayers grow pseudomorph
cally, i.e., the LEED pattern of the Fe and the clean W s
strate are identical. For thicknesses between 2 AL and 10
one observes a superstructure in the LEED patterns ca
by periodic lattice distortions compensating the lattice mi
of 9.4% between Fe and W. Above 10 AL Fe the distortio
induced superstructure is no longer visible in LEED and o
observes the LEED pattern of a clean bcc~110! surface. The
distance between the spots and intensity vs energy cu
evidence that the film grows now with the lattice constant
bulk bcc Fe. In addition, growth and cleanliness have b
checked with Auger electron spectroscopy. Distinct kinks
each completed monolayer in the intensity of the 47 eV A
ger line as a function of Fe thickness evidence layer-by-la
growth up to 3 AL. Further details of the preparation ha
been published elsewhere.21

III. THEORETICAL ASPECTS

A. Analytical results

In this section we discuss briefly the microscopic origin
MLD by means of symmetry considerations and analyti
calculations, both applied to our specific setup~cf. Fig. 1!.
For the MLD the Fe~110! film is remanently magnetized
along the two in-plane easy axes, i.e., in the@1̄10# and@11̄0#

direction (6y axis! and the magnetization readsMW 65(0,
6M ,0). P-polarized light impinges under a polar angleq
on the surface. We distinguish two light polarizationsp6

with electric-field vectors EW (p6)5E0(6 cosq,0,sinq).
The electrons are detected along the surface normal~@110#, z
axis!.

As mentioned above, the point group of a cubic~110!
surface of a nonmagnetic solid, 2mm(C2v), has four symme-
try operations: the identityE, the twofold rotation about the
surface normalC2, the reflection at the (x,z) planemy , and
the reflection at the (y,z) planemx . Its single group has fou
s

°
ar

n
e-
al

5
-

d
as
i-

y

c
d.

-
L
ed
t
-
e

es
f
n
r
-
r

f
l

one-dimensional irreducible representations,Ss,s51, . . . ,4,
its double group a single two-dimensional irreducible rep
sentation,S5. The presence of the magnetizationMW reduces
the symmetry to point groupm, with symmetry operationsE
andmy . Its double group has two one-dimensional irredu
ible representations,g1 and g2 , which are degenerate b
time reversal.22,23 Already at this point, symmetry conside
ations show that MLD should exist~cf. Table I!. The opera-
tions of 2mm leave (p1 ,MW 1) either invariant or turn it into
(p2 ,MW 2). In other words, there is no operation that revers
MW and simultaneously leaves the light polarization invaria
there is MLD. The operationmy gives for the components o
the photoelectron spin polarizationPx5Pz50 and Py5” 0.
The latter component is already present in the nonmagn
case due to the linear spin-polarization effect~LSPE! by
Tamura and Feder24,25 ~discussed below!. For normal inci-
dence @q50°, EW (p1)52EW (p2)# or grazing incidence

@q590°, EW (p1)5EW (p2)#, there is no MLD~cf. opera-
tion mx).

To elucidate the origin of the MLD in detail, we decom
pose the electronic states of the semi-infinite system
wave functionsuR6

s Ssts&. The spints is described by Paul
spinorsua& andub& quantized along the magnetization dire
tion. The angular parts belonging toSs, with s51, . . . ,4
consist of symmetry-adapted combinations of spherical h
monics. Collecting the various parts, each electronic s
C6 belonging tog6 can be written as

FIG. 1. Standard setup for magnetic linear dichroism in pho
emission from cubic~110! surfaces. The crystal is remanently ma

netized along the@1̄10# (MW 1) or the @11̄0# (MW 2) direction.
P-polarized light impinges at a polar angleq onto the surface. Its

electric field vectorEW lies within the mirror plane that is perpen

dicular to MW and contains the surface normal. Photoelectrons
detected in normal emission.

TABLE I. Effect of symmetry operations of the point grou

2mm on light polarizationp1 , magnetizationMW 1 , and photoelec-

tron spin polarizationPW 5(Px ,Py ,Pz).

E: p1 MW 1
1Px 1Py 1Pz

C2: p2 MW 2
2Px 2Py 1Pz

mx : p2 MW 2
1Px 2Py 2Pz

my : p1 MW 1
2Px 1Py 2Pz
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14 372 57A. RAMPE et al.
uC1&5uR1
1 S1a&1uR1

3 S3a&1uR1
2 S2b&1uR1

4 S4b&,
~1a!

uC2&5uR2
1 S1b&1uR2

3 S3b&1uR2
2 S2a&1uR2

4 S4a&.
~1b!

The superscripts on the radial partsR6
s refers to the single-

group representationSs. Their subscripts are not to be con
fused with a spin index: each state contains both P
spinors due to SOC. In the nonmagnetic case, Kramers’
generacy requiresR1

s 5R2
s ,s51, . . . ,4.Since in the mag-

netic case Kramers’ degeneracy is lifted, one member o
pair of exchange-split electronic states belongs tog1 , the
other tog2 , and we haveR1

s 5” R2
s .

We now sketch the analytical calculation of the pho
emission intensityI ~for details, see Ref. 12!. Initial states
are given by Eq.~1!. Final states are mainly ofS1 spatial
symmetry26 due to the absence of exchange and SOC in
vacuum. In fact, SOC leads to scattering into wave-funct
parts with other spatial symmetries. However, the domin
component is ofS1 spatial symmetry. We therefore approx
mate the final-state wave function by regarding only the
ter component. The transition-matrix elementsM (s f i) are in-
dicated by the single-group representation (Ss,s51, . . . ,4)
of the respective radial-angular part of the initial state,
double-group representationg i ( i 56) of the initial state,
andg f( f 56) of the final state. The radiation field inside th
solid is approximated macroscopically according to class
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electrodynamics27 ~Snell’s law and Fresnel’s formula! that
leads to significant effects on the photoelectron spin po
ization and on magnetic dichroism~for details see Refs. 18
and 28!. We denote internal quantities~field vectorE08 and
propagation angleq8) of the light by a prime. In dipole
approximation, selection rules yield:~i! E0x8 induces transi-
tions from S3 components of the initial states, the corr
sponding matrix elements beingE08cosq8M(3fi). ~ii ! E0z8 con-
nects initial- and final-state functions both withS1 spatial
symmetry and matrix elementsE08sinq8M(1fi). ~iii ! In our
setup,S2 andS4 components of the initial states cannot
observed.~iv! Spin conservation within the excitation pro
cess requestsf 5 i for the matrix elementsM (1 f i ) andM (3 f i ).

These selection rules in conjunction with the formation
SOC-induced hybrids have two important consequences~i!
Each initial state with an admixture ofS1 or S3 functions
can be observed; i.e., also a band with nonrelativisticS2 or
S4 symmetry can contribute to the photoemission intens
~ii ! Initial states with simultaneously nonzeroS1 and S3

parts have the same final state in the excitation proc
Hence, there is interference between theS1- andS3-related
transitions.

From the photoemission intensitiesI (M 6) for the two
magnetization directions,12 we define the differenceDMLD

5@ I (MW 1)2I (MW 2)#/2 and the sum SMLD 5@ I (MW 1)
1I (MW 2)#/2. The resulting expressions are
DMLD~q8!52uE08u
2Im@sin q8cosq8* ~M ~111 !* M ~311 !2M ~122 !!M ~322 !!#, ~2a!

SMLD ~q8!5usin q8E08u
2~ uM ~111 !u21uM ~122 !u2!1ucosq8E08u

2~ uM ~311 !u21uM ~322 !u2!, ~2b!
l
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with initial statesuC1& and uC2& at the same initial-state
energyEi . @The energy- andkW i-conserving termsd(Ef2Ei

2hn)3d(kW i) have been omitted for clarity. The asterisk d
notes the complex conjugation.# Reversal of the magnetiza
tion turnsM (s f i) into M (s,2 f ,2 i ), which changes the sign o
DMLD, whereasSMLD is invariant. Without SOC there would
be no products of matrix elements with different spatial
dex i that leads to a vanishingDMLD. In the nonmagnetic
limit, the matrix elementsM (s f i) and M (s,2 f ,2 i ) become
equal and there is obviously no MLD. At last, the ML
vanishes also, in accordance with symmetry arguments
normal incidence (q50°) and grazing incidence (q590°)
because in these cases only one hybrid component is exc

The origin of MLD in standard geometry can be attribut
to the LSPE forp-polarized light.24,25,29In the nonmagnetic
limit, the ‘‘surviving’’ term in the expression forPy ~not
shown here! is an interference term that in this case is exc
sively due to SOC, i.e., it is due to the LSPE. Furthermo
this LSPE can be regarded as the origin of MLD, because
corresponding transition-matrix elements are involved in
interference terms in both the intensity and spin-polarizat
expressions.30

Collecting Snell’s law, Fresnel’s formula, and Eq.~2!, a
rather complicated dependence ofSMLD and DMLD on the
-

-

or

ed.

-
,
e

e
n

incidence angleq is obtained. Approximating the interna
field by the external one,DMLD shows a sin 2q dependence
and SMLD can be written asAsin2q1Bcos2q, with A(B)
comprising the terms with theM (1 f i )(M (3 f i )) matrix ele-
ments. Note, within this approximation,SMLD is extremal at
normal or grazing incidence, whereasDMLD is extremal at
45°.

In summary, our model of MLD is based on four ingr
dients:~i! SOC induces the formation of hybrids consistin
of wave functions with different spatial-spin symmetry.~ii !
The simultaneous excitation of partial waves from the diff
ent hybrid components results in an interference term in
photoemission intensity.~iii ! This additional contribution to
the photocurrent is spin polarized and changes sign, if
magnetization is reversed, i.e., MLD is observed.~iv! The
optical response of the solid has been incorporated by ta
the macroscopic classical electrodynamics into account.

B. Computational method

Numerical calculations of band structures, of laye
resolved densities of states~DOS!, and of photoemission in-
tensities have been performed within the framework of
spin-polarized relativistic layer KKR method.31,32 Instead of
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57 14 373MAGNETIC LINEAR DICHROISM IN VALENCE-BAND . . .
the bcc Fe film of 15 AL finite thickness used in the expe
ment, we take semi-infinite bcc Fe~110! with bulk lattice
constanta52.87 Å. This approximation is justified sinc
first, due to the small escape depth of the photoelectr
emission from the actual W substrate is negligible, and s
ond, quantum-well states are not resolved in the present
periment. The surface geometry is not relaxed, as one
pects for a closed packed surface and as has been determ
by LEED for Fe~110!.33

The effective spin-dependent muffin-tin potential h
been obtained by a self-consistent bulk linear muffin-tin
bital ~LMTO! calculation, but modified in some respec
First, the real part of the inner potential~10.5 eV with refer-
ence toEF) has, for the occupied states, been augmented
a self-energy correction term 0.1(E2EF) in order to repro-
duce the measured quasiparticle exchange splitting. Sec
the spin-dependent potential in the topmost layer has b
linearly rescaled34 such as to achieve a magnetic mome
enhanced by 20% relative to that in the bulk.33–35

The surface-potential barrier has been approximated b
reflecting step function 0.48a above the outermost internu
clear plane. This simple model is adequate for the pres
purpose, since it yields a layer-resolved DOS almost ide
cal with the one from a self-consistent surface LMTO calc
lation.

In our photoemission calculations, lifetime effects are
corporated by an energy-dependent imaginary part of the
ner potentialVi . For the lower states~holes! we useVi
520.2(EF2E10.25 eV! and for the upper statesVi
520.05(E2EF). Vi leads to broadening and shifts of pea
to lower binding energy with respect to the real-poten
band structure. The radiation field inside the metal has b
taken into account according to classical optics~Snell’s and
Fresnel’s formulas!.18,28

IV. RESULTS AND DISCUSSION

Since our photoemission spectra and their MLD can
interpreted in terms of direct bulk interband transitions,
first focus on the relativistic band structure. Subsequen
measured and calculated photoemission spectra are
sented, and the microscopic origin of the MLD is discuss
Finally, the dependence of the MLD on the incidence an
of the photons is shown.

A. Band structure

Figure 2 shows the relativistic band structure of ferrom
netic Fe along theG –S –N direction, the relevant one in
normal emission geometry from the bcc~110! surface. For its
calculation we used the bulk part of the potential as speci
in Sec. III B, except that the imaginary part of the optic
potential for the lower states has been set to zero, wh
yields so-called real bands. The bands are classified acc
ing to their double-group representation,g1 andg2 . In ad-
dition, the dominant spatial-spin representation is indica
This usual nonrelativistic characterization is a good appro
mation over large parts of the bands, but of course bre
down at SOC-induced band gaps due to the high degre
hybridization.

Four of these particularly interesting regions, in whichS1

and S3 states are strongly hybridized, are marked in Fig
-
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by circlesA to D. CirclesA andB belong to the band gap
at the ‘‘nonrelativistic’’ points G258↑ and G258↓, respec-
tively. At C ~left panel! the situation is more complicated
three band gaps occur in this region, the largest one betw
the S1↑ and theS3↑ band. The anticrossing pointD be-
tweenS1↓ andS3↓ belongs to the unoccupied states.

Table II summarizes energy levels and splittings fro
Fig. 2 at high symmetry points of the Brillouin zone in com
parison with other calculations and with experiment. T
nonrelativistic band structure of Ref. 36~last column! is very
close to our original LMTO results~not shown!, with minor
differences attributable to the use of relativistic theory~Dirac
equation! in our work. The exchange splitting is increased
about 0.2 eV to 2.17 eV~cf. first column! due to our energy-
dependent real self-energy correction. Inclusion of the ima
nary part, which accounts for the finite hole lifetime, slight
reduces it to 2.11 eV~cf. second column!.

In view of interpreting our dichroic photoemission spe
tra, we added to Fig. 2 final-state bands with dominantS1

symmetry~steep-dashed and dash-dotted lines!, which were
calculated with the complex optical potential. These ban
have been shifted downward by 23.8 eV photon energy~be-
cause at this photon energy the maximum MLD is observ
see below! so that crossings with the occupied bands cor
spond to possible direct photoemission transitions from b
initial states. For each relativistic representation there
two final-state bands. Our calculation shows that the co
sponding states differ in their decay length along the@110#

FIG. 2. Relativistic valence band structure of Fe~110! separated
into representationsg1 ~left panel! andg2 ~right panel! of double
groupm. Labels indicate the spatial-spin symmetry of the domin
ing component of the respective initial state. Circles denote SO
induced band gaps betweenS1 andS3 bands. Additionally, the two
possible final-state bands with dominantS1-spatial symmetry
~shifted down by 23.8 eV photon energy! are represented by th
dash-dotted line for low damping and the dashed line for h
damping within the solid.
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14 374 57A. RAMPE et al.
direction, i.e., in their penetration depth into the solid. T
1/e penetration depth of the final states of the dash-do
band is larger than 10a' /p, whereas the one for the dashe
band is smaller than 2a' /p.

B. Photoemission spectra

Results of our photoemission experiments and our co
sponding calculations—obtained as specified in Secs. II
III B—are shown in Fig. 3 for a sequence of photon energ
~as indicated! and both magnetization directions~solid and
dotted curves!. The experimental data are normalized
equal photon flux, i.e., plotted on the same intensity sc
The theoretical spectra have been multiplied by the Fe
function, folded by a Gaussian function corresponding to
experimental energy resolution and scaled such as to m
the experimentalSMLD leading peak at 23.8 eV photon en
ergy. Therefore, experimental and calculated spectra can
rectly be compared, bearing in mind the following diffe
ences. In the calculations, we used completely linea
polarized light and ‘‘perfect’’ angle resolution. Furthermor
the theoretical spectra are for zero temperature and do
contain an inelastic background.

We first establish that the peaks in the theoretical spec
which were obtained within a one-step-model approach
photoemission, can be interpreted in terms of direct in
band transitions from the initial-state bands shown in Fig
if one takes into account the slight shift of the photoemiss
peaks to lower binding energies due to the imaginary po
tial describing the finite hole lifetime. For 23.8 eV photo
energy, such transitions can be expected at energies w
the final-state bands in Fig. 2 cross with initial-state bands
spatial symmetry characterS1 andS3.

Since the final states belonging to the dash-dotted ba
have an averaged six-times larger penetration depth into
solid than those belonging to the dashed bands, they sh

TABLE II. Binding energies, exchange splittings, and spin-or
splittings atG ~in eV relative toEF). Theoretical values from band
structures~calculated with real potential! and from densities of
states~calculated with potential including the imaginary part spe
fied in Sec. III! are indicated by ‘‘bands’’ and ‘‘DOS,’’ respec
tively. The former are compared to results from Ref. 36. Ene
levels are labeled by their single-group representations;^ & denotes
the mean value.

This work Ref. 36
bands DOS Expt. bands

Energy levels:
G15^G1↑ G1↓& 9.56 8.24

G258↑ 2.47 2.40 2.4 2.26

G128↑ 0.99 0.95 0.9 0.94

G258↓ 0.30 0.29 0.3 0.34

G128↓ 21.31

DEXC :

G258↓2G258↑ 2.17 2.11 2.1 1.92

DSOC:

G258↑ 0.07

G258↓ 0.057
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dominate the interpretation. This leaves us with five cross
points: ~i! with the S1↑ band at 2.5 eV,~ii ! with the S3↑
band at 2.3 eV,~iii ! with theS1↑ band at 1 eV,~iv! with the
S1↓ band at 0.3 eV, and~v! with the S3↓ band at 0.25 eV.

Since the spacing of points~i! and ~ii ! is less than the
imaginary potential part~and of the order of the experimenta
energy resolution taken into account in the calculated sp
tra!, the two transitions cannot be resolved, and in fact ma
fest themselves as a broad peak near 2.4 eV~for each mag-
netization direction! in the spectra in Fig. 3. With respect t
nonrelativistic spatial-spin symmetry of the initial states th
peak is labeled byS1↑% S3↑. ~The % denotes the incoheren
superposition of the two transitions that cannot be resol
due to the limited energy resolution.! Crossing point~iii !
corresponds to the photoemission peakS1↑ at 0.9 eV in Fig.
3. Transitions pertaining to~iv! and~v! are merged due to the
experimental energy resolution and show up as the domin
peak S1↓% S3↓ at 0.3 eV. The above discussion exten
analogously to the other photon energies. The change

t

-

y

FIG. 3. Experimental~left panel! and calculated~right panel!

photoemission intensitiesI (MW 1) ~solid line! and I (MW 2) ~dotted
line! of Fe~110! for various photon energieshn. Vertical lines
sketch the dispersion of the corresponding initial state. The la
give the spatial-spin symmetry of the dominating component of
respective initial state. The% denotes an incoherent superpositio
of the two initial states.
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peak energies with photon energy, which reflect the disp
sions of these bands, are sketched by the solid vertical l
in Fig. 3.

We now proceed to a more detailed discussion. The st
tureS1↑% S3↑ shows no significant dispersion above 22 e
photon energy. Below 22 eV it splits into the two peaksS3↑
andS1↑ following the upwards dispersion of theS3 and the
nearly constant binding energy of theS1 band. The transition

at G258↑ is reached at 29 eV photon energy~obtained by
further downshifting the final-state dispersion!. Dispersion
and peak form are well described by the calculation, bu
overrates the intensities of theS1↑% S3↑ structure. The in-
tensity is determined by the transition-matrix elements
well as self-energy corrections that are nonlocal and dep
on the binding energy. In our calculations we assume a s
tially constant self-energy and a linear dependence on
energy~cf. Sec. III B!. Thus this deviation can be explaine
by the breakdown of the linear approximation at these bi
ing energies.

The corresponding exchange-splitg2 states give rise to
the bigS1↓% S3↓ feature close to the Fermi level. For ph
ton energies below 21 eV, theS3↓ disperses aboveEF . Both
in the experimental and the theoretical spectra, one obse
with decreasing photon energy only the dispersion ofS1↓ to
higher binding energies, a decrease of the intensity an
broadening of the peak form. With increasing photon ener
the G258↓ point is reached at 26.8 eV.

Emission from theS2↑ and theS2↓ band, which nearG
might add to theS1↑% S3↑ and theS1↓% S3↓ peak, respec-
tively, is negligible, because first, spatial symmetryS2 parts
cannot contribute to the transition-matrix elements in norm
emission, and second, theS1 andS3 admixtures, which can
contribute, are very small.

Around 0.9 eV binding energy, theS1↑ peak appears, fo
which the transition atG12↑ takes place at 27.25 eV photo
energy. While experiment and theory agree in the bind
energy of this peak, its intensity is much larger in the expe
mental than in the calculated spectra. In search for an ex
nation, we turn to theg2 band with dominantS4↑ symme-
try. For purely p-polarized light incident in the@001#
azimuth, this band yields hardly any emission, since ma
element parts withS4 states vanish andS1 and S3 admix-
tures are very small. Fors-polarized light, however,
S4-derived emission is quite sizable. Since the light used
our experiment is not completelyp polarized, i.e., contains
an s-polarized component, the measured peak near 0.9
may have an additionalS4-derived contribution, which is
absent in its theoretical counterpart.

For the critical points of the quasiparticle band structu
experimental binding energies have been obtained by fit
the measuredSMLD by Gaussians after subtraction of
Shirley-like background for the corresponding photon ene
for which the transitions take place atG. These values and
the exchange splitting are seen, in Table II, to agree ex
lently with their calculated quasiparticle counterparts~in the
column ‘‘DOS’’!. The deviations from the results of th
ground-state band structure of Ref. 36, which are very cl
to our own LMTO ground-state band structure, clearly de
onstrate that a real and an imaginary self-energy correc
as specified in Sec. III is significant. The comparison of e
r-
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lier experimental binding energies for Fe~110! with various
ground-state calculation results, which has been shown
Table II of Ref. 37, further supports this finding. For a mo
detailed discussion on self-energy corrections in photoem
sion from Fe—as obtained for Fe~001!—we refer to Refs. 38
and 39.

C. Magnetic linear dichroism

We now turn to the MLD. Figure 3 reveals that for var

ous photon energies the two spectraI (MW 1) andI (MW 2) mea-
sured for the two different orientations of the magnetizat
along @1̄10# are different. Hence, a magnetic dichroism
observed andDMLD is unequal zero.

In detail, theS1↑% S3↑ transition possesses a negati

difference DMLD, i.e., the I (MW 2) intensity exceeds the

I (MW 1) one. Its calculated MLD exists in the whole inves
gated photon-energy range with a pronounced maximum
around 23 eV, whereas the experimental MLD is sign
cantly nonzero only from approximately 24 eV up to 29 e
with its maximum at 26 eV. For theS1↓% S3↓ structure a
positive MLD is observed in both the experimental and th
oretical spectra in the whole photon-energy range. For e
tations below 21 eV, the photoemission calculations with
very small imaginary part of the self-energy~not shown
here! reveal that bothS states contribute to the MLD with
the same sign.

We now address the question of whether the analyt
theory sketched in Sec. III A is capable of explaining t
observed MLD. As a first step, one has to identify tho
initial states within the Brillouin zone from which MLD is
expected. Referring to the theory, these are states sig
cantly hybridized by SOC, i.e., states near SOC-indu
band gaps where hybridization is strongest. In our geom
the relevant anticrossing points are between nonrelativi
S1 andS3 bands with the same spin, i.e., the pointsA andB
at theG point and the pointsC andD in the middle of the
Brillouin zone ~cf. Fig. 2!.

As a second step, one has to show that MLD is obser
if the corresponding direct transitions are near such a
crossing points. This statement will be discussed for the
ample of the prominentS1↓% S3↓ structure for which the
dependence ofSMLD and DMLD on the photon energy is
given in Fig. 4. A comparison of experiment with theory
facilitated for this structure by the low background of se
ondary electrons for transitions directly belowEF . DMLD and
SMLD have been obtained from the intensitiesI (MW 1) and
I (MW 2) at the respective peak position. Some remarks on
errors in Fig. 4 should be made. The statistical error in
intensity and the systematical one in the photon energ
within the symbol size. Due to the strong dependence
SMLD , and especially ofDMLD on the binding energy, the
systematical error inSMLD and DMLD is larger and can be
approximated by the scattering of the points. The scal
between calculation and experiment is the same as in Fig
experimental and calculatedSMLD at 23.8 eV photon energy
have the same height. ThereforeSMLD and DMLD can di-
rectly be compared to the experimental data. Note that
differenceDMLD has been plotted on a five-times larger sc
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in comparison toSMLD . Within this scale the measure
DMLD has been multiplied by a factor of 2 to fit approx
mately the calculated one.

We find a good qualitative agreement between experim
and calculation ofSMLD and DMLD regarding the photon
energy dependence below 31 eV. Both quantities exhib
pronounced maximum at around 24 eV. For photon ener
above 33 eV the calculatedSMLD differs from the measured
one by a second weaker maximum at around 40 eV.
DMLD the agreement above 33 eV is much better; in b
experiment and calculation a decreasing MLD difference
observed.

In order to explain the dependence ofSMLD andDMLD on
the photon energy, we have additionally projected out
parts ofS1↓ andS3↓ functions of each of the two relevan
initial-state bands. The result is shown in the middle a
lower panels of Fig. 5 as a function ofk' . In addition, the
final-state energy is given in the upper horizontal scale
Fig. 5. This scale is based on the corresponding direct t
sition into that final state with practically no damping~dash-
dotted line in Fig. 2!. Above 227 eV binding energy, both
final states contribute approximately equally to the pho
emission spectra due to their comparable damping. The
per panel of Fig. 5 repeats the relevant part of the b
structure. The two initial states are represented by bold li
and labeled as bandsI and II . The inset shows the detaile
band structure near theG point.

FIG. 4. Photon-energy dependence of sumSMLD ~upper panel!
and differenceDMLD ~lower panel! of the S1↓% S3↓ structure.
Experimental and calculatedSMLD are scaled to have the sam
height at 23.8 eV,DMLD is plotted on a fivefold larger scale. Withi
this scale the experimentalDMLD has been multiplied by a factor o
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Figure 5 reveals that the bands change their character
to hybridization; both bands at band gapB and additionally
bandI at pointD and bandII at the two anticrossing point
with the flat S4↑ band at about 1 eV binding energy. No
that due to the complicated dispersion atB ~cf. the inset in
Fig. 5! the maximum degree of hybridization betweenS1↓
and S3↓ for the two bands are atk'50.03p/a' and not
directly atG(k'50).

We now return to the discussion and show how t
photon-energy dependence of theS1↓% S3↓ MLD can be
explained by the band structure and hybridization at pointB.
At around 15 eV photon energy, the transitions take pla
nearly in the middle of the Brillouin zone. Up to 21 eV, on
transitions from the initial-state bandII are observed with a
broad peak belowEF in the photoemission spectra. At th
correspondingkW points the initial state consists of a hybrid o
S1↓ andS4↑ functions~cf. Fig. 5, lower panel! so that, if the
model is correct, no MLD should be observed. In fact a sm
and nearly constant experimentalDMLD is observed, caused
by the breakdown of the direct-transition picture into o
final state.

Above 21 eV, band-I -derived transitions are possible. I
the photoemission spectra the prominent structureS1↓

FIG. 5. Detailed dispersion of the initial states of theS1↓
% S3↓ structure labeled by bandsI and II represented in the uppe
panel and in the inset by thick lines. Dependence of theS1↓ and
S3↓ parts of bandI ~middle panel! and of theS1↓, S3↓ , andS1↓
parts of bandII ~lower panel! on k' and the final-state energ
aboveEF .
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%S3↓ occurs and thereforeSMLD increases with a maximum
at 23.8 eV. Additionally, the increase ofDMLD is observed.
Within our model this can easily be explained by the incre
ing hybridization of the initial states near band gapB. The
maximum of DMLD is reached at 24.8 eV ork'

50.05p/a' , which is nearly exact at the maximum degr
of hybridization of the two bands atk'50.03p/a' . Above
25 eV, SMLD decreases, i.e., the transition-matrix eleme
become smaller. Therefore,DMLD, which depends linearly
on the matrix elements, decreases. Note that the above i
pretation assumes that the transition-matrix elements v
slowly with photon energy.

The above comparison between the photon-energy de
dence ofDMLD with the initial-state dispersion shows that th
S1↓% S3↓ MLD can be explained by the dispersion and t
hybridization of the corresponding initial states of bandI
and II . We want to emphasize at this point that the MLD
not caused by incoherent superposition of the transiti
from the two individual initial states that would lead to
vanishing DMLD. In fact, MLD is an interference effec
caused by the coherent excitation of aS1↓- and a
S3↓-related part from each of the two initial states.

In the same way the MLD of the exchange-splitS1↑
% S3↑ structure can be explained by the hybridization at
SOC-induced band gapA. Additionally, within the analytical
framework, it is easy to explain the opposite signs of
S1↑% S3↑ and S1↓% S3↓ structures. Basing on nearly th
same dispersion nearG of the S1↑ andS3↑ initial states on
the one side and theS1↓ andS3↓ initial states on the othe
side, it is a good assumption that the correspond
transition-matrix elements are comparable. But, as can
seen in Eq.~2!, the interference terms of the exchange-sp
statesg1 andg2 possess opposite signs inDMLD. Hence, if
now the matrix elements are independent of the photon
ergy, especially the phase difference between the two pa
waves, the sign reversal is observed.

In the experimental spectra theS1↑ transition at 0.9 eV
also seems to have a MLD for photon energies larger t
19.6 eV. But in our interpretation its MLD can be explain
by an artifact caused by the rather small energy separatio
about 0.7 eV from theS1↓% S3↓ structure and its dominat
ing positive MLD. This interpretation is proven first by th
fact that in the experimental 25.9 eV spectra the MLD
verses sign at theS1↑ peak position and, second, by fittin
the individual peaks of the experimental spectra for b
magnetization directions~after subtracting a Shirley-like
background!. In addition, in the calculated spectra this pe
shows no MLD.

This observation is expected within the direct-transiti
picture combined with hybridization analysis. Transitio
nearC are possible at photon energies around 16 eV. But
these photon energies theS1↑ emission near 0.9 eV de
creases as can be seen in Fig. 3, i.e., corresponding m
elements and hence the interference terms become smal
higher photon energies the emission from theS1↑ band in-
creases but possibleS3↑ admixtures are negligible due to th
large energy separation in comparison to the exchange s
ting from the downwards dispersingS3↑ band ~cf. Fig. 2!.
Hence, no MLD is observed.
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Point D belongs to the unoccupied band structure a
cannot be observed in the experimental photoemission s
tra. But calculated~inverse photoemission! spectra that in-
clude transitions from initial states aboveEF also show MLD
at this point.

In summary, the MLD of photoemission calculations a
of measurements can qualitatively be explained by the a
lytical theory in combination with the band structure acco
panied by hybridization analysis. Differences between a
lytical theory and measurements as well as calculations
be attributed to simplifications in the above discussion,
example, the neglect of the dependence ofE8, q8, and the
phase difference between the two partial waves on pho
energy and the restriction to one direct transition.

In the following we now want to discuss the discrepanc
between photoemission calculations and measurements~i!
For photon energies above 31 eV the calculated inten
SMLD increases, whereas the experimental one is almos
dependent of the photon energy. As mentioned above,
photoemission intensity is additionally determined by se
energy corrections. Thus the different dependence ofSMLD

on the photon energy can be attributed to the self-ene
corrections in the upper state regime that cannot be descr
by our linear approximation~cf. Sec. III B!.

~ii ! The calculations overrate the MLD approximately b
a factor of 2 in the whole investigated photon-energy ran
under the assumption that experimental and calculatedSMLD

at 23.8 eV have the same value. The overrating of the M
has two possible reasons; first, the calculations have b
done under ‘‘perfect conditions,’’ i.e., with fully linearly po
larized light and the magnetization at zero temperatu
Therefore, the calculated MLD should exceed the exp
mental one. Additionally, effects of spin-dependent and
elastic scattering as well as a spin-dependent lifetime h
not been incorporated in the calculations. This could lead
a decrease of the dichroism. For the same reason it is
sible that the experimentalDMLD of the S1↑% S3↑ structure
is smaller in comparison to theS1↓% S3↓ MLD. Second, as
an interference effect the MLD should be very sensitive
experimental conditions as well as numerical modelin
From the experimental point of view these are the prepa
tion conditions and possible contamination at the surface
can influence the MLD.~An effect of contamination in our
experiment can be neglected, since it was checked by
peated measurements of the MLD after several hours.!

Based on these results, we can offer a few comments
the question of how MLD in the valence-band photoemiss
can be used to obtain further information on the magne
ground state of the system, such as spin and orbital magn
moments. Because MLD depends strongly on the deta
electronic structure, this seems to be hardly possible.
example, if the phase difference between the two par
wavesDm satisfies Im@sinq8cosq8!exp(Dm)#50, no MLD
is observed. Furthermore, MLD depends on the abso
value of the involved matrix elements. So that, if the tran
tion is forbidden due to the selection ruleD l 561, again no
MLD is observed. This may be the reason why differe
MLDs are observed for the same initial state. In our case,
example, the transitions ofS1↓% S3↓ at 24 and 29 eV pho-
ton energy into the same final state start at the same in
states of bandI and II . But both exhibit differentDMLD,
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which can easily be explained by the different absolute v
ues of matrix elements. This may be called afinal-state effect
because the initial-state wave functions are the same at
photon energies.

The detailed analysis above shows a delicate behavio
MLD on both exchange splitting and SOC. Thus, a sim
rule of thumb, for example, that magnetic dichroism depe
linearly on the magnetization and therefore can be regar
as a measure for the latter, can hardly be true, in particula
valence-band photoemission. Such information can poss
be derived by comparing the measurements with fully re
tivistic photoemission and band-structure calculations.

D. Dependence on light incidence angle

Correctness and relevance of both the analytical and
merical calculations can directly be proven by comparing
experimental and the theoretical dependence ofSMLD and
DMLD on the polar angle of incidenceq of the light. To
verify the theoretical predictions,SMLD and DMLD of the
S1↓% S3↓ structure at 25.9 eV photon energy~0.4 eV bind-
ing energy! have been recorded experimentally for vario
polar anglesq. The result is represented by the solid squa
in Fig. 6. For the errors the same argumentation holds a
Fig. 4.

The numerical data~open squares with solid lines! have
been obtained from photoemission calculations. These h

FIG. 6. Dependence on the angle of the impinging light
SMLD ~upper panel! and DMLD ~lower panel! of the S1↓% S3↓
structure at 25.9 eV photon energy. Additionally, two fits are giv
based on the analytical theory with~dotted line! and without~dash-
dotted line! optical response. Experimental and calculatedSMLD are
scaled to have the same height,DMLD is plotted on a fourfold larger
scale. Within this scale the experimentalDMLD has been multiplied
by a factor of 3.
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been scaled by a common factor in order to best fit the
perimentalSMLD . At this photon energy the numericalDMLD

overrates the experimental one by a factor of 3, which
been incorporated in the lower panel of Fig. 6.

Within the external field approximation, i.e., withou
Snell’s law and Fresnel’s formula~dash-dotted lines in Fig
6!, the analytical formula predicts a sin 2q dependence of
DMLD and a superposition of sin2q and cos2q dependences
of SMLD . The result of a fit toDMLD based on this approxi
mation is additionally shown. The discrepancy between b
experimental and calculatedSMLD and DMLD completely
rules out the external field approximation. Thus, the refr
tion of the light has to be incorporated.

The analytical results with optical response of the me
~dotted lines in Fig. 6! were obtained from Eq.~2! by fitting
simultaneouslySMLD and DMLD and using Snell’s law and
Fresnels’ formula, regarding the transition-matrix eleme
as parameters. For the complex index of refraction we to
e50.5410.31i ~as in the photoemission calculations! from
Ref. 40. We assumed two initial states, i.e., the bands w
nonrelativisticS1↓ and S3↓ symmetry, both with three in-
dependent parameters; the absolute valuesuM (1 f i )u and
uM (3 f i )u of the transition-matrix elements and the phase d
ference between them.

The experimental as well as the numerical data are w
reproduced by the analytical fit. This proves clearly th
MLD is described correctly by our analytical theory, esp
cially by Eq. ~2!. The good agreement forDMLD is only
achieved if one assumes two initial states. Thus, one
conclude about the number of initial states for theS1↓
% S1↓ structure by measuring the incidence-angle dep
dence ofDMLD.

Additionally, one concludes that the angular depende
of the MLD observed in the valence-band structure
Fe~110! is properly described by classical Fresnel theory.
first glance, it seems surprising that the optical respons
the topmost surface layers can be neglected in the inter
tation of photoemission spectra from Fe~110! in the VUV
energy range, contrary to findings for layere
semiconductors.41 The next step beyond the Fresnel appro
mation, the so-called hydrodynamical model,42 leads to lon-
gitudinal electromagnetic partial waves, which in spi
polarized photoemission from Pt~001! can be completely
neglected due to the very low effective plasmon energy w
respect to the photon energy.28 The latter result may be re
garded as valid also for Fe~110!.

In principle, referring to the incidence angle dependen
of the MLD, it is possible to calculate theabsolutevalues of
the photoemission transitions and the phase difference
tween them. Unfortunately, in our case this is not possi
because the corresponding peak is a superposition of
maxima and, therefore, the fit is not unambiguous. Howev
in the bare calculated spectra~without folding with the ex-
perimental resolution! the initial states can be separated.

V. CONCLUSION

We have presented an investigation of MLD in valenc
band photoemission from Fe~110! in a fourfold way: by sym-
metry considerations, analytical theory, numerical calcu
tions, and measurements. We have shown that by compa
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experimental and theoretical results the microscopic origin
MLD is mainly the SOC-induced hybridization of the initia
states. If the various components of such a hybrid are sim
taneously excited, one observes an interference betwee
partial waves. The sign of the interference term depends
the magnetization direction and thus MLD is observed. T
agreement of the experimental results with both the pre
tions of the analytical formula and the quantitative results
the numerical calculations proves that our theoretical
scription of MLD is adequate. Other models, if properly e
hanced, for example, by relativistic group theory and rela
istic photoemission theory, should also lead to the sa
conclusions.13–15 In summary, one can use MLD to identif
SOC-induced band gaps or hybridization zones in the b
structure by measuring the photon-energy dependenc
DMLD.

For the case of Fe~110! on W~110!, we have further
shown that the observed MLD is derived from the SO
induced gaps atG258↑ andG258↓ and that the MLD signals o
the exchange-split states possess opposite sign. The ph
.
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energy dependence of theG258↓-related MLD can be ex-
plained by means of the initial-state band structure of b
Fe~110! within the direct-transition picture. Furthermor
theory reveals a substantial influence of the refraction of
incident radiation on the MLD, and comparison with expe
ment shows that a description of the radiation field inside
metal in terms of classical Fresnel optics is adequate
photon energies in the VUV regime.
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