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We present experimental and theoretical results for the angular and temperature dependence of magnetic
circular dichroism in Gd 4d core-level photoelectron emission from a Gd~0001! surface in both normal and
off-normal directions and with azimuthal variation. Two theoretical approaches are used to model this data: a
single electron theory with full multiple scattering of the outgoing photoelectron and a full-relativistic many-
electron theory with single scattering only. Thermal effects due to atomic vibrations and the excitation of
initial-state multiplets are also included. For normal emission, we find smooth free-atom-like angular variations
in emission intensity, while for off-normal emission, deviations from a purely atomic model due to photoelec-
tron diffraction effects are seen that are well predicted by photoelectron diffraction theory. We also compare
dichroism measurements using two different approaches~fixed magnetization with variable light helicity and
fixed light helicity with rotated sample magnetization! and find significant differences between them that are
also well predicted by theory. The angular dependence of magnetic circular dichroism for a specific set of Gd
4d multiplet states has also been measured with high electron energy resolution~<100 meV!, permitting a
state-specific decomposition of the dichroism. Such state-resolved dichroism is found to be very well described
by our many-electron approach. Finally, we present temperature-dependent magnetic circular dichroism
~MCD! data for 4d emission that should permit the study of near-surface magnetic phase transitions, and
discuss the relationship of such MCD measurements to magnetization. Some future prospects and applications
of such core-photoemission dichroism measurements are discussed.
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I. INTRODUCTION

Magnetic dichroism in core-level photoelectron emiss
from solids represents an element-specific probe of sur
and interface atomic structure and magnetic order that is
finding wider use.1–3 It is especially attractive because
does not involve time-consuming spin-polarization analy
as compared to some other photoemission techniques us
study magnetism.4 This feature is shared with x-ray magnet
circular dichroism~XMCD! in absorption spectroscopy,
somewhat more bulk sensitive technique which is used
determine magnetic moments by employing various s
rules.5,6 In its most precise form, magnetic circular dichrois
in angular distributions~MCDAD! measures such effects b
using photoelectrons excited with circularly polarized rad
tion, and noting that photoemission intensity with righ
circularly polarized~RCP! light is different from that with
left-circularly polarized~LCP! light.1

The earliest experiments in magnetic circular dichroi
~MCD! using photoemission were conducted by Lubell a
0163-1829/2002/65~24!/245421~18!/$20.00 65 2454
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Raith7 on oriented Cs atoms; these provided experimen
verification of Fano’s proposal of induced spin polarization
circularly polarized light is used for excitation.8 From the
atomic point of view, any atom with an unfilled shell, i
particular with unpaired electrons, is magnetic. If Cs ato
are state selected~e.g., 2S1/2, MJ52 1

2 ! by a Stern-Gerlach
field and the orientation is preserved in a homogeneous m
netic field, one will measure a difference in the emitted
tensity if switching either the direction of the magnetic fie
or the helicity of the photons, even if the spin of the electro
is not measured. We review this classic result to point
that magnetic dichroism in photoemission is at first sight
atomic phenomenon and note that atomic theoretical mo
have been used successfully to explain many aspect
MCD data.9–13 Such models will not, however, predict th
correct intensities or the resulting dichroism or temperat
dependence of measurements taken from ferromagnetic
samples unless the basic elements of the solid state ar
cluded. This includes, for example, the scattering of the p
toelectron in leaving the sample, resulting in photoele
©2002 The American Physical Society21-1
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tron diffraction~PD!, an effect that we explicitly consider in
the present study.

It should also be mentioned that there exists a circu
dichroism in the angular distribution of photoelectro
~CDAD!, even for nonmagnetic or nonmagnetiz
samples.14–19 These effects are always linked to photoele
tron diffraction, they prevail in the data presented here,
they should be taken into account for a fully quantitati
analysis.15,16 It was recently shown31 that the nonmagnetic
part of CDAD influences both the magnetic dichroism a
the spin polarization of photoelectrons. In particular it w
shown that CDAD is a more general phenomenon being
dependent of the electron spin or the sample magnetiza
The calculations reported in the present work will inclu
such effects. It should be noted that magnetic dichroism m
also be measured in photoemission using linearly polari
radiation~MLDAD !,20 as well as unpolarized radiation from
laboratory sources~UMDAD, also referred to as MUDAD in
some papers!.21–23

The spin-integrated photoelectron intensity in a cert
emission direction also in general depends on the directio
the magnetization in a magnetic material. In fact, if the m
netization lies in a mirror plane perpendicular to the surfa
then inverting its direction can provide a second way of m
suring MCD. This difference may be indicated by calling th
type of experiment circular magnetic dichroism in angu
distribution ~CMDAD!, following suggestions by Venus24

and Fecher et al.25 As has been shown in previou
publications,26 there are certain angular dependencies ass
ated with MCD in photoemission which come from the i
terplay of the different vectors involved~namely the magne
tization direction, the polarization of the incoming light, an
the electron wave vector! and from interference effects be
tween different photoemission channels allowed by dip
selection rules. Such angular-dependent effects have, fo
ample, been measured in magnetic circular or linear dich
ism in angular distribution~MCDAD or MLDAD !.27,28 Pho-
toemission electron microscopy~PEEM! techniques have
also used this angular variation as a contrast mechanis29

Beyond this, it is well known that by varying the emissio
direction of the photoelectrons one may also probe the g
metric structure of the sample. Consequently, dichroism d
have to be interpreted also in terms of photoelect
diffraction,30 so as to allow for final-state scattering of th
photoelectrons in leaving the sample surface. Such diffr
tion effects have been shown to be important in understa
ing CDAD,16–18,31 MLDAD, 28 MCDAD,32 or UMDAD
~Refs. 23 and 33! measurements.

In this work, we present experimental data and theoret
calculations for magnetic and circular dichroism in 4d core-
level photoemission from Gd~0001!. Although very strong
dichroism in both 4d and 4f core-level spectra has bee
observed before for this system,2 leading to considerable in
terest in it for magnetic studies,34,35 its angular dependenc
has not been studied in detail previously, particularly in co
parison to different levels of theoretical description. Furth
more, we have been able to resolve the dichroism accor
to the individual 4d-hole atomiclike multiplets involved, and
also to study the temperature dependence of such MCD
24542
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with the latter providing a useful tool for studying magne
transition temperatures in the future. Such temperatu
dependent measurements are especially interesting for
since there are several reports of an enhanced transition
perature for the surface,36–41and a recent theoretical discu
sion of its possible origin in interlayer relaxation,42 but still
some controversy over its cause. Since photoelectron s
troscopy can be tuned to be more or less surface sensitiv
choosing the correct energy, core-level MCDAD thus offe
a powerful way to study such effects. One should, howev
also keep in mind that the dichroism itself may strongly d
pend on the photoelectron energy, as has been shown~e.g.,
for MLDAD ! for thin Gd layers on Fe.43 These results should
thus provide a firmer foundation for the analysis and use
such dichroism in photoemission for the study of magne
systems.

II. EXPERIMENT

The experiments have been performed on bend-ma
beamline 9.3.2 at the Advanced Light Source~ALS! in Ber-
keley, CA,44 using the advanced photoelectron spectrome
diffractometer~APSD! end station.45 Photoelectron spectra
were measured with a Scienta SES-200 electron analy
with an overall photon-plus-analyzer energy resolution
about 0.1 eV and angular resolution of about65°. A special
feature of this end station is the ability to rotate the analy
relative to the incoming photon beam and independently
the sample. This enabled a change of the electron emis
angle without changing the light incidence angle on t
sample. All spectra shown have been taken at a photon
ergy of about 440 eV, yielding Gd 4d photoelectron energie
of 298 eV for the dominating9D6 line of the multiplet, simi-
lar to previous measurements.12 This energy is sufficiently
high to assure that the photoemission process is taking p
in the sudden limit, as assumed in our subsequent ma
electron theoretical treatment. The helicity of the photo
may be chosen at this beamline by moving an aperture ab
or below the plane of the storage ring, with the degree
circular polarization being about 80–85%.44 In the experi-
ments presented here, we have largely used RCP light
have obtained the CMDAD signal by inverting the magne
zation direction; however, in some measurements we a
used a fixed magnetization direction and measured
MCDAD by switching the light helicity. For certain
geometries, both experiment and theory show significant
ferences between these two procedures, as discussed fu
below.

The samples used were thin films of Gd evaporated
room temperature onto a clean W~110! substrate, with the
pressure being about 3310210 mbar during evaporation
The thickness of the Gd films in monolayers~ML’s ! was
chosen to be 100 ML’s~287Å! in order to ensure in-plane
magnetization,46–49 and final annealing at 700 K to ensu
monatomically flat surfaces.41,50The cleanliness and crysta
line order of the substrate and the final films were chec
before and after MCD measurements by x-ray photoelec
spectroscopy~XPS! and low-energy electron diffraction
~LEED!. The Gd films have been studied with remanent
1-2
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ANGULAR AND TEMPERATURE DEPENDENCE OF THE . . . PHYSICAL REVIEW B 65 245421
plane magnetization, as induced by anin situ magnetic field
of about 200 G applied along a high-symmetry direction
the @101̄0# type containing a mirror plane of the crysta
Unless temperature was specifically a variable, the sam
were kept at about 250 K throughout the measurements,
below the transition temperature for films with this thickne
(Tc5292 K).51

During photoemission measurements, the light imping
on the sample with an angle of incidence ofa570°, that is
20° relative to the surface plane. The experimental geom
is shown in Fig. 1; the photon incidence directionq, the
surface normaln, and the photoelectron wave vectork all lie
in a plane. The photoelectrons were collected either in n
mal emission or off-normal emission at a polar angle ofQ
520° with respect to the surface normal, simply by movi
the electron analyzer. The sample was rotated stepwise a
its surface normal so as to vary the azimuthal emission a
with respect to the crystal. Dichroism measurements via
version of the magnetization were done simply by rotat
the sample by 180° around the surface normal. The
muthal angle varied in the angle-dependent spectra sh
below (FM) is thus also the angle between the magnetiza
directions and the plane of incidence containingq, n, andk.
Typical measured spectra and the CMDAD result deriv
from them, are shown in Figs. 2~a! and ~b!, with more de-
tailed discussion below. Further experimental details can
found elsewhere.52

III. CALCULATIONAL DETAILS

We have here used two different theoretical approache
simulate the magnetic dichroism associated with Gdd
emission: a nonrelativistic single electron model and a f
relativistic many-electron model. As an initial comment
the difference between these two approaches, it may be n
that the number of input parameters increases tremendo
in the full-relativistic calculations. In the nonrelativistic cas
we need for the 4d emission only two complex matrix ele
ments for finalp and f channels andl max1157 scattering
phases if we allow, for example,l max56 as a maximum of
the orbital momentum of the partial waves for the scatteri
At the same time we need in the relativistic full potent
case up to 30 complex single-particle matrix elements

FIG. 1. The general experimental geometry as described in
text.
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2(l max11)2598 scattering phases to account for the total
gular momentumj and the lifting of themj degeneracy. This
results under the same conditions in about 16 times m
parameters that have to be calculated self-consistently
addition, this estimation does not include the different kine
energies of the particular lines of the multiplet.

Both types of calculations use a three-step scheme, w
has already been used to describe core-level photoemis
very well. The first model, which has briefly been discuss
before,52 treats spin-orbit splitting and exchange splitting
the initial state as perturbation and uses multiple-scatte
cluster diffraction calculations to describe the final-state o
going electron; however, since it is a single electron theor
distinct multiplet description is not used. By contrast, calc
lations are also presented treating the multiplet nature i

e

FIG. 2. Magnetic dichroism in Gd 4d emission.~a! Gd 4d core-
level photoemission spectra taken at a photon energy of about
eV with normal emission and using right circular polarized ligh
The solid-line spectrum~filled circles! was taken with the sample
magnetization maximally parallel to the azimuth of the light inc
dence direction (FM50), and the dotted-line spectrum~open
circles! with a maximally antiparallel arrangement (FM5180°).
~b! The curve plus data points represent the normalized differe
or CMDAD asymmetry of the data in~a! ~for details see text!. ~c!
Result of a theoretical atomic calculation including multiplet sp
ting, according to the theory described in Sec. III B, which sho
excellent detailed agreement with the curve in~b!.
1-3
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R. DENECKEet al. PHYSICAL REVIEW B 65 245421
relativistic many-electron way, and, moreover, dealing w
full potential relativistic scattering, but in a simpler singl
scattering picture of the outgoing electron. The two a
proaches discussed here thus complement the recent wo
MCD in 3p photoemission from Fe and Ni by Henket al.,53

which uses a single electron approach but with fu
relativistic multiple scattering. We will next introduce bo
calculation schemes and compare their results and com
mentary conclusions.

A. Single electron, multiple-scattering cluster calculations

In this section we will discuss multiple-scattering clus
calculations including spin-orbit and exchange splitting
the initial state.54–56 The diffraction effects were calculate
using the Rehr-Albers separable representation of the sca
ing matrix.57 The MCD was calculated using the single ele
tron approach discussed by Menchero for anl 51 core
level,13 but generalized here to include emission from al
52 core level. We have not in this approach considered
detailed multiplet splitting, spin and orbital angular mome
tum couplings, and configuration interaction effects th
have, for example, been included in previous modeling of
4d MCDAD data at a fixed emission direction,12 which we
will term purely atomic. Rather, we have approximated in
first step all of these effects through a simple spin-orbit sp
ting of the 4d3/2 and 4d5/2 levels and an effective exchang
field splitting of the fourmj sublevels in3

2 and the six sub-
levels in 5

2, as obtained previously from similar analyses
2p spectra of 3d metals.1,13,58Therefore, although the singl
electron approach considered here is not intended to re
duce the complicated multiplet structure of the individu
photoelectron energy distribution curves contributing
MCDAD, we do expect that it should provide a simple d
scription of the overall ensemble of states and the ang
variation of its intensity and dichroism, explaining most fe
tures induced by photoelectron scattering. By thus trea
the core level as having two spin-orbit split parts, each
which is split by the exchange interaction into (2j 11)
states, the intensity for any of the resulting tenjmj states and
for any photon polarization may thus be determined. N
that since we do not intend to actually predict spectral int
sities as a function of energy, we do not in fact have
specify the spin orbit or exchange splitting quantitatively.
should be emphasized, however, that we have in this
proach included both thep and f final-states channels a
lowed ind emission and that we have explicitly included t
interference between these channels. In fact, it is found
this so-called cross-channel interference accounts for mo
the angular variations seen in the atomic theoretical mo
of all types of magnetic dichroism.10,13,23,58,59

Following the scheme as used by Menchero,13 we finally
obtain the overall CMDAD magnitude from

xCMDAD* 5100•
(~ j ,mj !

@ I ~ j ,mj !2I ~ j ,2mj !#

(~ j ,mj !
I ~ j ,mj !

, ~1!

with the sum in the numerator being only overjmj states
with mj.0. This procedure is therefore very similar to th
analysis of the experimental data.
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To simulate the Gd~0001! surface, we used a cluster wit
four layers of atoms, and an emitter placed in each of
layers. Each cluster consists of 182 atoms and has three
rotational symmetry about the surface normal; however
account for the steps that are present in any macrosc
sample and the two domain types thus resulting, we h
used two cluster types, withABAB and BABA stacking.
When intensities are averaged over both cluster types,
system acquires the sixfold rotational symmetry that is
served experimentally. Multiple scattering was allowed up
seventh order.

The kinetic energy of the photoelectrons in the crystal w
taken to be 295 eV; i.e., close to the average measured
netic energy for the Gd7,9D multiplet. An inner potential of
10 eV was used, so that the electron kinetic energy inside
surface was increased by this amount in the calculations,
refraction effects at the surface were included. The pho
electron inelastic scattering was included via an attenua
length of 8 Å as determined from the so-called univers
curve for elements due to Seah and Dench,60,61 and checked
against the value calculated from the ‘‘TPP-2M’’ formula
Tanuma, Powell, and Penn.62 The light was right-elliptically
polarized ~p like! with Stoke’s parameterss150.45, s2
50.0, ands350.89. The angular broadening was chosen
be 65° to simulate the resolution of the electron analyze

The scattering phase shifts were determined using mu
tin potentials.41 In our calculations we used the parama
netic, nonrelativistic phase shifts; i.e., we have neither
lowed for exchange nor for spin-dependent scattering. W
test cases were run with pseudoferromagnetic phase s
using different scattering potentials for spin-up and sp
down electrons but neglecting spin-orbit interaction, the
tensities, and asymmetries changed by only in the orde
about 1%. Such differences may be safely neglected w
compared to the calculated asymmetries, which are of
order of 50%. The individual channel matrix elements (Rf)
and phase shifts (d f) for the two final-state channels wer
determined using the Manson program as described by G
berg, Fadley, and Kono,63 with the result: Rd,p50.0270,
Rd, f50.0664, dd,p52.576, anddd, f54.201. It should be
noted that the relative energy spread of the9D part of the
multiplet is less than 1.5% in the measurements. We chec
by calculations using a ‘‘wrong’’ kinetic energy~reversed
level ordering! that a maximum difference in the asymm
tries of about 2% may occur at a 60% level~depending on
the type of dichroism, angles, etc.!, which is less than the
estimated experimental error. The explanation is that non
the radial integrals or phases changes more than 1% w
the energy range of the9D part of the multiplet.

B. Many-electron, full-relativistic single scattering
cluster calculation

As a starting point for the second set of calculations
use the multiplet theory of Cowan.64 That is, we calculated
the energy spectra using intermediate coupling~LSJ or JJ!
by treating both spin-orbit and exchange splitting as per
bations. We use in the following always the easier to han
and more common Russel-Saunders notation2S11LJ even if
1-4
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ANGULAR AND TEMPERATURE DEPENDENCE OF THE . . . PHYSICAL REVIEW B 65 245421
starting fromjj and not fromLS coupling. For the purpose
of the first step of the calculations, Cowan’s program65 was
modified to account only for such intermediate states dur
the coupling of the electrons that give8S7/2 for the state of
the first parity~as defined by Cowan in Ref. 64! and 7,9DJ
~or their JJ coupled pendants! for the core hole before cou
pling the free electron to the created ion. The latter coupl
results in the overall state of second parity. The restricti
to the 8S ground state are also chosen to ensure that
restrictions of the sudden approximation are justified. B
cause we would like to perform relativistic calculations f
the angular distributions, we did not fit the spin-orbit
atomic exchange parameters to the experiment but use
stead the calculated values as given in Ref. 64. These va
are found to lead to a good agreement between the meas
and calculated spectra with respect to the splitting of
states and their intensity@see Fig. 2~c! and later discussion o
it#; and it should be noted that by starting with the Dir
equation there is no possibility to parametrize the spin-o
interaction, because it is an intrinsic property.

As reported previously,25 the use of nonrelativisticul,s&
wave functions leads to unsatisfactory results in explain
the angular dependency of the CDAD or MCDAD in em
sion from rare-earth metals. In particular such wave fu
tions even fail to explain the Fano effect.7 Therefore we
chose a relativisticu j ,mj& basis set for the calculation.

The dipole matrix element for excitation of atoms wi
coupled electrons in the sudden approximation is9,64

Di f 5 (
MJ ,mj

^F f u lI†uF i&•^f f u«•r uf i&. ~2!

HereF i andF f are the states describing the coupled i
tial state and the coupled final state after creation of a c
hole in the shell with angular momentuml, and lI† is the
associated hole creation operator. The remaining part is
usual length form of the dipole matrix element in a sing
particle descriptionMi f 5«•^f f ur uf i&, where the photon po
larization is separated out because it does not depend o
radial integration. The overlap integral^F f u lI†uF i& is related
to the spectral function in the many-body treatment of p
toemission.

We use an RE31 rare-earth ion as starting point, that is a
couplings to the electrons going to bands~6s2 and 5d1! are
neglected. Therefore the following states for the coupled
tial and excited states of the ion are used~see also Refs. 9
and 64!:

F i5uRE314 f ynlxLSJ MJ&;

F f5uRE414 f ynlx21LSJ MI J&, ~3!

where x is the initial occupation of thenl subshell being
ionized andy is the occupation of the open 4f shell. Here we
have in particularx510 for creation of a core hole in th
filled 4d subshell andy57 in the case of Gd. The states ma
be recoupled as described in Ref. 64, if necessary. InJJ
coupling we remove the electron from a shell with total a
gular momentumj 5 l 6s rather thanl. Inserting these state
24542
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into Di f we find that the overlap portion of the matrix ele
ment for transitions from the initial to the final state is give
by

^F f u jImj

† uF i&5^gI JI MI Ju jImj

† ugJMJ&

5
21 j 1m

A2J11
CJMJ , jmj

JI MI J ^Ji j †iJI & ~4!

with CJMJ , jmj

JI MI J being a Clebsch-Gordan coefficient an

^Ji j †iJI & being the reduced matrix element of the electr
creation operator. Here the hole creation operatorjImj

† be-

comes replaced by the fermion creation operatorj †, and g
andgI are used as substitutes for all quantum numbers be
omitted for convenience. The reduced matrix element of
electron creation operator is simply^Ji j ‡iJI &5Ax(2J11).
x52 j 11 is the initial occupation of the ionized shell wit
total angular momentumj, here we have in particularx56
for d5/2 andx54 for d3/2.

The square of the Clebsch-Gordan-coefficients in Eq.~4!,

n~ j ,mj !5@CJMJ , jmj

JI MI J #2, ~5!

may be interpreted as an effective partition number, giv
the probability that a single-particle initial stateu j ,mj& takes
part in the transition from the ground stateF i into the final
core-hole stateF f . This partition number determines als
the possible free-electron statesf f of Eq. ~2! via the dipole
selection rules.

For clarity here, we note that the terms initial and fin
state have slightly different meanings in the single-parti
and many-particle theory. Here, we use the term ‘‘initial’’ fo
a unique many-particle electronic state of the atom or
before photoexcitation~usually the ground state with th
bound electron! and the term ‘‘final’’ for all states after the
photoexcitation~the excited state of the ionized atom wi
the final free electron!. Looking ahead, however, we not
that the different magnetic sublevels of the initial state m
in fact be populated if the temperature is high enough.

In order to calculate the angular resolved intensities a
the MCDAD, and in particular to include photoelectron d
fraction, we need the angular dependent amplitudes ra
than the intensities and energies as calculated by Cow
program. The photon-polarization resolved single-parti
matrix elementŝf f ur uf i& are defined by the radial integra
Ri , f5^f f ur uf i& and final state phasesd i , f . Both were calcu-
lated in the averaged configuration approximation using
relativistic self-consistent field program accounting for t
single electron transitions 4d3/2→«(p1/2,p3/2, f 5/2) and
4d5/2→«(p3/2, f 5/2, f 7/2). We find approximately~all calcula-
tions are using the kinetic energies as observed in the exp
ment for each individual line! for the 7D part of the multiplet
the radial integralsRd,p

3/2,1/250.0723,Rd,p
3/2,3/250.0667,Rd, f

3/2,5/2

50.129, and the final-state phasesdd,p
3/2,1/252.82, dd,p

3/2,3/2

52.64,dd, f
3/2,5/253.91, that are slightly different from those o

the 9D part: Rd,p
5/2,3/250.0678, Rd, f

5/2,5/250.138, Rd, f
5/2,7/2

50.135, anddd,p
5/2,3/252.62, dd, f

5/2,5/253.91, dd, f
5/2,7/253.89 ~the

lower indicesl 1 , l 2 assign the orbital and the upper indic
1-5
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j 1 , j 2 the total angular momenta of the initial- and final-sta
quantum numbers!. It should be noted that the paramete
depend not only on the kinetic energy for a particular tran
tion but also onmj ~and not only onl and j! due to the
crystalline symmetry and the magnetization. The relat
phases are close to the values derived in the nonrelativ
approximation~see above!. Larger differences in the absolut
values of the radial integrals are due to a different definit
of constants entering the matrix element and the total c
section. The angular dependent photoelectron amplitudes
rived by means of those final states are used as a sta
point for the spin-dependent single scattering cluster ca
lations as described in Refs. 19, 31, and 66.

The amplitudes of the outgoing photoelectrons are
scribed in the single-scattering cluster approximation b
coherent superposition of the direct wave with all wav
scattered singly by the atoms of a given cluster. In contras
previous approaches, the amplitudesC0 of the direct andC i
of the scattered waves here are spinors:

C5C0~ k̂!1( Si~q i ,w i !C i~ k̂, r̂ i !

5S a0

b0
D1( S Si

11 Si
12

Si
21 Si

22D S a i

b i
D •G i , ~6!

where we have accounted for thelarge component of the
relativistic wave functions only. The amplitudes depend
the direction of emissionk̂ and the position of the atomsr̂ i
for the direct and the scattered waves, respectively. The u
scattering amplitude is replaced by a 232 matrix which de-
pends on the polar and azimuthal scattering angles. Du
the magnetization of the sample, the scattering amplit
need no longer to be of cylindrical symmetry with respect
the direction of the incoming electrons.G i accounts for in-
elastic processes and differences in the path between
emitting and scattering atoms. The intensity is finally giv
by the absolute square of the amplitudes averaged over
spin directions, since the spin is not resolved in the pres
measurements. The scattering phases used for the photo
tron diffraction step are calculated by a relativistic full p
tential method including exchange, as is well known fro
single-step photoemission calculations.67,68 The potential
used to determine the relativistic scattering phases is s
consistently derived. Our algorithm allows inclusion of t
full solid-state symmetry and no assumption of spheri
symmetry as in muffin-tin methods needs to be made.
combination of crystal field and exchange interaction~due to
the magnetization of the sample! results in scattering phase
that depend on the total angular momentumj and its projec-
tion mj and not only on the orbital angular momentuml. As
a result, all four components of the scattering matrix
different.

The amplitudesC0 and C i of the emitted electrons ar
calculated from full-relativistic single-particle matrix ele
ments@similar to the second part of Eq.~2!# using the phases
and radial integrals as given above. The final amplitudes
intensities so derived are mixed according to the multip
description as given above in order to find the final resu
24542
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for the intensity and the magnetic dichroism of the lines
the multiplet. In principle this mixing may be performed o
the single electron states from the above-mentioned calc
tion as well so as to yield multiple-scattering effects.

Multiple scattering is omitted here on the one hand b
cause of the tremendous number of scattering phases ne
and on the other hand because it influences the dichro
much less than the intensity itself, which may more easily
found from symmetry considerations as shown in Ref.
Overall, the results given below show that a three-step mo
with single scattering is sufficient to explain the present da
The calculations to be compared later with the experime
results were performed in the geometry as described in S
II. In particular, a cluster of 50 atoms was used, allowi
emission from the four topmost layers. As in the sp
independent multiple-scattering calculations, both poss
stacking ordersABABandBABAof the hcp crystals are ac
counted for, resulting in eight different geometrical config
rations overall. The topmost layer was assumed to cou
ferromagnetically to the bulk.

One also has to include temperature variation if comp
ing the results of calculations with measurements. The te
perature influences the intensities as well as the dichro
mainly for two reasons. First, the lattice vibrations w
smear out the scattering induced features in the inten
Second, the orientation of the atoms is lowered by therm
motion of the atomic magnetic moments. If the latter effe
are not accounted for, the calculations correspond to m
surements atT50 K.

The temperature effect on the scattering caused by t
mal fluctuations may easily be allowed for by introducing
Debye-Waller factorWi in the scattering matrix:69,70

Si~T!5Si•Wi~T!, ~7!

where

Wi5exp$2wa@12cos~Q i !#%

andQ i is the scattering angle at thei th atom. In addition to
the temperature, the Debye-Waller factor includes the m
momentum transfer and displacement associated with the
netic energy of the electrons and the massma of the atom.
The exponential factor for the correction is given by

wa5
3EkinT

makBuD
2 51.7831023

•T@K#, ~8!

assuming a kinetic energy of aboutEkin5295 eV as in the
experiments, and a Debye temperature for Gd ofuD
5200 K as found in the literature.71 Extensions of the mode
to include lattice vibrations may be found in Ref. 72.

Calculating the second effect of temperature on the ori
tation of the atoms in the initial state is a little more comp
cated. It is assumed that we are in the thin-film limit, so th
only one single magnetic domain exists. Without exter
field and below the Curie temperatureTC , the magnetization
is given by the saturation magnetizationM sat(T) depending
on the temperature. In the molecular field approximati
this magnetization is connected to an internal magnetic fi
B(T) acting on each atom of the domain. Ifl is the molecu-
1-6
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lar field constant depending onTC , then one hasB(T)5l
•M (T). The temperature dependence ofM sat(T) has to be
determined numerically using the complete Brillouin fun
tion.

The thermal occupation of thei th MJ state of the atom is
given by

ni~T!5

expH Ui

kBTJ
( expH Ui

kBTJ , ~9!

where the sum has to be taken over allMJ states according to
2J<MJ<J, Ui5MJgmBB(T), g is the Lande´ factor or gy-
romagnetic ratio, andmB is the Bohr magneton. AtT50
only the state withMJ52J is occupied, whereas atT5TC
and above allMJ substates are equally distributed.~We have
neglected the presence of short-range magnetic order fT
.TC , as appropriate to a molecular field model, althou
actually studying such short-range order via MCDAD me
surements would be interesting in the future.! From the oc-
cupation of theMJ states with temperature, we derive th
contribution of the single-particlemj states needed to calcu
late the photoemission amplitudes. Figure 3 shows the t
mal occupationnMJ

of the MJ states for the8S7/2 ground
state together with the resulting single-particle partition nu
bersnmj

(T) for the 9D6 line as calculated numerically.~Note

that forJ56 only the state withj 5 5
2 contributes.! All other

lines follow the ground stateMJ occupation in a similar way
but with varying contribution of the single electronmj sub-
states. These partition numbers now take account of the v
ing population of the initial state multiplet. The sum of th
partition numbers is constant over the entire tempera

range. Theu 5
2 ,2 5

2 & state is the dominating single-partic

state for theJ56 line. It is interesting to note that theu 5
2 ,

2 3
2 & state has a slight maximum in the partition numbers

aboutT50.63TC . From the temperature dependence of
MJ or mj states it follows that orientation and alignment
the initial and possible final states~as allowed by the selec
tion rules! become temperature dependent, too.

The intensities of theJ51 – 6 lines of the multiplet have
been calculated for excitation with RCP and LCP light
varying the sample orientation and magnetization toge
overFM50 – 360° in steps of 2° for the geometry as sho
in Fig. 1. FM50 refers to the case for which the magne
zation is in the incident photon plane.

The dichroic asymmetries for a particular state and pho
helicity are calculated in two ways: from the intensities f
two antiparallel orientations of the magnetization at fix
helicity ~CMDAD! or from two intensities with opposite
photon spins at fixed magnetization~MCDAD! from

ACMDAD@%#5100•
I ~FM !2I ~FM1p!

I ~FM !1I ~FM1p!
,

AMCDAD@%#5100•
I ~s1!2I ~s2!

I ~s1!1I ~s2!
. ~10!
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IV. RESULTS AND DISCUSSION

Figure 2~a! shows examples of Gd 4d core-level spectra
taken with RCP light for two different orientations of th
magnetization axis, here denoted as parallel~p5solid points
and line! for the magnetizationM maximally parallel to the
incoming lightq and antiparallel~m5open points and dotted
line! for the magnetization direction being maximally opp
site to the incoming light. One clearly sees a general splitt
of the spectrum into what has been found to be primarily7D
and 9D states,12 with the 9D states at higher kinetic energ
being resolved into further components. It should also
mentioned here that there are more multiplet states of7D
symmetry at higher binding energies~lower kinetic energies!
outside of the range of this spectrum, with some at more t
20 eV higher.12 It should be noted that these satellite lines a
much more pronounced at higher excitation energies of ab
1 keV as reported in Refs. 73 and 74. For the purpose of
present study, however, we will concentrate on the bind
energy range shown in Fig. 2. Also shown in Fig. 2~b! is a
normalized magnetic dichroism difference spectrum obtai
from these two spectra after subtracting a Shirley-type
elastic background.75 In calculating this from the experimen
tal data, we do not use the normally cited asymmetry as

FIG. 3. Statistical multiplet parameter.~a! Temperature depen
dence of theMJ occupation numbers for the8S7/2 ground state of
remanently magnetized Gd.~b! Single electronmj partition num-
bers for transition from the ground state into the9D6 excited state
by photoexcitation ofd5/2 electrons, with the Curie temperatur
assumed to beTC5292 K.
1-7
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Eq. ~10! but instead use a normalization to the maximu
value of the sum of the two curves,

xCMDAD~E!@%#5100•
I p2I m

max~ I p1I m!
. ~11!

In this way we avoid having a very noisy signal in the win
of the core-level spectra due to division by small numbe
with additional complications at the high binding energy s
due to the neglect of the multiplet states there. The va
derived in this way also seems to coincide with the one
rived by normalization to the total area under the dichroi
curve. We will thus use the peak-to-peak value here for c
venience. We have checked, however, that the results are
influenced by the choice of the normalization function.
addition, the spectra of Fig. 2~a! have been normalized b
matching the integrated areas under the curves before c
lating the difference, in order to account for small change
the photon flux. This procedure assumes a vanishing inte
of the dichroism, which is supported by the fact that the
corrections of<10% are random in nature and do not intr
duce any new features. The final calculated asymmetry cu
~here measured with fixed helicity! resolves the individua
final states of the7,9D multiplet significantly better than the
experimental results presented in a prior MCD study.12 Our
results as shown in Fig. 2 also agree very well with oth
high-resolution measurements of the Gd 4d core level that
have been reported.76 It should be mentioned here that th
observed effect is in the range between215% and135%,
and this is remarkably high for measurements at ro
temperature.77

Calculations for the many-electron case according to
theory presented in the last section and for a temperatur
250 K are shown in Fig. 2~c! and they agree very well with
the measured intensities and dichroism. It should be no
that the additional lines at lower energies are only obser
in the calculations if the restriction on pure coupling schem
is lifted. Our calculations show, however, that some ad
tional restriction to the ground state does not at all cha
the dichroism of the9D part of the multiplet. The presen
restriction of both the ground state and the intermediate io
state reduces the number of lines drastically down to 30@see
Fig. 2~c!#. In LS coupling, the only final state~ion plus free
electron! that can be reached from the8S ground state is8P
according to the angular momentum selection rules forLS
coupling conditions:S82S50 and L82L50, 61 (L5L8
Þ0). The spin is not changed because the dipole oper
does not act on the spin and here the orbital angular mom
tum can be changed only from 0 to 1. In intermediateLSJ
coupling the final angular momentum~again ion plus free
electron! takes the valuesJ85 5

2 , 7
2 , 9

2 . The final states will be
degenerate with respect to some particularL8S8J8 but this
degeneracy is lifted with respect to the excited hole s
LSJ. The complete transition matrix may be foun
elsewhere.64,65 For the excited hole state we have to coup
the 8S ground state of the seven equivalent 4f electrons to
the hole in the 4d shell resulting in the7,9DJ multiplet with
overall ten states inLS or JJ coupling. In addition, the cou
pling of the 4f electrons may also lead to the non-groun
24542
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state levels that are2(S¯Q), 4(S¯N), and 6(P¯I ) where
the dots ‘‘̄ ’’ assign all orbital angular momenta betwee
the two limiting cases given in the brackets. Some of
states are reached via different parent and grandparent s
and therefore one has overall 118 differentLS states besides
the ground state. On the other hand, the free electron ha
orbital angular momentump or f and we find the hole state
LS 7,9(S¯G) if uncoupling the free electrons from the ove
all final stateL8S8. It is seen that the excited9D hole can
only be reached from the8S ground state, whereas the7D
hole can also be reached from the non-ground sta
6(PDFG). The assignment of the structures observed in
4d photoemission is not unique through the literature.12,78,79

In Ref. 12 the additional lines have been attributed to tran
tions including only the6(PDFG) states. However, in inter
mediate couplingJ is a good quantum number rather tha
only LS. This leads to some more allowed combinations a
the most prominent additional states found in the calcula
spectra are7(SPFG)JI LSJ core holes. Cowan’s program
allows easily restrictions to the initialLS ~first parity! and
final L8S8 states~second parity! but not the easy selection o
a collection of intermediateLS states. Moreover, a restrictio
to a particular initial or final state does not lead automatica
to restrictions on the intermediate states. This may lead
situations where accidentally different sets of states are u
for the initial and final states. In this work, we made a min
modification to the Cowan program to allow only the co
plings that can be derived via the7,9DJI core hole, but we
account for all states of the intermediate coupling sche
The JJ or jj coupled pendants are derived from an una
biguous transformation matrix~see Ref. 64!. It was carefully
checked that the restrictions do not effect the overall beh
ior of the spectra and that the results fit the measurement
note that the spectra so derived are in agreement with the
levels observed from a full relativistic calculation; howeve
many-electron calculations without any restrictions will d
liver some ten thousand lines. It is not meaningful to acco
for such lines in the present study, since most of the seco
ary excitations typical of solid-state electron spectrosco
~plasmon or interband transitions to name some of the m
pronounced! are also neglected, and would act to smear o
any effects due to this manifold of lines.

A. Angular dependence of the dichroism

1. Normal emission

We now consider the angular dependence of the dich
ism by taking pairs of spectra like the ones shown in F
2~a! for different orientations of the sample. For each an
FM we thus recorded the overall CMDAD value. Figure
shows part of an angular dependent measurement of
magnetic dichroism. Figure 4~a! shows the difference spectr
for opposite magnetizationI p2I m5I (FM)2I (FM1p),
that is, the CMDAD~FM50 refers to the case whereM ix!;
~b! shows the sum of spectra taken with opposite magnet
tion and fixed helicity for some selected angles. As the
solute cross section is not known, we normalized all spe
in Fig. 4 to the same background levelI 0 for energies above
the highest line of the multiplet. This procedure allows
1-8
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ANGULAR AND TEMPERATURE DEPENDENCE OF THE . . . PHYSICAL REVIEW B 65 245421
least a convenient comparison of the spectra. The sum s
tra exhibit some small differences in the intensity ratio of t
J55 andJ56 lines of the9D part for different angles. The
sum spectra correspond to an aligned ensemble and the
ton beam is not completely circularly polarized. Therefo
differences in sum spectra may reflect a remaining nonm
netic LDAD while rotating the alignment of the ensemb
From the difference spectra it is seen that they tend to sm
out the fineness of the multiplet structure. A convenient w
for data analysis is the use of an overall dichroismx from
Eq. ~11! defined above:

xCMDAD5max@x~E!#2min@x~E!#. ~12!

This makes an estimate of the dichroism possible with
using any sophisticated fitting procedures. It may be se
however, that the dichroism is dominated by theJ56 line,
rather independent of the angle. The resulting data set
normal emission is summarized by solid triangles in Fig.
where we plot the overall CMDAD as a function ofFM .

The data in Fig. 5 basically exhibit a cosinelike behav
which would be expected from the free-atom case.9,11,58Our
theoretical simulations~relativistic many-electron approach!
yielding the dashed curve are in excellent agreement with
measurements. Note that the zero crossing of the CMD
does not occur at a rotation angle of 90° where magnet
tion and photon propagation are perpendicular to each o
but rather close to 72°. This shift in the zero crossing is v
well predicted by theory, as shown by the dashed curve
Fig. 5. Its cause will be discussed in detail after showing
data for the circular dichroism.

So far the dichroism reported has been derived from m
surements performed by changing the magnetization di
tion relative to the light polarization~as noted above, we wil

FIG. 4. Angular dependence of the magnetic dichroism for
4d core-level.~a! Difference of spectra taken with opposite magn
tization and fixed helicity.~b! Sum of spectra taken with opposit
magnetization and fixed helicity.~Emission normal to the surface
with a photon energy of 438.9 eV, an anglea570° ands1 polar-
ization.FM50 refers to the case where the magnetization is in
incident photon plane and parallel to thex axis; atFM590° mag-
netization and photon propagation are perpendicular to each o
see also Fig. 1.!
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call this the CMDAD or fixed-helicity mode in what fol
lows!. We have the situation of CDAD measurements
switching the light polarization from RCP to LCP for eac
~fixed! angle of magnetizationFM which will be called
MCDAD or fixed-magnetization mode. The difference a
sum spectra look similar to those of the CMDAD case sho
in Fig. 4 and we accordingly do not reproduce them here.
obtain the result shown by open triangles in Fig. 5 wh
using the overall MCDAD value calculated in the same w
as for CMDAD in Eqs.~11! and ~12! and Fig. 2.

We still observe a fairly smooth variation with angleFM ,
making it clear that the MCDAD in this mode is not scatte
ing induced, but now the zero of the dichroism occurs ve
close to 90°. The small step around 90° marks the noise le
in our data which makes it impossible to detect zero to be
than about 5%. This can be seen from the difference spe
taken atFM of 90° and 105°@in Fig. 4~a!#, showing that the
change of sign ofx cannot be determined very well at low
level. In addition one recognizes some influence from
asymmetric line shapes. However, the step is more p
nounced in the MCDAD data compared to the CMDA
data. This is most probably due to a small misalignment
the sample resulting in a nonmagnetic CDAD.

Our theoretical simulations for the MCDAD yield th
solid curve, again in very good agreement with the measu
ments. It is thus clear that care is needed in making wha
often the experimentally simpler type of fixed-helicity CM
DAD measurement, as it may differ significantly~here by up
to 10% in overall magnitude! from the fixed-magnetization
MCDAD measurement.

Comparing both measurements it clearly follows that
magnetic ~fixed-helicity! and the circular ~fixed-
magnetization! dichroism are different if the magnetization
not parallel to the plane of photon incidence. This behav

d
-

e

er,

FIG. 5. Angular dependence of the overall dichroism for Gdd
core-level emission normal to the surface, with a photon energ
438.9 eV and an anglea570°. Experimental results are shown fo
the fixed-magnetization mode with variable light polarizati
~MCDAD, open inverted triangles! and for the fixed-helicity mode
with variable sample magnetization~CMDAD, solid upright tri-
angles!. The solid and dashed lines show theoretical curves ca
lated for the respective cases using the relativistic many-elec
approach.
1-9
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R. DENECKEet al. PHYSICAL REVIEW B 65 245421
may be easily explained. The dichroism in angular resol
measurements using circular polarized photons depends
only on the orientationr10 but also on the alignmentr20 of
the electronic states. This can be found easily from the g
eral equations given by Klar and Kleinpoppen80 or from the
work on p states of Cherepkovet al.10 For d states one will
have additionally higher moments~r30 andr40! that contrib-
ute to the dichroism. The so called state multipolesrN0

5rN0( j ,mj ) are defined in the textbook of Blum.81 The
orientation-dependent~oddN! term is clearly connected with
the magnetic dichroism, whereas the alignment-depen
term ~even N! of the MCDAD may already be observe
without magnetization~CDAD case!. Unfortunately in the
magnetized case, orientation and alignment of the states
not be separated easily. The alignment dependent term
the CDAD vanish in every nonchiral symmetry. This m
occur in the present case when the plane of photon incide
coincides with the plane of magnetization. Now, if the ma
netization is rotated in the surface plane, one may find s
ations of chiral symmetry, that is state alignment, and pho
incidence, and angle of observation are co-planar. On
other hand if we change the magnetization between two
tiparallel directions, only the orientation of the states
changed, but not their alignment. The result is that the int
sities for these two cases may depend only on the orienta
of the states. It immediately follows that the fixed-helici
mode ~CMDAD! and fixed-magnetization mode~MCDAD!
are only the same in a nonchiral geometry.

We will now use the single electron approach to expr
this more quantitatively. Consider a single electrond state
( l 52) with total angular momentumj 5 l 6 1

2 . Using the
single electron approach, we find that for givenj and a par-
ticular value ofmj the MCDAD ~here the difference of the
spectra and not the asymmetry! in dependence of the direc
tion FM of magnetization is given by

I MCDAD5r10C11cos~FM !1r20C21sin~2FM !

1r30@C301C32cos2~FM !#cos~FM !

1r40@C401C42cos2~FM !#sin~2FM !. ~13!

Here we assumed in-plane magnetization, off-normal
cidence and emission. The coefficientsCi j 5Ci j (R,d,q,k)
depend on the dynamical parametersR, d ~reflecting the in-
terference of the final-state partial waves!. They also depend
on the directions of photon incidenceq and electron emis-
sion k. The terms connected torN0 with N.2 contribute
only for d5/2 states to the MCDAD, but not ford3/2. It should
also be noted that the MCDAD for thed3/2,61/2 states van-
ishes for the case that photon incidence and magnetiza
are in one plane and the electron emission is in a direc
perpendicular to that plane if the final-state spin orbit int
action is neglected. But, it is nonzero under these conditi
for all otherd states.

In a similar way we find that theFM dependence of the
CMDAD is given by
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I CMDAD5r10@C11cos~FM !1C12sin~FM !#

1r30@C31cos~FM !1C32sin~FM !

1¯1C33cos~FM !sin~2FM !

1¯1C34cos3~FM !#. ~14!

The CMDAD does not containrN0 terms with evenN.
This expresses directly the different role of the alignment
the states on the type of dichroism, as explained above.
coefficientsCi j differ in general from those describing th
MCDAD. It is directly seen that the MCDAD becomes a
ways zero forFM590°, whereas the CMDAD remains i
the coefficients connected to the sin(FM) terms do not van-
ish, what is the case in a general geometry. This expla
directly the observed shift of the zero crossing between
two methods.

Analyzing the dependency of the coefficients with resp
to the dynamical parameter, we find that the shift of the z
crossing is caused by interference between thep and f out-
going photoemission channels, and is not the result of p
toelectron diffraction, as noted previously.58 The cross chan-
nel interference between thej f5 j i and j f5 j i11 channels,7

or additionally with thej f5 j i21 channel82 ~for initial states
with j i.

1
2 !, can in addition induce spin polarization indepe

dent of a magnetization if circularly polarized light is use
for the excitation. The second case shows that, forl i.0, the
cross-channel interference between thel f5 l i61 channels is
the main cause of the spin polarization due to the presenc
spin-orbit splitting in the initial state.

As this approach is valid for all single electronmj sub-
states, we will also find the same result for the multip
approach, in agreement with the work of Thole and van
Laan.9 The FM dependence of the overall asymmetry w
have a slightly different shape compared to Eqs.~13! and
~14!, but this is caused by the normalization and not a dir
effect of the multiplet nature of the lines.

2. Off-normal emission

We turn now to off-normal emission directions, in partic
lar to Q520° off-normal where the photoelectron mome
tum k is normal to the photon propagationq. For this case,
we might expect enhanced photoelectron diffraction effe
due to the rotation of the emission direction through vario
scatterers in the near-surface region. We consider the
where the magnetization direction is reversed with fixed
licity of the photons~RCP!. The experimental results ar
shown as solid squares in Fig. 6. Here one notices so
distinct deviations from the smooth free-atom behavior, a
these are reproducible over various sample preparations s
ied. The additional modulations in the CMDAD value
riding on the overall cosinelike curve are of about65% and
are due to photoelectron diffraction.

This becomes clear by comparing the experimental res
with the result of our photoelectron diffraction calculatio
as carried out at two temperatures,T5250 K as in the ex-
periment and 0 K for comparison with free-atom mode
Most of the main peaks and valleys in the experiment are
1-10
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least qualitatively reproduced by the many-electron theor
cal curve at 0 K, although theory shows more exaggera
diffraction features than experiment. The analogous ma
electron curve at 250 K seems to suppress diffraction
much, perhaps due to oversimplifications in the Deb
Waller factor approach, which neglects vibrational corre
tion among near-neighbor atoms. Using the simpler sin
electron picture with multiple scattering and at 0 K~dotted
curve! is found to roughly agree with experiment and man
electron theory at the same temperature. The obvious ang
shift between the experimental and calculated wiggles
most probably due to a slight misalignment of the samp
however, we will come back to that point later when discu
ing the state resolved results. Here we just remark that
periment and theory show both some influence of photoe
tron diffraction. The result ofab initio calculations is for
both types in the correct order of magnitude but needs s
refinement to include experimental uncertainties.

These differences should also illustrate the potential
still has in tuning different parameters so as to get be
agreement between theory and experiment. It should als
pointed out that the positions of the main features do
coincide with forward-scattering maxima, which should o
cur at intervals of 60°. Based on data not shown here,
FM dependence for this emission angle also is found to
pend on the way the dichroism is measured~fixed-helicity or
fixed-magnetization direction mode!; however, the depen
dence is much weaker than in the normal emission case
particular, we do not observe a shift of the position of t
zero dichroism between the two modes, because photon
cidence and electron ejection are perpendicular to each o
a1Q590°. In that case the coefficientsC12 andC32 in Eq.
~14! vanish. If one compares the normal and off-norm
emission experiments with each other~both measured in
fixed-helicity mode! it is clear that one observes, besides t

FIG. 6. Azimuthal dependence of the overall CMDAD for G
4d core-level emission at an emission angle 20° away from
normal direction, again with a photon energy ofhv5438.9 eV and
a570° photon incidence. The squares represent typical experim
tal data, and the lines show theoretical calculations for this ge
etry. The solid line is for the relativistic many-electron calculati
with a temperature of 0 K, whereas the dashed line represent
analogous results forT5250 K. The dotted line shows results o
the single electron calculation.
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introduction of the diffraction features, the shift of the ze
CMDAD position from 70° back to about 90° for the off
normal emission case where photon incidence and elec
ejection are perpendicular to each other.

The additional scattering-induced oscillations in the
chroism clearly depend on how the experiment is perform
The calculations show that they appear only in the c
where both the sample and the magnetization are rotated
gether. The case of pure magnetic dichroism, that is, the c
where only the magnetization is rotated while keeping
sample orientation fixed, results in a smooth atomiclike
havior of the dichroism as in normal emission. This situatio
however, can hardly be realized in experiments where
magnetization is usually determined by various so-cal
easydirections.

In terms of diffraction-induced CDAD, we might in prin
ciple expect to observe a peak ‘‘rotation’’ of the total inte
sity maxima in switching from LCP to RCP light, as dis
cussed by Daimonet al. for Si~001!,15 and subsequently
observed for W~110! and adsorbates.16–18 In results not
shown here, we have plotted the total intensities for LCP a
RCP light as obtained from the theoretical calculations~in
fixed-magnetization direction mode! for the geometry con-
sidered here, and we observe a fairly substantial shift of
diffraction maxima by about610°; however, for our experi-
mental data we are unable to see this effect clearly. Thi
due to the small intensity variations with angle for the
directions which are not at all forward-scattering direction
Additionally, problems with the absolute normalization
LCP and RCP only allowed a comparison between intensi
measured with linear-polarized light with those measu
with RCP light. In this case, we do see a small shift of t
apparent features that is qualitatively consistent with p
rotation. More precise future measurements would be nee
to clearly resolve such peak rotation effects, however.

Finally, by making use of the relatively high resolution
our spectra, we can also fit the separate states in the9D part
of the Gd 4d core-level spectrum. Using the same equat
for the CMDAD for each individual state then gives us
state-specific CMDAD. In Fig. 7~a! we have plotted this
value for the first five states (9DJ56 – 2) as a function of
magnetization azimuthal angleFM for the off-normal emis-
sion case. The intensity for theJ51 line could not be ex-
tracted from the data unambiguously. It is clear that the sta
contribute differently to the overall behavior of the CMDAD
In particular the dichroism is positive for theJ56,5 lines
whereas it is negative for the remaining part of the9D core
hole. Furthermore, there are different angular dependen
for the different states. The difference in the kinetic ene
between the observed lines is too small to explain the dif
ent angular variations by scattering effects alone. These
ferences are directly attributed to the different emission ch
acteristics of the single-particle states contributing to
lines.

We will now analyze the state-specific dichroism with t
two different theoretical models~single electron, multiple
scattering versus many-electron, single scattering!. We show
in Fig. 7~b! the CMDAD calculated in the nonrelativisti
single electron multiple-scattering model for the sixmj states
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of the j 5 5
2 initial state, although recognizing that the

states certainly do not map directly onto the differentJ states
of the 9D manifold. Each of these states contributes in
different way to the dichroism of the individualJ lines. For
example, themj52 5

2 dominates theJ56 line as can be
seen from Fig. 3. It exhibits three pronounced scattering
duced features, similar to the experimental data, but at
ferent angles. That these features are indeed induced by
tering can be found from a pure atomic calculation as
shown in Fig. 8, where we compare circular and magn
dichroism for the single and many electron states. It
clearly seen that circular and magnetic dichroism are m
different for the single electron states, but both asymmet

FIG. 7. State-specific Gd 4d CMDAD. Measured CMDAD
asymmetry for the first five states of the9D part of the Gd 4d
core-level spectrum as shown in Fig. 2~a!. The intensities have bee
derived from high-resolution spectra by using a curve fitting pro
dure ~Voigt-type peaks plus Shirley-type background!. The CM-
DAD asymmetry was calculated from Eq.~10!. ~a! Experimentally
derived state-specific CMDAD atT5250 K. ~b! Simulated state-
specific CMDAD, for the sixmj states in thej 5 5

2 manifold in the
nonrelativistic single electron model including multiple scatterin
~c! Simulated state-specific CMDAD, calculated using a full re
tivistic, final-state multiplet description yielding theJ states of the
9D part of the Gd 4d core-level spectrum. TheJ51 line arising in
jj or intermediate coupling is shown for completeness.
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are much smoother than those including scattering. The
ditional alignment terms~r20 and r40! of the CDAD cause
additional zero crossings for some of the single elect
states. It is interesting to note that both methods come clo
to each other in the many electron description, what
caused by its averaging character. It is also shown that
scattering together with the mixing of the single-partic
states smears out the zero crossing that is found to occ
90° in the pure atomic calculation, independent of the sta
however, the scattering induced features in Fig. 7~b! are too
strong and do not coincide with the measured structu
Therefore we will use the full relativistic simulation for fur
ther comparison, as the single electron approach alone
not be brought into closer comparison with the measu
CMDAD, as might be expected.

The more sophisticated full relativistic simulations of th
state-specific dichroism in terms of final-state multiplets
shown in Fig. 7~c!. This calculation results in all sixJ states
for comparison to the five resolvable in experiment, and
shows angular variations for all five which are very simil
to the measured data. The calculations also reproduce
rectly the sign and magnitude of the measured CMDAD. T
slight difference in magnitudes between theory and exp
ment could be due to our allowance for thermal effects us
the molecular-field approach. The scattering induced featu
are smaller compared to the single electron approach. Th
not caused by the mixing of the states but by the inclusion
thermal effects in the scattering formalism~Debye-Waller!.
These features do not coincide very well with the experim
tal ones and additionally there is a small shift between
observed and the calculated zero crossing of the CMD
~'90° and'85°, respectively!. Both facts hint on a smal
misalignment of the sample with respect to the nominal
ometry. All of the previously shown calculations have be
doneab initio and were all performed for the nominal geom
etry of the experiment. Therefore we finally tried to chan
the geometry of the calculations in order to find a bet
agreement.

For better comparison, we show in Fig. 9 the differen
between the smooth atomic curves and the measured or
culated magnetic dichroism. This difference provides a m
sure of the scattering induced dichroism. We selected thJ
56 state for the comparison, because the experimentally
termined dichroism is less depending on the fitting proced
as compared to the otherJ lines. The experimental data wer
oversmoothed and fitted to a cos series in order to determ
the atomic like part. This fit was also used to find an angu
offset of aboutDFM57° being also used in the calculation
For the theoretical curve we subtracted directly the result
an atomic calculation by switching off the scattering pa
The oscillations in the experiment are about63%, whereas
the calculation shows differences ranging from212% to
14%. It may be seen in Fig. 9~a! that the calculated dichro
ism atFM50 is about 40% but only 30% in the experimen
The calculated value is too high, which suggests eithe
deviation in the usedab initio dynamical parameter or a
lower degree of polarization in the experiment. The loc
minima and maxima of the difference curves shown in F
9~b! exhibit the same behavior in experiment and calculati

-

.
-
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FIG. 8. Atomic part of the Gd 4d dichroism in off-normal emission. Top row: Circular dichroism. Part~a! shows the MCDAD in single
electron description and part~b! shows the MCDAD injj coupling. Bottom row: Magnetic dichroism. Part~c! shows the CMDAD in single
electron description and part~d! shows the CMDAD injj coupling. ~Parameters areT50 K, for photonshn5450 eV, a570° and for
electronsQ520°, F5p.!
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Deviations are mainly due to the angular acceptance of
spectrometer, that smears the features out by integrating
a certain angular range. On the scale of the data prese
here, one may thus consider the many-electron sin
scattering description to be very accurate.

B. Temperature dependence of the dichroism

The dichroic signal also provides a measure of the m
netization of a particular sample, but only indirectly as w
be shown below. For example, a nonzero MCDAD implie
nonzero magnetization and a zero MCDAD for a directi
initially showing a nonzero effect also implies a zero ma
netization; however, if a direction initially showing zero e
fect is studied, there may be no sensitivity to a loss of m
netic order. Thus, with proper choice of geometry, followi
to measurements of the MCDAD signal as a function of te
perature should permit monitoring of the transition behav
and the magnetic transition temperature.

In the present case, we started with the sample coo
down to about 250 K and measured again pairs of spectra
two sets of data, that is, for opposite magnetization directi
or opposite light helicity, respectively. Since the change
magnetization as a function of temperature should be in
pendent of the emission angle, we chose a geometry
maximum signal. In this particular geometry~normal emis-
sion,FM50! the results do not depend on the measurem
mode, and we show MCDAD data taken in the fixe
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magnetization mode. From these spectra we get the ov
MCDAD value as described before, and these are plotte
Fig. 10 as a function of the sample temperature. The sam
temperature was measured indirectly by taking the temp
ture at a cold finger which touches the sample.41 The tem-
perature scale in Fig. 10~a! was finally derived from a cali-
bration of this reading with a thermocouple directly touchi
the sample surface. This procedure is rather delicate, e
cially in the case where the sample is rotated to change
magnetization axis, and therefore the temperature meas
ments may have a systematic error of the order of65 K.

From Fig. 10 one sees that the MCDAD signal decrea
with increasing temperature so as to reach approxima
zero at a temperature close to the Curie temperature for fi
of this thickness. For the highest temperatures, there is
proximately a 5% asymmetry offset from zero. This offs
may arise as follows: First, a slight orientational misalig
ment can lead to a diffraction induced MCDAD even abo
the Curie temperature. Second, differences in the intens
may occur with polarization when switching from the bea
above to below the storage ring plane, due to the differ
optical paths taken. Finally, the grazing incidence setup
the monochromator may lead to a small linear polarizat
that changes sign if the helicity of the initial photons fro
the storage ring is switched, leading to an additional LDA
as reported previously;83 however, the observed offset is als
of the order of the noise level~as described above! and does
not affect our discussion of the physics behind the tempe
ture dependence.
1-13
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R. DENECKEet al. PHYSICAL REVIEW B 65 245421
In order to illustrate the temperature dependence of
MCDAD we have included in Fig. 10 magneto-optical Ke
effect ~MOKE! measurements from Gd films of comparab
thickness~30 nm! of Farle and Lewis51 as well as measure
ments of the exchange splitting (DEExc) of the surface state
by Weschkeet al.39 found from photoemission and invers
photoemission experiments@8 nm on W~110!#. The MOKE
experiments are expected to be more bulk sensitive than
photoemission results or the exchange splitting of the sur
state. The latter are directly correlated to the magnetic s
of the surface. The MOKE curve indeed goes very close
zero as temperature reaches the bulk Curie temperatur
Gd films, whereasDEExc reaches zero at a noticeably e
evated temperature. In this context it should be noted
spin resolved inverse photoemission@10-nm film thickness
on W~110!# did not exhibit an enhanced surface transiti
temperature. This was attributed to possible different m
phologies in different films.84

There is, however, a variation of the apparent transit
temperature in the MCDAD data related to the cleanlines
the sample. For samples measured directly after the gro
process the transition temperature seems to be'20 K higher
than for the contaminated samples~taken up to 10 h after the
growth!. The latter samples were oxygen contaminat
mainly from residual gas adsorption, as found from the X
measurements. Indeed, this is not a controlled adsorption

FIG. 9. Scattering induced dichroism in Gd 4d off-normal emis-
sion. ~a! Comparison of the measured and calculated CMDAD
the 9D6 state from Fig. 7 after correction ofFM ~as assigned by the
experimental value! in the calculation by 7° atT5250 K ~dashed
lines represent the atomic like part!. ~b! Difference of the CMDAD
after subtracting the atomic like part~for details see text!.
24542
e

he
ce
te
o
of

at

r-

n
f
th

,
S
x-

periment but results obviously in a change of the quality
the surface. However, it is well known that oxygen alters
magnetic properties of the Gd~0001! surface.85 It should be
noted that the elevated temperature for the zero of
MCDAD was observable up to 5 h after preparing the Gd
layer. Well defined Gd~0001! tends to adsorb less oxygen
which highlights the high quality of the layer.

It is thus most probable that the elevation of the transit
temperature for the clean surface is associated with the
viously observed higher surface Curie temperature
Gd~0001!,36,38–41 an effect which has recently been su
gested to be due to interlayer relaxation at the cle
Gd~0001! surface.42 From the previously reported results fo
Gd using spin-polarized low-energy electron diffractio
~SPLEED!,36 one would in fact expect behavior such as w
observe, rather than a residual low-level signal above
bulk Curie temperature as seen in the more bulk-sensi
MOKE measurements; however, further measurements w
more carefully controlled surface cleanliness would be n
essary to confirm this interpretation of our results.

Finally, we address the important question of how t
dichroism is related to the temperature dependence of
saturation magnetization, at least in the molecular-field
proximation. We therefore compare in Fig. 10~b! the magne-
tization as derived from the molecular-field approximati
and the calculated normalized MCDAD of the9D6 multiplet
state with the MOKE and MCDAD experiments as an illu
trative case. After re-scaling the MOKE experiments fit ve
well to the saturation magnetization derived in t
molecular-field approach. Nevertheless, there are small
viations close to the Curie temperature, that is, close to
phase transition. The measured overall MCDAD has also
be re-scaled~after subtracting the aboveTC asymmetry off-
set of about 5%! in order to fit the asymmetry calculated fo
the J56 multiplet line. It is worth noting that the MCDAD
reflects the average orientation of the atoms and therefor
temperature dependence should be very similar for the o
all value and the most dominating line of the multiplet. T
MCDAD from the O contaminated surface, and such refle
ing more the bulk behavior, comes close to the calcula
MCDAD. Nevertheless, deviations are seen close to the t
sition temperature as was also seen in the MOKE meas
ments. Possibly some surface magnetization is remain
above the bulkTC even at the contaminated surface.

From the comparison of the calculations~saturation mag-
netization and MCDAD! as well as the different experimen
one clearly sees that the dichroism is not strictly proportio
to the magnetization, but remains higher and then chan
faster as the temperature comes closer toTC . This is seen
easily even though theT50 asymmetry does not reac
100% as the magnetization saturates. Of course,
molecular-field model may be oversimplified, but even
short-range order were present, one might expect the dic
ism to remain even higher asTC is approached. More quan
titative future studies of this aspect would also be interesti

These data thus represent a demonstration of the abilit
temperature-scanned dichroism in core photoemission to
tect the temperature variation of the magnetization as we
the ferromagnetic-to-paramagnetic transition. Future appl

f
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FIG. 10. Temperature dependence of the Gd 4d dichroism.~a! The overall MCDAD as obtained from 4d emission from Gd~0001! at a
kinetic energy of about 295 eV as a function of sample temperature. Shown are two experimental curves for different sample co
fresh surface~filled squares!, and an oxygen contaminated surface after'10 h in UHV ~open triangles!. The samples had a thickness of 28
nm and were annealed to 700 K. MOKE measurements~Ref. 51! from similar films of 30 nm thickness~dashed curves! and the exchange
splitting DEExc of the surface state~Ref. 39! ~dash-dot! are shown for comparison.~The solid lines through the MCDAD data are simp
guides to the eye.! ~b! Temperature dependence of the saturation magnetization and the magnetic dichroism of the9D6 state calculated for
a single magnetic domain of Gd and using the molecular-field model described in the text. The temperature is given on a reduced
the Curie temperature being assumed to beTC5292 K. The MOKE data of Ref. 51~open triangles! and the MCDAD data of the
contaminated sample~open circles! are shown for comparison.~All data have been re-scaled to be in the same order as the calcu
saturation magnetization or MCDAD, see text.!
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tions of this type seem to be very promising. Using measu
ments in fixed-helicity mode or in fixed-magnetization mo
is found to yield the same results if the correct geometry
chosen carefully. In principle one could also consider us
magnetic dichroism excited by linear or unpolarized photo
to measure the same temperature dependency. In this
one should bear in mind that these types of dichroism m
have a different dependency on the magnetization than
MCDAD, because different states are involved; however
order to detect the transition temperature either or both m
ods could be used.

V. CONCLUSIONS

For thick ~'100 ML’s! Gd~0001! films grown on W~110!,
we have measured magnetic circular dichroism in the an
lar distribution of Gd 4d photoelectrons using two differen
approaches~fixed magnetization or MCDAD and fixed he
licity or CMDAD !, with effects as large as650% being
observed. We have also modeled these effects using two
proaches: a single electron multiple-scattering photoelec
diffraction theory, including spin-orbit and exchange intera
tions as perturbations only in the initial states, and a fu
relativistic many-electron calculation to deal with the mul
plet structure, plus spin-dependent single scattering with
lowance for the magnetization of the sample as well as
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full crystalline symmetry in the scattering potential. For 4d
emission in the normal direction, we find that cross-chan
interference between the two allowedp andf final states has
a major influence on the angular behavior, which is ve
smooth and cosinelike in its azimuthal variation. Measu
ment of the MCD angular dependence with fixed magneti
tion and switching the photon polarization~MCDAD! is
found to yield different results from measurement with fix
light helicity and rotation of the sample magnetization
180° ~CMDAD!, indicating that care is needed in using th
often-simpler second approach. For off-normal emission,
4d data also reveal modulations superimposed on
smooth-curve behavior of about65% which are verified by
comparison with the calculations to be due to photoelect
diffraction effects beyond the atomic model. The similar
between the results of both calculations as integrated o
multiplet structure provide justification for using the simpl
single electron picture to calculate properties of the multip
as a whole, for which the more exact calculation would ne
much computation time. By contrast, our many-electron
proach is necessary to describe quantitatively the CMD
results as resolved for each peak in a multiplet. The cor
inclusion of temperature effects~Debye-Waller and initial-
state thermal populations! is also found to be important for a
quantitative description.

The above findings are important in future uses
1-15
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R. DENECKEet al. PHYSICAL REVIEW B 65 245421
MCDAD in order to derive magnetic properties, since t
magnitude of the effect varies with both the geometry of
measurement~thus being sensitive to any change in the o
entation of magnetization or short-range magnetic ord
e.g., as a function of temperature!, as well as emission direc
tion ~thus requiring allowance for additional diffraction e
fects in analyzing data and applying any sort of sum rule!. In
these respects, using such MCDAD in photoemission is m
demanding than using x-ray-absorption MCD~XMCD!,
which is inherently angle integrating and which thus min
mizes such effects. On the other hand, MCDAD is often
larger percent effect precisely because it does not angle
grate, and it has the further advantage of permitting m
precise state-specific MCDAD measurements, such as
have demonstrated here for Gd 4d emission. Finally, we
have demonstrated with the temperature-scanned data o
type that, with a high-brightness third-generation source
excitation and a high-luminosity electron analyzer, spec
can be accumulated rapidly enough to follow near-surf
magnetic phase transitions via MCDAD in core photoem
sion. These results provide some further evidence for an
evated surface Curie temperature on Gd~0001! and, with fu-
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ture improvements in both data acquisition speed
temperature determination, this type of measurement sh
provide a further probe of surface and shallow-interfa
magnetism.
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5J. Stöhr, J. Electron Spectrosc. Relat. Phenom.75, 253 ~1995!,
and references therein.

6G. van der Laan and B. T. Thole, Phys. Rev. B53, 14 458~1996!,
and references therein.

7M. S. Lubell and W. Raith, Phys. Rev. Lett.23, 211 ~1969!.
8U. Fano, Phys. Rev.178, 131 ~1969!.
9B. T. Thole and G. van der Laan, Phys. Rev. B44, 12 424~1991!;

G. van der Laan and B. T. Thole,ibid. 48, 210 ~1993!; B. T.
,

is-
,

st.

t.,

,

00,

ty,

c.

,

r.

c-

Thole and G. van der Laan,ibid. 49, 9613 ~1994!; G. van der
Laan and B. T. Thole,ibid. 52, 15 355~1995!.

10N. A. Cherepkov, V. V. Kuznetsov, and V. A. Verbitskii, J. Phys. B
28, 1221~1995!.

11G. van der Laan, Phys. Rev. B51, 240 ~1995!.
12G. van der Laan, E. Arenholz, E. Navas, A. Bauer, and G. Kaindl,

Phys. Rev. B53, R5998~1996!.
13J. G. Menchero, Phys. Rev. B57, 993 ~1998!.
14C. Westphal, J. Bansmann, M. Getzlaff, and G. Scho¨nhense, Phys.

Rev. Lett.63, 151 ~1989!.
15H. Daimon, T. Nakatani, S. Imada, S. Suga, Y. Kagoshima, and T.

Miyahara, Jpn. J. Appl. Phys., Part 232, L1480 ~1993!.
16C. Westphal, A. P. Kaduwela, C. S. Fadley, and M. A. Van Hove,

Phys. Rev. B50, 6203~1994!.
17A. P. Kaduwela, H. Xiao, S. Thevuthasan, C. S. Fadley, and M. A.

Van Hove, Phys. Rev. B52, 14 927~1995!.
18R. X. Ynzunza, H. Daimon, F. J. Palomares, E. D. Tober, Z.

Wang, F. J. Garcia de Abajo, J. Morais, R. Denecke, J. B. Kor-
tright, Z. Hussain, M. A. Van Hove, and C. S. Fadley, J. Electron
Spectrosc. Relat. Phenom.106, 7 ~2000!.

19G. H. Fecher, Jpn. J. Appl. Phys.38 ~Suppl. 1!, 582 ~1999!.
20Ch. Roth, H. B. Rose, F. U. Hillebrecht, and E. Kisker, Solid State

Commun.86, 647 ~1993!; Ch. Roth, F. U. Hillebrecht, H. B.
Rose, and E. Kisker, Phys. Rev. Lett.70, 3479~1993!.

21M. Getzlaff, Ch. Ostertag, G. H. Fecher, N. A. Cherepkov, and G.
Schönhense, Phys. Rev. Lett.73, 3030~1994!.

22C. M. Schneider, U. Pracht, W. Kuch, A. Chasse, and J. Kir-
schner, Phys. Rev. B54, R15 618~1996!.

23A. Fanelsa, R. Schellenberg, F. U. Hillebrecht, E. Kisker, J. G.
Menchero, A. P. Kaduwela, C. S. Fadley, and M. A. Van Hove,
Phys. Rev. B54, 17 962~1996!; R. Schellenberg, E. Kisker, A.
Fanelsa, F. U. Hillebrecht, J. G. Menchero, A. P. Kaduwela, C.
S. Fadley, and M. A. Van Hove,ibid. 57, 14 310~1998!.

24D. Venus, Phys. Rev. B48, 6144~1993!; 49, 8821~1994!.
25G. H. Fecher, J. Braun, N. A. Cherepkov, L. V. Chernysheva, Th.
1-16



fe

C.

.

an

e,

in

gn

er

v.

lin

m

H
R

-

ro

J.
Va

,
. S
;
97
L-

ch

-
A.

, J

r-

er.

ys.

se-
om.

ron

S.

y,
o.

osc.

rosc.

.
ron

and

. S.

an,

dl,

A.

ANGULAR AND TEMPERATURE DEPENDENCE OF THE . . . PHYSICAL REVIEW B 65 245421
Jentzsch, J. Morais, A. Oelsner, Ch. Ostertag, J. Paul, H. U
and G. Scho¨nhense, Eur. Phys. J. B11, 161 ~1999!.

26N. A. Cherepkov, Phys. Rev. B50, 13 813~1994!.
27C. M. Schneider, D. Venus, and J. Kirschner, Phys. Rev. B45,

5041 ~1992!; D. Venus, L. Baumgarten, C. M. Schneider,
Boeglin, and J. Kirschner, J. Phys.: Condens. Matter5, 1239
~1993!; D. Venus, W. Kuch, A. Dittschar, M. Zharnikov, C. M
Schneider, and J. Kirschner, Phys. Rev. B52, 6174~1995!.

28F. U. Hillebrecht, H. B. Rose, T. Kinoshita, Y. U. Idzerda, G. v
der Laan, R. Denecke, and L. Ley, Phys. Rev. Lett.75, 2883
~1995!.

29C. M. Schneider, Z. Celinski, M. Neuber, C. Wilde, M. Grunz
K. Meinel, and J. Kirschner, J. Phys.: Condens. Matter6, 1177
~1994!.

30C. S. Fadley, inSynchrotron Radiation Research: Advances
Surface and Interface Science, edited by R. Z. Bachrach~Ple-
num, New York, 1992!.

31N. A. Cherepkov and G. H. Fecher, Phys. Rev. B61, 2561~2000!.
32S. Gorovikov, S. Bode, K. Starke, and G. Kaindl, J. Magn. Ma

Mater.198-199, 665 ~1999!.
33X. Gao, M. Salvietti, W. Kuch, C. M. Schneider, and J. Kirschn

Phys. Rev. B58, 15 426~1998!.
34K. Starke, E. Navas, L. Baumgarten, and G. Kaindl, Phys. Re

48, 1329~1993!.
35E. Arenholz, Ph.D. thesis, Wissenschaft & Technik Verlag, Ber

1996.
36D. Weller, S. F. Alvarado, W. Gudat, K. Schroeder, and M. Ca

pagna, Phys. Rev. Lett.54, 1555~1985!.
37H. Tang, D. Weller, T. G. Walker, J. C. Scott, C. Chappert,

Hopster, A. W. Pang, D. S. Dessau, and D. P. Pappas, Phys.
Lett. 71, 444 ~1993!, and references therein.

38Dongqui Li, L. Pearson, S. D. Bader, D. N. McIlroy, C. Wald
fried, and P. A. Dowben, Phys. Rev. B51, R13 895~1995!.

39E. Weschke, C. Schuessler-Langeheine, R. Meier, A. V. Fedo
K. Starke, F. Huebinger, and G. Kaindl, Phys. Rev. Lett.77,
3415 ~1996!.

40S. R. Mishra, T. R. Cummins, G. D. Waddill, K. W. Goodman,
G. Tobin, W. J. Gammon, T. Sherwood, and D. P. Pappas, J.
Sci. Technol. A16, 1348~1998!.

41E. D. Tober, F. J. Palomares, R. X. Ynzunza, R. Denecke
Morais, Z. Wang, G. Biino, J. Liesegang, Z. Hussain, and C
Fadley, Phys. Rev. Lett.81, 2360~1998!, and references therein
E. D. Tober, Ph.D. thesis, University of California Davis, 19
~Lawrence Berkeley National Laboratory, Report No. LBN
40442!.

42A. Shick, W. E. Pickett, and C. S. Fadley, Phys. Rev. B61, R9213
~2000!.

43G. Panaccione, P. Torelli, G. Rossi, G. van der Laan, M. Sac
and F. Sirotti, Phys. Rev. B58, R5916~1998!.

44Z. Hussain, W. R. A. Huff, S. A. Keller, E. J. Moler, P. A. He
imann, W. McKinney, H. A. Padmore, C. S. Fadley, and D.
Shirley, J. Electron Spectrosc. Relat. Phenom.80, 401 ~1996!.

45C. S. Fadley, M. A. Van Hove, Z. Hussain, and A. P. Kaduwela
Electron Spectrosc. Relat. Phenom.75, 273 ~1995!.

46M. Farle, A. Berghaus, and K. Baberschke, Phys. Rev. B39, 4838
~1989!.

47G. Andre, A. Aspelmeier, B. Schulz, M. Farle, and K. Babe
schke, Surf. Sci.326, 275 ~1995!.
24542
r,

.

,

B

,

-

.
ev.

v,

c.

J.
.

i,

.

48A. Berger, A. W. Pang, and H. Hopster, J. Magn. Magn. Mat
137, L1 ~1994!.

49A. W. Pang, A. Berger, and H. Hopster, Phys. Rev. B50, 6457
~1994!.

50E. D. Tober, R. X. Ynzunza, C. Westphal, and C. S. Fadley, Ph
Rev. B53, 5444~1996!.

51M. Farle and W. A. Lewis, J. Appl. Phys.75, 5604~1994!.
52R. Denecke, J. Morais, R. X. Ynzunza, J. G. Menchero, J. Lie

gang, and C. S. Fadley, J. Electron Spectrosc. Relat. Phen
101-103, 263 ~1999!.

53J. Henk, A. M. N. Niklasson, and B. Johansson, Phys. Rev. B59,
13 986~1999!.

54A. P. Kaduwela, D. J. Friedman, and C. S. Fadley, J. Elect
Spectrosc. Relat. Phenom.57, 223 ~1991!.

55M. A. Van Hove, A. P. Kaduwela, H. Xiao, W. Schattke, and C.
Fadley, J. Electron Spectrosc. Relat. Phenom.80, 137 ~1996!.

56J. G. Menchero, Phys. Rev. Lett.76, 3208~1996!.
57J. J. Rehr and R. C. Albers, Phys. Rev. B41, 8139~1990!.
58J. G. Menchero, Ph.D. thesis, University of California Berkele

1997 ~Lawrence Berkeley National Laboratory, Report N
LBNL-40384!.

59G. van der Laan, Phys. Rev. B55, 3656~1997!.
60M. P. Seah and W. A. Dench, Surf. Interface Anal.1, 2 ~1979!.
61V. Hinkel, L. Sorba, and K. Horn, Surf. Sci.194, 597 ~1988!.
62S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal.11,

577 ~1988!; 17, 911 ~1991!.
63S. M. Goldberg, C. S. Fadley, and S. Kono, J. Electron Spectr

Relat. Phenom.21, 285 ~1981!.
64R. D. Cowan,The Theory of Atomic Structure and Spectra~Uni-

versity of California Press, Berkeley, 1981!.
65R. D. Cowan, J. Opt. Soc. Am.58, 808 ~1968!; 58, 924 ~1968!.
66G. H. Fecher, Europhys. Lett.29, 605 ~1995!.
67J. Braun, Rep. Prog. Phys.59, 1267~1996!.
68B. Ackermann and R. Feder, J. Phys. C18, 1093~1985!.
69J. B. Pendry,Low Energy Electron Diffraction~Academic, Lon-

don, 1974!; Surf. Sci.57, 679 ~1976!.
70R. Trehan, J. Osterwalder, and C. S. Fadley, J. Electron Spect

Relat. Phenom.42, 187 ~1987!.
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