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We present experimental and theoretical results for the angular and temperature dependence of magnetic
circular dichroism in Gd d core-level photoelectron emission from a(G@01) 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 approacfiesd magnetization with variable light helicity and
fixed light helicity with rotated sample magnetizaticand 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 resg@kgtioo me\j, 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 4 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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[. INTRODUCTION Raith’ on oriented Cs atoms; these provided experimental
verification of Fano’s proposal of induced spin polarization if
Magnetic dichroism in core-level photoelectron emissioncircularly polarized light is used for excitatidnFrom the
from solids represents an element-specific probe of surfacatomic point of view, any atom with an unfilled shell, in
and interface atomic structure and magnetic order that is noyarticular with unpaired electrons, is magnetic. If Cs atoms
finding wider usé® It is especially attractive because it are state selecte@.g., 2S;,, M;=—13) by a Stern-Gerlach
does not involve time-consuming spin-polarization analysisfield and the orientation is preserved in a homogeneous mag-
as compared to some other photoemission techniques usedrietic field, one will measure a difference in the emitted in-
study magnetisrfi This feature is shared with x-ray magnetic tensity if switching either the direction of the magnetic field
circular dichroism(XMCD) in absorption spectroscopy, a or the helicity of the photons, even if the spin of the electrons
somewhat more bulk sensitive technique which is used tés not measured. We review this classic result to point out
determine magnetic moments by employing various sunthat magnetic dichroism in photoemission is at first sight an
rules®® In its most precise form, magnetic circular dichroism atomic phenomenon and note that atomic theoretical models
in angular distribution§MCDAD) measures such effects by have been used successfully to explain many aspects of
using photoelectrons excited with circularly polarized radia-MCD data®*® Such models will not, however, predict the
tion, and noting that photoemission intensity with right- correct intensities or the resulting dichroism or temperature
circularly polarized(RCP light is different from that with  dependence of measurements taken from ferromagnetic solid
left-circularly polarized(LCP) light.! samples unless the basic elements of the solid state are in-
The earliest experiments in magnetic circular dichroismcluded. This includes, for example, the scattering of the pho-
(MCD) using photoemission were conducted by Lubell andtoelectron in leaving the sample, resulting in photoelec-
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tron diffraction(PD), an effect that we explicitly consider in with the latter providing a useful tool for studying magnetic
the present study. transition temperatures in the future. Such temperature-

It should also be mentioned that there exists a circuladependent measurements are especially interesting for Gd,
dichroism in the angular distribution of photoelectronssince there are several reports of an enhanced transition tem-
(CDAD), even for nonmagnetic or nonmagnetized perature for the Surfaéé,_“ and a recent theoretical discus-
samples*~° These effects are always linked to photoelec-Sion of its possible origin in interlayer relaxatiéhbut still
tron diffraction, they prevail in the data presented here, an§Ome controversy over its cause. Since photoelectron spec-
they should be taken into account for a fully quantitativerOSCOPY can be tuned to be more or less surface sensitive by
analysisi®16 |t was recently showt that the nonmagnetic choosing the correct energy, core-level MCDAD thus offers
part of CDAD influences both the magnetic dichroism and® Powerful way to study such effects. One should, however,
the spin polarization of photoelectrons. In particular it was@/SO keep in mind that the dichroism itself may strongly de-
shown that CDAD is a more general phenomenon being inP€nd on the photoelectron energy, as has been stiewyn
dependent of the electron spin or the sample magnetizatiofor MLDAD) for thin Gd layers on F& These results should
The calculations reported in the present work will includethus provide a firmer foundation for the analysis and use of
such effects. It should be noted that magnetic dichroism maguch dichroism in photoemission for the study of magnetic
also be measured in photoemission using linearly polarizegYStems.
radiation(MLDAD ),?° as well as unpolarized radiation from
laboratory sourcedJMDAD, also referred to as MUDAD in
some papejst—23

The spin-integrated photoelectron intensity in a certain The experiments have been performed on bend-magnet
emission direction also in general depends on the direction dieamline 9.3.2 at the Advanced Light Soufé¢.S) in Ber-
the magnetization in a magnetic material. In fact, if the magkeley, CA* using the advanced photoelectron spectrometer/
netization lies in a mirror plane perpendicular to the surfacediffractometer(APSD) end statiorf® Photoelectron spectra
then inverting its direction can provide a second way of meawere measured with a Scienta SES-200 electron analyzer,
suring MCD. This difference may be indicated by calling thiswith an overall photon-plus-analyzer energy resolution of
type of experiment circular magnetic dichroism in angularabout 0.1 eV and angular resolution of abdti°. A special
distribution (CMDAD), following suggestions by Venéfs  feature of this end station is the ability to rotate the analyzer
and Fecheretal®® As has been shown in previous relative to the incoming photon beam and independently of
publications?® there are certain angular dependencies assocthe sample. This enabled a change of the electron emission
ated with MCD in photoemission which come from the in- angle without changing the light incidence angle on the
terplay of the different vectors involve@amely the magne- sample. All spectra shown have been taken at a photon en-
tization direction, the polarization of the incoming light, and ergy of about 440 eV, yielding Gddphotoelectron energies
the electron wave vectpand from interference effects be- of 298 eV for the dominatingDj line of the multiplet, simi-
tween different photoemission channels allowed by dipoldar to previous measuremerifsThis energy is sufficiently
selection rules. Such angular-dependent effects have, for ekigh to assure that the photoemission process is taking place
ample, been measured in magnetic circular or linear dichroin the sudden limit, as assumed in our subsequent many-
ism in angular distributiodMCDAD or MLDAD ).?"?®Pho-  electron theoretical treatment. The helicity of the photons
toemission electron microscop§PEEM) techniques have may be chosen at this beamline by moving an aperture above
also used this angular variation as a contrast mechaftism.or below the plane of the storage ring, with the degree of
Beyond this, it is well known that by varying the emission circular polarization being about 80—85%In the experi-
direction of the photoelectrons one may also probe the geanents presented here, we have largely used RCP light and
metric structure of the sample. Consequently, dichroism dathave obtained the CMDAD signal by inverting the magneti-
have to be interpreted also in terms of photoelectrorzation direction; however, in some measurements we also
diffraction® so as to allow for final-state scattering of the used a fixed magnetization direction and measured the
photoelectrons in leaving the sample surface. Such diffracMCDAD by switching the light helicity. For certain
tion effects have been shown to be important in understandgeometries, both experiment and theory show significant dif-
ing CDAD,**~83! MLDAD,?® MCDAD,* or UMDAD ferences between these two procedures, as discussed further
(Refs. 23 and 3Bmeasurements. below.

In this work, we present experimental data and theoretical The samples used were thin films of Gd evaporated at
calculations for magnetic and circular dichroism id dore-  room temperature onto a clean W10 substrate, with the
level photoemission from GA00Y). Although very strong pressure being about>310 ° mbar during evaporation.
dichroism in both 4 and 4f core-level spectra has been The thickness of the Gd films in monolayefi§lL's) was
observed before for this systeénteading to considerable in- chosen to be 100 ML'$287A4) in order to ensure in-plane
terest in it for magnetic studi€é;*® its angular dependence magnetizatiorf®~*° and final annealing at 700 K to ensure
has not been studied in detail previously, particularly in com-monatomically flat surfaces:*° The cleanliness and crystal-
parison to different levels of theoretical description. Furtherdine order of the substrate and the final flms were checked
more, we have been able to resolve the dichroism accordingefore and after MCD measurements by x-ray photoelectron
to the individual 4l-hole atomiclike multiplets involved, and spectroscopy(XPS and low-energy electron diffraction
also to study the temperature dependence of such MCDADQLEED). The Gd films have been studied with remanent in-

II. EXPERIMENT
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FIG. 1. The general experimental geometry as described in the
text.
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plane magnetization, as induced by iarsitu magnetic field 9
of about 200 G applied along a high-symmetry direction of °—Q 15
the [1010] type containing a mirror plane of the crystal. = 0

Unless temperature was specifically a variable, the samples 2
were kept at about 250 K throughout the measurements, wel
below the transition temperature for films with this thickness
(Tc=292K).5!

During photoemission measurements, the light impinged 7
on the sample with an angle of incidencewf 70°, that is <
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20° relative to the surface plane. The experimental geometry g 0 s I l |

is shown in Fig. 1; the photon incidence directign the = - W
surface normah, and the photoelectron wave vectoall lie -0.05 | .

in a plane. The photoelectrons were collected either in nor- 580 285 200 205 300

mal emission or off-normal emission at a polar angleBof
=20° with respect to the surface normal, simply by moving
the electron analyzer. The sample was rotated stepwise about o o
its surface normal so as to vary the azimuthal emission angle F'C: 2. Magnetic dichroism in Gddiemission.(a) Gd 4d core-

with respect to the crystal. Dichroism measurements via inievel P::Otoem'fs'on. spectra ;a"ef‘ ata EhOFon lenerg?/ O.f a:(?.UthMO
version of the magnetization were done simply by rotatingix wit I_g?rma emtussmfn_w”a; _uslung ng ttc"(rcu ar.tﬁoﬂ?r'ze '? t
the sample by 180° around the surface normal. The azi- e solid-line spectruntfilled circles was taken wi € sample

. . magnetization maximally parallel to the azimuth of the light inci-
muthal angle varied in the angle-dependent spectra showtpence direction ®,,=0), and the dotted-line spectrurfopen

b.EIOW_ (®w) is thus aiso the fingle between t_he_ magnetizatior&ircleg with a maximally antiparallel arrangemen® (,=180°).
dlre_ctlons and the plane of incidence containqg, andk._ (b) The curve plus data points represent the normalized difference
Typical measured spectra and the CMDAD result derivedyr cmMpAD asymmetry of the data ife) (for details see text (c)
from them, are shown in Figs.(& and (b), with more de-  Result of a theoretical atomic calculation including multiplet split-
tailed discussion below. Further experimental details can béng, according to the theory described in Sec. Ill B, which shows

2 ; . :
found elsewheré? excellent detailed agreement with the curve(bin

Kinetic Energy E _[eV]

2 (I maxt+ 1)>=98 scattering phases to account for the total an-
gular momentunj and the lifting of them; degeneracy. This
We have here used two different theoretical approaches teesults under the same conditions in about 16 times more
simulate the magnetic dichroism associated with Gil 4 parameters that have to be calculated self-consistently. In
emission: a nonrelativistic single electron model and a full-addition, this estimation does not include the different kinetic
relativistic many-electron model. As an initial comment onenergies of the particular lines of the multiplet.
the difference between these two approaches, it may be noted Both types of calculations use a three-step scheme, which
that the number of input parameters increases tremendoushas already been used to describe core-level photoemission
in the full-relativistic calculations. In the nonrelativistic case, very well. The first model, which has briefly been discussed
we need for the @ emission only two complex matrix ele- before>? treats spin-orbit splitting and exchange splitting in
ments for finalp andf channels and,,,,+1=7 scattering the initial state as perturbation and uses multiple-scattering
phases if we allow, for examplé,,.,=6 as a maximum of cluster diffraction calculations to describe the final-state out-
the orbital momentum of the partial waves for the scatteringgoing electron; however, since it is a single electron theory, a
At the same time we need in the relativistic full potential distinct multiplet description is not used. By contrast, calcu-
case up to 30 complex single-particle matrix elements anthtions are also presented treating the multiplet nature in a

Ill. CALCULATIONAL DETAILS
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relativistic many-electron way, and, moreover, dealing with  To simulate the G002 surface, we used a cluster with
full potential relativistic scattering, but in a simpler single- four layers of atoms, and an emitter placed in each of the
scattering picture of the outgoing electron. The two ap-ayers. Each cluster consists of 182 atoms and has threefold
proaches discussed here thus complement the recent work ootational symmetry about the surface normal; however, to
MCD in 3p photoemission from Fe and Ni by Heek al,>®>  account for the steps that are present in any macroscopic
which uses a single electron approach but with full-sample and the two domain types thus resulting, we have
relativistic multiple scattering. We will next introduce both used two cluster types, witABAB and BABA stacking.
calculation schemes and compare their results and compl&/hen intensities are averaged over both cluster types, the

mentary conclusions. system acquires the sixfold rotational symmetry that is ob-
served experimentally. Multiple scattering was allowed up to
A. Single electron, multiple-scattering cluster calculations seventh order.

The kinetic energy of the photoelectrons in the crystal was
taken to be 295 eV; i.e., close to the average measured ki-
netic energy for the Gd'°D multiplet. An inner potential of
o0 eV was used, so that the electron kinetic energy inside the
surface was increased by this amount in the calculations, and
refraction effects at the surface were included. The photo-
electron inelastic scattering was included via an attenuation
éength d 8 A as determined from the so-called universal

In this section we will discuss multiple-scattering cluster
calculations including spin-orbit and exchange splitting in
the initial state’*~°° The diffraction effects were calculated
using the Rehr-Albers separable representation of the scatt
ing matrix>’ The MCD was calculated using the single elec-
tron approach discussed by Menchero for lanl core
level ® but generalized here to include emission fromlan

=2 core level. We have not in this approach considered th
- ; o : ; curve for elements due to Seah and Deffttt,and checked
detailed multiplet splitting, spin and orbital angular momen against the value calculated from the “TPP-2M" formula of

tum couplings, and configuration interaction effects tha : . o
have, for example, been included in previous modeling of Gél’arumaa POV‘I'.ek”’ an(jthPesiﬁfll'h,e light wast nght;e(;hzgcally

4d MCDAD data at a fixed emission directidhwhich we Booacr)lze d(p —Ioef)39w1l'h 0 els garar(;le er$. =Y. " 52 )
will term purely atomic. Rather, we have approximated in a_ ~""" anas;=0.69. The angular broadening was chosen 1o

first step all of these effects through a simple spin-orbit split- exrs’to S|mglate the resc_)lutlon of the elgctron a_nalyzer.'
ting of the 4ds;, and 4, levels and an effective exchange The scattering phase shifts were determined using muffin-

field splitting of the fourm; sublevels ind and the six sub- tin potentials.” In our calculations we used the paramag

levels in 3, as obtained previously from similar analyses of :L(?/v“g(,j ?grnéifggftg n%rﬁz? :Tgﬁ;"g'n' d\gr?t Zgﬁerr]iilth?/:/hagn
2p spectra of 8 metalst*>°8Therefore, although the single 9 P P 9-

electron approach considered here is not intended to repréi‘—aSt cases were run with pseudoferromagnetic phase shifts

duce the complicated multiplet structure of the individual using different scattering potentials for spin-up and spin-

photoelectron energy distribution curves contributing to?eorgﬂis;ecggznzsb%;i?:; (:";ﬁasnplzaorbblt (l)r;tlerﬁ]ct;ﬁg,otrdee:néf
MCDAD, we do expect that it should provide a simple de- ' y 9 y only

o .
scription of the overall ensemble of states and the angulaz?’bOUt 1%. Such differences may be safely neglected when

variation of its intensity and dichroism, explaining most fea_co;nparfegot; ”_I]_i cglc&glga;edl aiymmtlatr|e§[,_wh;ch are of the
tures induced by photoelectron scattering. By thus treatingr derﬁ Oﬁ'ft ¢ mf |V|thuatc afrjnel Ti nx;:emelrits)(

the core level as having two spin-orbit split parts, each o nad phase shr s&) for the wo final-state ¢ anneis were
which is split by the exchange interaction into j(21) determined using the Manson program as described by Gold-

states, the intensity for any of the resulting jem states and berg_, OFgglﬁez’ ;nd_ ; ggf W'tz ;he_rfszlg; Rﬂ'p:hoqu’

for any photon polarization may thus be determined. Not d;{f; that th d’pl_t' /9, an d'f_d. ¢ B S touf th ©
that since we do not intend to actually predict spectral inten!10t€d that the relative %ne_rgy spread o part ot the
sities as a function of energy, we do not in fact have toUlliPIetis less than 1.5% in the measurements. We checked
specify the spin orbit or exchange splitting quantitatively. Itby calculatllons using a “wrong .klnetlc energyeversed
should be emphasized, however, that we have in this a evel ordering that a maximum difference in the asymme-

’ ’ H 0, 0, i
proach included both the and f final-states channels al- ries of about 2% may occur at a 60% levdepending on

lowed ind emission and that we have explicitly included thethe, type of dlch_r0|sm, angles, ecwhich IS Ies_s than the
interference between these channels. In fact, it is found th stimated experimental error. The explanation is that none of

this so-called cross-channel interference accounts for most &< radial integrals or phases changes more than 1% within
the angular variations seen in the atomic theoretical model@e energy range of th&D part of the multiplet.
of all types of magnetic dichroisaf;!323:58:59

Following the scheme as used by Menchrae finally

- ’ B. Many-electron, full-relativistic single scattering
obtain the overall CMDAD magnitude from

cluster calculation

2(j,mplGmy) =1, =mp)] As a starting point for the second set of calculations we
Xcmpap= 100 S 1G.m , (1) use the multiplet theory of Cowdfi.That is, we calculated
(1ot U1y the energy spectra using intermediate couplin§J or JJ)
with the sum in the numerator being only ovien; states by treating both spin-orbit and exchange splitting as pertur-
with m;>0. This procedure is therefore very similar to the bations. We use in the following always the easier to handle
analysis of the experimental data. and more common Russel-Saunders notafioftL ; even if
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starting fromjj and not fromLS coupling. For the purpose into Dj; we find that the overlap portion of the matrix ele-
of the first step of the calculations, Cowan’s progfamas  ment for transitions from the initial to the final state is given
modified to account only for such intermediate states durindpy

the coupling of the electrons that giis,, for the state of " |

the first parity(as defined by Cowan in Ref. fand "D, (Dl jm | Pi)=(yIMy[im | ¥IMy)

(or their JJ coupled pendantdor the core hole before cou-

pling the free electron to the created ion. The latter coupling _ —qitm M it 4
results in the overall state of second parity. The restrictions  23+1 JMJ,Jm,-< I5712) @

to the 8S ground state are also chosen to ensure that the ™
restrictions of the sudden approximation are justified. Bewith ij im: being a Clebsch-Gordan coefficient and
|

cause we would like to perform relativistic calculations for<J||j*r||J> being the reduced matrix element of the electron

the angular distributions, we did not fit the spin-orbit or creation operator. Here the hole creation oper:i\ﬁg%rbe—

atomic exchange parameters to the experiment but used in- : . .
stead the calculated values as given in Ref. 64. These valu§@Mes replaced by the fermion creation opergtorand y

are found to lead to a good agreement between the measuréd Y aré used as substitutes for all quantum numbers being
and calculated spectra with respect to the splitting of theomitted for convenience. The reduced matrix element of the
states and their intensifgee Fig. 2c) and later discussion of electron creation operator is simp(|j¥|Jd)= Vx(2J+1).

it]; and it should be noted that by starting with the Diracx=2j+1 is the initial occupation of the ionized shell with
equation there is no possibility to parametrize the spin-orbitotal angular momentury here we have in particular=6

interaction, because it is an intrinsic property. for ds, andx=4 for ds,.

As reported previousl§, the use of nonrelativistidl,s) The square of the Clebsch-Gordan-coefficients in(Bp.
wave functions leads to unsatisfactory results in explaining _ M
the angular dependency of the CDAD or MCDAD in emis- n(j ,mj)Z[Cj,(,.j,jmj]z, )

sion from rare-earth metals. In particular such wave func- i , . .
tions even fail to explain the Fano effdcTherefore we May be interpreted as an effective partition number, giving

chose a relativisti¢j,m;) basis set for the calculation. the probability that a single-particle initial staem;) takes
The dipole matrix element for excitation of atoms with Part in the transition from the ground statg into the final
coupled electrons in the sudden approximatidrf4s core-hole stateb;. This partition number determines also

the possible free-electron stateés of Eq. (2) via the dipole
selection rules.
Dit= 2 (D[1T|D;) (el eor|ehy). ) For clarity here, we note that the terms initial and final
Mo, state have slightly different meanings in the single-particle
and many-particle theory. Here, we use the term “initial” for
a unigue many-particle electronic state of the atom or ion
Before photoexcitatior{usually the ground state with the
bound electronand the term “final” for all states after the
otoexcitation(the excited state of the ionized atom with
the final free electron Looking ahead, however, we note
that the different magnetic sublevels of the initial state may
IT fact be populated if the temperature is high enough.
In order to calculate the angular resolved intensities and
he MCDAD, and in particular to include photoelectron dif-
. . . : fraction, we need the angular dependent amplitudes rather
We use an RE" rare-earth ion as starting point, that is all than the intensities and energies as calculated by Cowan'’s

. , J 1
couplings to the electrons going to baris” and 5d°) are o0am The photon-polarization resolved single-particle
neglected. Therefore the following states for the coupled N A trix elements ¢|r| &) are defined by the radial integrals

tial and excited states of the ion are ugsde also Refs. 9 R: 1=(¢|r| ) and final state phase . Both were calcu-

and 64: lated in the averaged configuration approximation using a
relativistic self-consistent field program accounting for the
single electron transitions &4,— e(P12,P32,f52) and
Ads,— e(Pap. 5. f72). We find approximatelyall calcula-
tions are using the kinetic energies as observed in the experi-
where x is the initial occupation of thenl subshell being Mentfor each |nd|V|d3/léa1I/2!|_n)e‘orthe 732%?2? of the muétllszIgt
ionized andy is the occupation of the operf 4hell. Here we ~ the radial integraly ; _0'0723’Rd,p'/2 1_/29'0667'Rd)5'3/2
have in particularx= 10 for creation of a core hole in the =0.129, and the final-state phase§;'*=2.82, 53y

filed 4d subshell ang/=7 in the case of Gd. The states may =2.64, 83 >*=3.91, that are slightly different from those of
be recoupled as described in Ref. 64, if necessangdn the °D part: R}2%%0.0678, R}%°%=0.138, R}?™
coupling we remove the electron from a shell with total an-=0.135, anddy5¥%=2.62, 53 7°%=3.91, 5 7""*>=3.89 (the
gular momentunj =1=s rather thar. Inserting these states lower indicesl, |, assign the orbital and the upper indices

Here®; and®; are the states describing the coupled ini-
tial state and the coupled final state after creation of a cor
hole in the shell with angular momentumand 1" is the
associated hole creation operator. The remaining part is t
usual length form of the dipole matrix element in a single-
particle descriptioM;; = £- { ¢¢|r| ¢;), where the photon po-
larization is separated out because it does not depend on t
radial integration. The overlap integréab,|I T|®;) is related
to the spectral function in the many-body treatment of pho-t
toemission.

®;=|RET4fnI*"LSI M;);

®;=|RE* 4PN ILST M), 3
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i1, |2 the total angular momenta of the initial- and final-statefor the intensity and the magnetic dichroism of the lines of
guantum numbejs It should be noted that the parametersthe multiplet. In principle this mixing may be performed on
depend not only on the kinetic energy for a particular transithe single electron states from the above-mentioned calcula-
tion but also onm; (and not only onl andj) due to the tion as well so as to yield multiple-scattering effects.
crystalline symmetry and the magnetization. The relative Multiple scattering is omitted here on the one hand be-
phases are close to the values derived in the nonrelativisticause of the tremendous number of scattering phases needed
approximationsee above Larger differences in the absolute and on the other hand because it influences the dichroism
values of the radial integrals are due to a different definitionrmuch less than the intensity itself, which may more easily be
of constants entering the matrix element and the total crosound from symmetry considerations as shown in Ref. 31.
section. The angular dependent photoelectron amplitudes d&verall, the results given below show that a three-step model
rived by means of those final states are used as a startingith single scattering is sufficient to explain the present data.
point for the spin-dependent single scattering cluster calcufhe calculations to be compared later with the experimental
lations as described in Refs. 19, 31, and 66. results were performed in the geometry as described in Sec.
The amplitudes of the outgoing photoelectrons are dell. In particular, a cluster of 50 atoms was used, allowing
scribed in the single-scattering cluster approximation by amission from the four topmost layers. As in the spin-
coherent superposition of the direct wave with all wavesindependent multiple-scattering calculations, both possible
scattered singly by the atoms of a given cluster. In contrast tstacking orderfABAB and BABA of the hcp crystals are ac-
previous approaches, the amplitudeg of the direct andV; counted for, resulting in eight different geometrical configu-
of the scattered waves here are spinors: rations overall. The topmost layer was assumed to couple
ferromagnetically to the bulk.
N A One also has to include temperature variation if compar-
\P:\PO(kHE S, @) Wik, Fi) ing the results of calculations wri)th measurements. The Fem-
perature influences the intensities as well as the dichroism
a S v mainly for t First, the lattice vibrati ill
0 i | i y for two reasons. First, the lattice vibrations wi
:(/3’0 t2 (8,21 S|22>(ﬁi T, 6 smear out the scattering induced features in the intensity.
Second, the orientation of the atoms is lowered by thermal
where we have accounted for th&rge component of the motion of the atomic magnetic moments. If the latter effects
relativistic wave functions only. The amplitudes depend onare not accounted for, the calculations correspond to mea-
the direction of emissiof and the position of the atonfs ~ Surements al =0 K. .
for the direct and the scattered waves, respectively. The usual The temperature effect on the scattering caused by ther-
scattering amplitude is replaced by &2 matrix which de- Mal fluctuations may easily be allowed for by introducing a
pends on the polar and azimuthal scattering angles. Due fgebye-Waller factol; in the scattering matrif®’
the magnetization of the sample, the scattering amplitude _
need no longer to be of cylindrical symmetry with respect to S(T)=S-Wi(T), @)
the direction of the incoming electronk; accounts for in-  where
elastic processes and differences in the path between the
emitting and scattering atoms. The intensity is finally given W, =exp{ —w,[1—-cog®;)]}
by the absolute square of the amplitudes averaged over bolhq@, is the scattering angle at thith atom. In addition to
spin directions, since the spin is not resolved in the presenhe temperature, the Debye-Waller factor includes the mean
measurements. The scattering phases used for the photoel@gsmentum transfer and displacement associated with the ki-

tron diffraction step are calculated by a relativistic full po- yetic energy of the electrons and the massof the atom.
tgntlal method mclud_mg_ exchange, as is well known_from-l—he exponential factor for the correction is given by
single-step photoemission calculatid?$® The potential

used to determine the relativistic scattering phases is self- 3ExinT .

consistently derived. Our algorithm allows inclusion of the Wa= gz = 1.78<107 - T[K], ®
full solid-state symmetry and no assumption of spherical a"B’D

symmetry as in muffin-tin methods needs to be made. Thassuming a kinetic energy of aboH};,=295 eV as in the
combination of crystal field and exchange interaciidne to  experiments, and a Debye temperature for Gd &f
the magnetization of the sampleesults in scattering phases =200 K as found in the literaturé.Extensions of the model
that depend on the total angular momentuamnd its projec- to include lattice vibrations may be found in Ref. 72.

tion m; and not only on the orbital angular momentlums Calculating the second effect of temperature on the orien-
a result, all four components of the scattering matrix aregation of the atoms in the initial state is a little more compli-
different. cated. It is assumed that we are in the thin-film limit, so that

The amplitudesV, and ¥; of the emitted electrons are only one single magnetic domain exists. Without external
calculated from full-relativistic single-particle matrix ele- field and below the Curie temperatufe, the magnetization
ments[similar to the second part of ER)] using the phases is given by the saturation magnetizatitbh,,(T) depending
and radial integrals as given above. The final amplitudes andn the temperature. In the molecular field approximation,
intensities so derived are mixed according to the multiplethis magnetization is connected to an internal magnetic field
description as given above in order to find the final resultB(T) acting on each atom of the domain\fs the molecu-
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lar field constant depending oFc, then one ha8(T)=A\ 1,0 T 1 14
-M(T). The temperature dependenceMf,(T) has to be E (a) Ground State |
determined numerically using the complete Brillouin func- F08F g -
tion. ) | —— Mj=-772
The thermal occupation of thi¢h M ; state of the atom is 8 0L 77" -5/2
given by E O 372
= et -1/2
fo oo
exp —— = L +
kgT 8 e B2 e
(=47 ) 5028 1322/
> eXp[ kBT] © o e

o
o
h
\
1

where the sum has to be taken over\d} states according to
—J<M;=<J, U;=M,gugB(T), gis the Landdactor or gy-
romagnetic ratio, angkg is the Bohr magneton. AT=0
only the state withiM ;= —J is occupied, whereas @t=T:
and above alM ; substates are equally distributé@/e have
neglected the presence of short-range magnetic ordeF for
>Tc, as appropriate to a molecular field model, although
actually studying such short-range order via MCDAD mea-
surements would be interesting in the futliiérom the oc-
cupation of theM; states with temperature, we derive the
contribution of the single-particlen; states needed to calcu-
late the photoemission amplitudes. Figure 3 shows the ther-
mal occupatiom,\,IJ of the M; states for the®S;,, ground

state together with the resulting single-particle partition num-
bersnmj(T) for the °Dy line as calculated numericallghote

that for J=6 only the state witfj =3 contributes). All other FIG. 3. Statistical multiplet parameten) Temperature depen-
lines follow the ground stati¥l ; occupation in a similar way dence of theM; occupation numbers for th&S;,, ground state of
but with varying contribution of the single electron, sub-  remanently magnetized Gdb) Single electrorm; partition num-
states. These partition numbers now take account of the varyers for transition from the ground state into t#i24 excited state
ing population of the initial state multiplet. The sum of the by photoexcitation ofds;, electrons, with the Curie temperature
partition numbers is constant over the entire temperaturgssumed to b&-=292 K.

range. The|3,—3) state is the dominating single-particle
state for theJ=6 line. It is interesting to note that tHg, IV. RESULTS AND DISCUSSION

—2) state has a slight maximum in the partition numbers at Figure 2a) shows examples of Gdddcore-level spectra
aboutT=0.63T¢ . From the temperature dependence of theen with RCP light for two different orientations of the
M, or m; states it follows that orientation and alignment of o4 hetization axis, here denoted as pardfiet solid points
g:)en ':‘L'ﬁg ?)ré?:opnizszgﬁ;Ier]rzltlf:stgggeegg):rﬁdtgg. the selec- gnd Iine fqr the magneFizatiorM maximally parallel to the

’ incoming lightg and antiparalle{m=open points and dotted

The intensities of thd=1-6 lines of the multiplet have line) for the magnetization direction being maximally oppo-
been calculated for excitation with RCP and LCP light by 9 9 Y opp

varying the sample orientation and magnetization togethe?ite o the incom_ing light. One clearly sees a ge”efa' splitting
over®,,=0-360° in steps of 2° for the geometry as shownOf th& spectrurp nto Whag has been foqnd o b.e pf'mg’m’
in Fig. 1. ®,,=0 refers to the case for which the magneti- anq D states, V.V'th the "D states at higher kinetic energy
zation is in the incident photon plane. bemg resolved into further components. _It should also be
The dichroic asymmetries for a particular state and photoﬁnent'oned hefe that_thgre are more mulyple_t state%lljof
helicity are calculated in two ways: from the intensities for SYmmetry at higher bmdmg energléewelr kinetic energies
two antiparallel orientations of the magnetization at fixedoUtSIde .Of th'lezrange of this spectrum, with some atmore than
helicity (CMDAD) or from two intensities with opposite 20 eV higher.“ It should be noted that these satellite lines are

—_
o

¥y
o o
[e2] [ee]

Partition Numbers n
o o
N RN

o
o

T T d T T T d T T =
00 02 04 06 08 1,0
Reduced Temperature T/T,

- ; i much more pronounced at higher excitation energies of about
photon spine at fixed magnetizatiofMCDAD) from 1 keV as reported in Refs. 73 and 74. For the purpose of the
(D) — 1 (D + ) present study, however, we will concentrate on the binding

Acwmpapl %]= 100

energy range shown in Fig. 2. Also shown in Figb)2is a
normalized magnetic dichroism difference spectrum obtained
. B from these two spectra after subtracting a Shirley-type in-
A [%]=100- (") —1(o7) (10) elastic backgrounéf In calculating this from the experimen-
MCDAD (o) +1(c7)" tal data, we do not use the normally cited asymmetry as in

(D) +1(DPy+m)’
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Eqg. (10) but instead use a normalization to the maximumstate levels that ar&S --Q), *(S --N), and®(P---I) where
value of the sum of the two curves, the dots “--" assign all orbital angular momenta between
the two limiting cases given in the brackets. Some of the

o= Im states are reached via different parent and grandparent states

m . (11 and therefore one has overall 118 differef states besides
the ground state. On the other hand, the free electron has the

In this way we avoid having a very noisy signal in the wings orbital angular momenturp or f and we find the hole states
of the core-level spectra due to division by small numbersLS “%(S --G) if uncoupling the free electrons from the over-
with additional complications at the high binding energy sideall final stateL'S’. It is seen that the exciteD hole can
due to the neglect of the multiplet states there. The valu@nly be reached from th&S ground state, whereas tH®
derived in this way also seems to coincide with the one dehole can also be reached from the non-ground states
rived by normalization to the total area under the dichroism®(PDFG). The assignment of the structures observed in Gd
curve. We will thus use the peak-to-peak value here for con4d photoemission is not unique through the literattfré "
venience. We have checked, however, that the results are not Ref. 12 the additional lines have been attributed to transi-
influenced by the choice of the normalization function. Intions including only the’(PDFG) states. However, in inter-
addition, the spectra of Fig.(@ have been normalized by mediate coupling is a good quantum number rather than
matching the integrated areas under the curves before calcanly LS This leads to some more allowed combinations and
lating the difference, in order to account for small changes irthe most prominent additional states found in the calculated
the photon flux. This procedure assumes a vanishing integrajpectra are7(SPFG)Q LSJ core holes. Cowan’s program
of the dichroism, which is supported by the fact that theseallows easily restrictions to the initidlS (first parity) and
corrections of<10% are random in nature and do not intro- final L’S’ stateq(second paritybut not the easy selection of
duce any new features. The final calculated asymmetry curva collection of intermediate S states. Moreover, a restriction
(here measured with fixed helicjtyesolves the individual to a particular initial or final state does not lead automatically
final states of the®D multiplet significantly better than the to restrictions on the intermediate states. This may lead to
experimental results presented in a prior MCD sttfd@ur  situations where accidentally different sets of states are used
results as shown in Fig. 2 also agree very well with otherfor the initial and final states. In this work, we made a minor
high-resolution measurements of the Gd dore level that modification to the Cowan program to allow only the cou-
have been reported.It should be mentioned here that the plings that can be derived via the’D; core hole, but we
observed effect is in the range betweed5% and+35%, account for all states of the intermediate coupling scheme.
and this is remarkably high for measurements at rooniThe JJ or jj coupled pendants are derived from an unam-
temperaturé’ biguous transformation matrigsee Ref. 64 It was carefully

Calculations for the many-electron case according to thehecked that the restrictions do not effect the overall behav-
theory presented in the last section and for a temperature @br of the spectra and that the results fit the measurement. We
250 K are shown in Fig. (2) and they agree very well with note that the spectra so derived are in agreement with the ten
the measured intensities and dichroism. It should be noteldvels observed from a full relativistic calculation; however,
that the additional lines at lower energies are only observedhany-electron calculations without any restrictions will de-
in the calculations if the restriction on pure coupling schemediver some ten thousand lines. It is not meaningful to account
is lifted. Our calculations show, however, that some addifor such lines in the present study, since most of the second-
tional restriction to the ground state does not at all changary excitations typical of solid-state electron spectroscopy
the dichroism of the’D part of the multiplet. The present (plasmon or interband transitions to name some of the most
restriction of both the ground state and the intermediate ionipronounceglare also neglected, and would act to smear over
state reduces the number of lines drastically down tgsg@@ any effects due to this manifold of lines.
Fig. 2(c)]. In LS coupling, the only final statéon plus free
electron that can be reached from tf& ground state i$P A. Angular dependence of the dichroism
according to the angular momentum selection rulesLfer
coupling conditions’S'—S=0 andL’'—L=0, 1 (L=L’
#0). The spin is not changed because the dipole operator We now consider the angular dependence of the dichro-
does not act on the spin and here the orbital angular momeilism by taking pairs of spectra like the ones shown in Fig.
tum can be changed only from 0 to 1. In intermediag] 2(a) for different orientations of the sample. For each angle
coupling the final angular momentufagain ion plus free ®,, we thus recorded the overall CMDAD value. Figure 4
electron takes the valued’ = 3,%,3. The final states will be shows part of an angular dependent measurement of the
degenerate with respect to some particlld8’J’ but this  magnetic dichroism. Figure(d) shows the difference spectra
degeneracy is lifted with respect to the excited hole statéor opposite magnetization ,—1,=1(®y)—1(DPy+ ),
LSJ The complete transition matrix may be found thatis, the CMDAD(®,,=0 refers to the case whehé||x);
elsewheré*® For the excited hole state we have to couple(b) shows the sum of spectra taken with opposite magnetiza-
the &S ground state of the seven equivalerit dlectrons to  tion and fixed helicity for some selected angles. As the ab-
the hole in the 4 shell resulting in the’°D; multiplet with  solute cross section is not known, we normalized all spectra
overall ten states ihS or 3JJ coupling. In addition, the cou- in Fig. 4 to the same background levglfor energies above
pling of the 4f electrons may also lead to the non-ground-the highest line of the multiplet. This procedure allows at

Xcwmpap(E)[%]=100

1. Normal emission
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FIG. 4. Angular dependence of the magnetic dichroism for Gdcore-level emission normal to the surface, with a photon energy of
4d core-level(a) Difference of spectra taken with opposite magne-438.9 eV and an angle=70°. Experimental results are shown for
tization and fixed helicity(b) Sum of spectra taken with opposite the fixed-magnetization mode with variable light polarization
magnetization and fixed helicityEmission normal to the surface, (MCDAD, open inverted trianglgsand for the fixed-helicity mode
with a photon energy of 438.9 eV, an angle-70° anda+ polar- with variable sample magnetizatiof€MDAD, solid upright tri-
ization. ®,,=0 refers to the case where the magnetization is in theangles. The solid and dashed lines show theoretical curves calcu-
incident photon plane and parallel to thexis; atd,,=90° mag- lated for the respective cases using the relativistic many-electron
netization and photon propagation are perpendicular to each otheiPProach.
see also Fig. ].

call this the CMDAD or fixed-helicity mode in what fol-
least a convenient comparison of the spectra. The sum spelpws). We have the situation of CDAD measurements if
tra exhibit some small differences in the intensity ratio of theswitching the light polarization from RCP to LCP for each
J=5 andJ=6 lines of the®D part for different angles. The (fixed) angle of magnetizationb,, which will be called
sum spectra correspond to an aligned ensemble and the ph@#CDAD or fixed-magnetization mode. The difference and
ton beam is not completely circularly polarized. Thereforesum spectra look similar to those of the CMDAD case shown
differences in sum spectra may reflect a remaining nonmagn Fig. 4 and we accordingly do not reproduce them here. We
netic LDAD while rotating the alignment of the ensemble. obtain the result shown by open triangles in Fig. 5 when
From the difference spectra it is seen that they tend to smeassing the overall MCDAD value calculated in the same way
out the fineness of the multiplet structure. A convenient wayas for CMDAD in Eqgs.(11) and(12) and Fig. 2.

for data analysis is the use of an overall dichroignfrom We still observe a fairly smooth variation with anghg, ,
Eq. (11) defined above: making it clear that the MCDAD in this mode is not scatter-
Yempan=MaX x(E)]—min[ x(E)]. (12 ing induced, but now the zero of the dichroism occurs very

close to 90°. The small step around 90° marks the noise level

This makes an estimate of the dichroism possible withoutn our data which makes it impossible to detect zero to better
using any sophisticated fitting procedures. It may be seerthan about 5%. This can be seen from the difference spectra
however, that the dichroism is dominated by the6 line, taken atd,, of 90° and 105{in Fig. 4a)], showing that the
rather independent of the angle. The resulting data set fathange of sign ofy cannot be determined very well at low
normal emission is summarized by solid triangles in Fig. 5Jevel. In addition one recognizes some influence from the
where we plot the overall CMDAD as a function @, . asymmetric line shapes. However, the step is more pro-

The data in Fig. 5 basically exhibit a cosinelike behaviornounced in the MCDAD data compared to the CMDAD
which would be expected from the free-atom ca5e®Our  data. This is most probably due to a small misalignment of
theoretical simulationgrelativistic many-electron approach the sample resulting in a nonmagnetic CDAD.
yielding the dashed curve are in excellent agreement with the Our theoretical simulations for the MCDAD yield the
measurements. Note that the zero crossing of the CMDADBolid curve, again in very good agreement with the measure-
does not occur at a rotation angle of 90° where magnetizanents. It is thus clear that care is needed in making what is
tion and photon propagation are perpendicular to each otheoften the experimentally simpler type of fixed-helicity CM-
but rather close to 72°. This shift in the zero crossing is veryDAD measurement, as it may differ significantlyere by up
well predicted by theory, as shown by the dashed curve ino 10% in overall magnitudefrom the fixed-magnetization
Fig. 5. Its cause will be discussed in detail after showing theMCDAD measurement.
data for the circular dichroism. Comparing both measurements it clearly follows that the

So far the dichroism reported has been derived from meamnagnetic (fixed-helicityy and the circular (fixed-
surements performed by changing the magnetization direanagnetizatiopdichroism are different if the magnetization is
tion relative to the light polarizatiofas noted above, we will not parallel to the plane of photon incidence. This behavior
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may be easily explained. The dichroism in angular resolved | empap=P1d C11€0g P yy) + C1o8iN(Dy) ]
measurements using circular polarized photons depends not )

only on the orientatiorp,o but also on the alignment,, of +p3d C1C08 Py) + Carsin(Dyy)

the electronic states. This can be found easily from the gen- +- -+ Cagcoq yy)SiN(2Dy)

eral equations given by Klar and Kleinpopf2or from the

work on p states of Cherepkoet al° For d states one will +++-+Cgac08(Pyy)]. (14
have additionally higher momentgss, andp,o) that contrib-

ute to the dichroism. The so called state multipojgg The CMDAD does not contaipyo terms with evenN.

=pno(j.m;) are defined in the textbook of Bluf.The  This expresses directly the different role of the alignment of
orientation-dependeriodd N) term is clearly connected with  the states on the type of dichroism, as explained above. The
the magnetic dichroism, whereas the alignment-dependerbefficientsC;; differ in general from those describing the
term (even N) of the MCDAD may already be observed MCDAD. It is directly seen that the MCDAD becomes al-
without magnetizationfCDAD case. Unfortunately in the ways zero ford,,=90°, whereas the CMDAD remains if
magnetized case, orientation and alignment of the states cathe coefficients connected to the sin() terms do not van-
not be separated easily. The alignment dependent terms &fh, what is the case in a general geometry. This explains
the CDAD vanish in every nonchiral symmetry. This may directly the observed shift of the zero crossing between the
occur in the present case when the plane of photon incidend&o methods.
coincides with the plane of magnetization. Now, if the mag- Analyzing the dependency of the coefficients with respect
netization is rotated in the surface plane, one may find situto the dynamical parameter, we find that the shift of the zero
ations of chiral symmetry, that is state alignment, and photoigrossing is caused by interference betweengfendf out-
incidence, and angle of observation are co-planar. On thgoing photoemission channels, and is not the result of pho-
other hand if we change the magnetization between two arfoelectron diffraction, as noted previousiyThe cross chan-
tiparallel directions, only the orientation of the states isnel interference between the=j; andj¢=j;+1 channels,
changed, but not their alignment. The result is that the intenor additionally with thej¢=j;— 1 channé¥ (for initial states
sities for these two cases may depend only on the orientatiowith j;>3), can in addition induce spin polarization indepen-
of the states. It immediately follows that the fixed-helicity dent of a magnetization if circularly polarized light is used
mode (CMDAD) and fixed-magnetization mod®CDAD)  for the excitation. The second case shows that;fei0, the
are only the same in a nonchiral geometry. cross-channel interference between lthel; =1 channels is
We will now use the single electron approach to expresshe main cause of the spin polarization due to the presence of
this more quantitatively. Consider a single electaistate  spin-orbit splitting in the initial state.
(I=2) with total angular momentum=|+%. Using the As this approach is valid for all single electrom sub-
single electron approach, we find that for gieand a par- states, we will also find the same result for the multiplet
ticular value ofm; the MCDAD (here the difference of the approach, in agreement with the work of Thole and van der
spectra and not the asymmetiy dependence of the direc- Laan® The @,, dependence of the overall asymmetry will

tion @\, of magnetization is given by have a slightly different shape compared to E@s3) and
(14), but this is caused by the normalization and not a direct

effect of the multiplet nature of the lines.
I'mcpap = P10C11COS P ) + poeCos SIN(2P )

2. Off-normal emission
+pad Cat+ C3,C08 (D) Jcog D y)

We turn now to off-normal emission directions, in particu-
+pad Cagt CapCOS(Py)]siN(2®y). (13)  Jar to ®=20° off-normal where the photoelectron momen-
tum k is normal to the photon propagatian For this case,
we might expect enhanced photoelectron diffraction effects
Here we assumed in-plane magnetization, off-normal indue to the rotation of the emission direction through various
cidence and emission. The coefficieltg=C;; (R, 4,q,k) scatterers in the near-surface region. We consider the case
depend on the dynamical paramet&ss (reflecting the in-  where the magnetization direction is reversed with fixed he-
terference of the final-state partial wayeshey also depend licity of the photons(RCP. The experimental results are
on the directions of photon incidencpand electron emis- shown as solid squares in Fig. 6. Here one notices some
sion k. The terms connected toyg with N>2 contribute  distinct deviations from the smooth free-atom behavior, and
only for ds, states to the MCDAD, but not fatz,. It should  these are reproducible over various sample preparations stud-
also be noted that the MCDAD for tha, .1/, States van- ied. The additional modulations in the CMDAD values
ishes for the case that photon incidence and magnetizatiaiding on the overall cosinelike curve are of abatf% and
are in one plane and the electron emission is in a directiomre due to photoelectron diffraction.
perpendicular to that plane if the final-state spin orbit inter- This becomes clear by comparing the experimental results
action is neglected. But, it is nonzero under these conditionwith the result of our photoelectron diffraction calculations

for all otherd states. as carried out at two temperaturdss 250 K as in the ex-
In a similar way we find that thé,, dependence of the periment and 0 K for comparison with free-atom models.
CMDAD is given by Most of the main peaks and valleys in the experiment are at

245421-10



ANGULAR AND TEMPERATURE DEPENDENCE OF TH. .. PHYSICAL REVIEW B 65 245421

T introduction of the diffraction features, the shift of the zero
60 & o e 6=20° CMDAD position from 70° back to about 90° for the off-
e LT normal emission case where photon incidence and electron
ejection are perpendicular to each other.
The additional scattering-induced oscillations in the di-

40 Y

20

g or chroism clearly depend on how the experiment is performed.
2 2 . The calculations show that they appear only in the case
;5‘ ol g where both the sample and the magnetization are rotated to-

t W experiment (fixed helicity, o) LRI gether. The case of pure magnetic dichroism, that is, the case
60 e single-electr. calc. T=0 K N> o h | h . . . d hile k . h
I many-electr cale, T=0 K where only the magnetization is rotated while keeping the
R many-clectr. cale. T=250 K sample orientation fixed, results in a smooth atomiclike be-
o havior of the dichroism as in normal emission. This situation,
o 30° 60° 90° 120° 150° 180° however, can hardly be realized in experiments where the
Magnetization Angle ® magnetization is usually determined by various so-called

easydirections.

FIG. 6. Azimuthal dependence of the overall CMDAD for Gd In terms of diffraction-induced CDAD, we m|ght in prin_
4d core-level emission at an emission angle 20° away from th&iple expect to observe a peak “rotation” of the total inten-
normal direction, again with a photon energyraf=438.9 eV and  sjty maxima in switching from LCP to RCP light, as dis-
a=70° photon |nc_|dence. The squar_es represen_t typical e’fpe”me’b'ussed by Daimoret al. for Si(OO]),15 and subsequently
tal data, and_ thg Iln_es show theore_tlc_al calculations for this 9€0Mphserved for WL10 and adsorbaté$-18 In results not
et.r)r’]' The solid line 'Sffgréhe Lelat'v'snﬁ ”;an{]'e(;el?tm” calculation o \n here, we have plotted the total intensities for LCP and
with a temperature o R whereas the dashed line represents tr]5CP light as obtained from the theoretical calculatigins
analogous results fof =250 K. The dotted line shows results of fixed- tization directi éor th i )
the single electron calculation. Ixed-magnetization direction mo}j_ rné geometry con

sidered here, and we observe a fairly substantial shift of the
least qualitatively reproduced by the many-electron theoretidiffraction maxima by about-10°; however, for our experi-
cal curve at 0 K, although theory shows more exaggeratethental data we are unable to see this effect clearly. This is
diffraction features than experiment. The analogous manydue to the small intensity variations with angle for these
electron curve at 250 K seems to suppress diffraction tod@lirections which are not at all forward-scattering directions.
much, perhaps due to oversimplifications in the Debye-Additionally, problems with the absolute normalization of
Waller factor approach, which neglects vibrational correla-LCP and RCP only allowed a comparison between intensities
tion among near-neighbor atoms. Using the simpler singlgneasured with linear-polarized light with those measured
electron picture with multiple scattering and at O(#otted ~ with RCP light. In this case, we do see a small shift of the
curve is found to roughly agree with experiment and many-apparent features that is qualitatively consistent with peak
electron theory at the same temperature. The obvious anguli®tation. More precise future measurements would be needed
shift between the experimental and calculated wiggles i$0 clearly resolve such peak rotation effects, however.
most probably due to a slight misalignment of the sample; Finally, by making use of the relatively high resolution of
however, we will come back to that point later when discuss-our spectra, we can also fit the separate states ifBhpart
ing the state resolved results. Here we just remark that exef the Gd 4l core-level spectrum. Using the same equation
periment and theory show both some influence of photoeledor the CMDAD for each individual state then gives us a
tron diffraction. The result ofab initio calculations is for state-specific CMDAD. In Fig. (8 we have plotted this
both types in the correct order of magnitude but needs somealue for the first five states’D;_g_,) as a function of
refinement to include experimental uncertainties. magnetization azimuthal angfe,, for the off-normal emis-

These differences should also illustrate the potential onsion case. The intensity for the=1 line could not be ex-
still has in tuning different parameters so as to get bettetracted from the data unambiguously. It is clear that the states
agreement between theory and experiment. It should also mntribute differently to the overall behavior of the CMDAD.
pointed out that the positions of the main features do notn particular the dichroism is positive for th&=6,5 lines
coincide with forward-scattering maxima, which should oc-whereas it is negative for the remaining part of fliz core
cur at intervals of 60°. Based on data not shown here, thbole. Furthermore, there are different angular dependencies
d,, dependence for this emission angle also is found to defor the different states. The difference in the kinetic energy
pend on the way the dichroism is measu(ixid-helicity or ~ between the observed lines is too small to explain the differ-
fixed-magnetization direction mogehowever, the depen- ent angular variations by scattering effects alone. These dif-
dence is much weaker than in the normal emission case. lferences are directly attributed to the different emission char-
particular, we do not observe a shift of the position of theacteristics of the single-particle states contributing to the
zero dichroism between the two modes, because photon ifines.
cidence and electron ejection are perpendicular to each other: We will now analyze the state-specific dichroism with the
a+0®=90°. In that case the coefficien®, andC4, in Eq.  two different theoretical model$single electron, multiple
(14) vanish. If one compares the normal and off-normalscattering versus many-electron, single scatteriige show
emission experiments with each othdoth measured in in Fig. 7(b) the CMDAD calculated in the nonrelativistic
fixed-helicity modg it is clear that one observes, besides thesingle electron multiple-scattering model for the sixstates
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are much smoother than those including scattering. The ad-
40 (a) Experiment (T=250K) ditional alignment termsp,, and p4o) of the CDAD cause
additional zero crossings for some of the single electron

__';_ig’ states. It is interesting to note that both methods come closer
- =4 to each other in the many electron description, what is
-y--1=3 caused by its averaging character. It is also shown that the
——e )22

scattering together with the mixing of the single-particle
states smears out the zero crossing that is found to occur at
90° in the pure atomic calculation, independent of the states;
however, the scattering induced features in Figp) are too
strong and do not coincide with the measured structures.

=]
é Or Therefore we will use the full relativistic simulation for fur-
2 40 ther comparison, as the single electron approach alone can-
% 20r not be brought into closer comparison with the measured
<« 0 CMDAD, as might be expected.
> 0L The more sophisticated full relativistic simulations of the
% ol state-specific dichroism in terms of final-state multiplets are
g =T shown in Fig. Tc). This calculation results in all si% states
g -0 for comparison to the five resolvable in experiment, and it
= shows angular variations for all five which are very similar
< 4L to the measured data. The calculations also reproduce cor-
L rectly the sign and magnitude of the measured CMDAD. The
20 | slight difference in magnitudes between theory and experi-
- ment could be due to our allowance for thermal effects using
0 the molecular-field approach. The scattering induced features
i are smaller compared to the single electron approach. This is
-20 i not caused by the mixing of the states but by the inclusion of
a0 b thermal effects in the scattering formalisiDebye-Walley.

These features do not coincide very well with the experimen-
0° 30° 60° 90° 120° tal ones and additionally there is a small shift between the
observed and the calculated zero crossing of the CMDAD
(=~90° and~85°, respectively Both facts hint on a small

misalignment of the sample with respect to the nominal ge-
ometry. All of the previously shown calculations have been

core-level spectrum as shown in FigaR The intensities have been doneab initio and were all performed for the nominal geom-

derived from high-resolution spectra by using a curve fitting proce£trY of the experiment. Therefore we finally t”e_d to change
dure (Voigt-type peaks plus Shirley-type backgroyn@he CM- the geometry of the calculations in order to find a better
DAD asymmetry was calculated from E(L0). (a) Experimentally ~ agreement.

derived state-specific CMDAD af=250 K. (b) Simulated state- For better comparison, we show in Fig. 9 the difference
specific CMDAD, for the sixm; states in thg = 3 manifold in the ~ between the smooth atomic curves and the measured or cal-

nonrelativistic single electron model including multiple scattering. culated magnetic dichroism. This difference provides a mea-
(c) Simulated state-specific CMDAD, calculated using a full rela-sure of the scattering induced dichroism. We selectedlthe
tivistic, final-state multiplet description yielding thlkestates of the =6 state for the comparison, because the experimentally de-
°D part of the Gd 4l core-level spectrum. Thé=1 line arising in  termined dichroism is less depending on the fitting procedure
ji or intermediate coupling is shown for completeness. as compared to the othé@lines. The experimental data were
oversmoothed and fitted to a cos series in order to determine
of the j=3 initial state, although recognizing that these the atomic like part. This fit was also used to find an angular
states certainly do not map directly onto the differéstates offset of aboutA®,,=7° being also used in the calculation.
of the °D manifold. Each of these states contributes in aFor the theoretical curve we subtracted directly the results of
different way to the dichroism of the individudllines. For  an atomic calculation by switching off the scattering part.
example, them;= —3 dominates thel=6 line as can be The oscillations in the experiment are abot8%, whereas
seen from Fig. 3. It exhibits three pronounced scattering inthe calculation shows differences ranging fronl2% to
duced features, similar to the experimental data, but at dif--4%. It may be seen in Fig.(8 that the calculated dichro-
ferent angles. That these features are indeed induced by scé&m at®,,=0 is about 40% but only 30% in the experiment.
tering can be found from a pure atomic calculation as isThe calculated value is too high, which suggests either a
shown in Fig. 8, where we compare circular and magnetideviation in the usedb initio dynamical parameter or a
dichroism for the single and many electron states. It idower degree of polarization in the experiment. The local
clearly seen that circular and magnetic dichroism are muclminima and maxima of the difference curves shown in Fig.
different for the single electron states, but both asymmetrieS(b) exhibit the same behavior in experiment and calculation.

Magnetization Angle ®

FIG. 7. State-specific Gd ## CMDAD. Measured CMDAD
asymmetry for the first five states of tH® part of the Gd 4

245421-12



ANGULAR AND TEMPERATURE DEPENDENCE OF TH. .. PHYSICAL REVIEW B 65 245421

single electron (j) many electron (jj)

Acono %]

Circular Dichroism

n
o
|

Magnetic Dichroism (c+)
Acvono [%]
8 o
I LJ

0° 30° 60° 90° 0° 30° 60° 90°
Magnetisation angle ®,, Magnetisation angle @,

FIG. 8. Atomic part of the Gd d dichroism in off-normal emission. Top row: Circular dichroism. Rajtshows the MCDAD in single
electron description and pdit) shows the MCDAD injj coupling. Bottom row: Magnetic dichroism. P&d) shows the CMDAD in single
electron description and paft) shows the CMDAD injj coupling. (Parameters ar&=0 K, for photonsh»=450 eV, a=70° and for
electrons® =20°, ®=1.)

Deviations are mainly due to the angular acceptance of thenagnetization mode. From these spectra we get the overall
spectrometer, that smears the features out by integrating ov8#fCDAD value as described before, and these are plotted in
a certain angular range. On the scale of the data presenté&dg. 10 as a function of the sample temperature. The sample
here, one may thus consider the many-electron singletemperature was measured indirectly by taking the tempera-
scattering description to be very accurate. ture at a cold finger which touches the sam‘BIé’.he tem-
perature scale in Fig. 18 was finally derived from a cali-
bration of this reading with a thermocouple directly touching
B. Temperature dependence of the dichroism the sample surface. This procedure is rather delicate, espe-
cially in the case where the sample is rotated to change the

The dichroic signal also provides a measure of the m"’lgfnagnetization axis, and therefore the temperature measure-

netization of a particular sample, but only indirectly as_will ments may have a systematic error of the ordet-&fK.
he shown below.. For example, a nonzero MCDAD '”.‘P"e.s @ From Fig. 10 one sees that the MCDAD signal decreases
nonzero magnetization and a zero MCDAD for a directionyih increasing temperature so as to reach approximately
initially showing a nonzero effect also implies a zero mag-;eg at a temperature close to the Curie temperature for films
netization; however, if a direction initially showing zero ef- ¢ this thickness. For the highest temperatures, there is ap-
fect is studied, there may be no sensitivity to a loss of magproximately a 5% asymmetry offset from zero. This offset
netic order. Thus, with proper choice of geometry, followingmay arise as follows: First, a slight orientational misalign-
to measurements of the MCDAD signal as a function of tem-ment can lead to a diffraction induced MCDAD even above
perature should permit monitoring of the transition behaviorthe Curie temperature. Second, differences in the intensities
and the magnetic transition temperature. may occur with polarization when switching from the beam
In the present case, we started with the sample cooledbove to below the storage ring plane, due to the different
down to about 250 K and measured again pairs of spectra fasptical paths taken. Finally, the grazing incidence setup of
two sets of data, that is, for opposite magnetization directionshe monochromator may lead to a small linear polarization
or opposite light helicity, respectively. Since the change inthat changes sign if the helicity of the initial photons from
magnetization as a function of temperature should be indethe storage ring is switched, leading to an additional LDAD,
pendent of the emission angle, we chose a geometry withs reported previousf? however, the observed offset is also
maximum signal. In this particular geometfyormal emis-  of the order of the noise levéhs described aboyand does
sion, ®,,=0) the results do not depend on the measurementot affect our discussion of the physics behind the tempera-
mode, and we show MCDAD data taken in the fixed-ture dependence.
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periment but results obviously in a change of the quality of
40 AN —®— Experiment the surface. However, it is well known that oxygen alters the

S e, T Calculation . . 5

- N magnetic properties of the ®D01) surface®® It should be
I A noted that the elevated temperature for the zero of the
MCDAD was observable upot5 h after preparing the Gd
layer. Well defined G@001) tends to adsorb less oxygen,
which highlights the high quality of the layer.

It is thus most probable that the elevation of the transition
temperature for the clean surface is associated with the pre-
viously observed higher surface Curie temperature for
Gd(0001),%538-41 an effect which has recently been sug-
gested to be due to interlayer relaxation at the clean
Gd(0007) surface*? From the previously reported results for
Gd using spin-polarized low-energy electron diffraction
(SPLEED,*® one would in fact expect behavior such as we
observe, rather than a residual low-level signal above the
SN SN bulk Curie temperature as seen in the more bulk-sensitive
MOKE measurements; however, further measurements with
more carefully controlled surface cleanliness would be nec-
essary to confirm this interpretation of our results.

Finally, we address the important question of how the
| (b) ‘\_t’ dichroism is related to the temperature dependence of the
N R saturation magnetization, at least in the molecular-field ap-
0° 30° 60° 20° proximation. We therefore compare in Fig.(k0the magne-
tization as derived from the molecular-field approximation
and the calculated normalized MCDAD of tf®4 multiplet
FIG. 9. Scattering induced dichroism in Gd 4ff-normal emis- state with the MOKE and MCDAD experiments as an illus-

sion. (a) Comparison of the measured and calculated CMDAD oftrative case. After re-s_caling the M_OKE experir_nents ,ﬁt very
well to the saturation magnetization derived in the

molecular-field approach. Nevertheless, there are small de-
viations close to the Curie temperature, that is, close to the
phase transition. The measured overall MCDAD has also to
be re-scaledafter subtracting the abovE: asymmetry off-

In order to illustrate the temperature dependence of theet of about 5%in order to fit the asymmetry calculated for
MCDAD we have included in Fig. 10 magneto-optical Kerr the J=6 multiplet line. It is worth noting that the MCDAD
effect (MOKE) measurements from Gd films of comparablereflects the average orientation of the atoms and therefore its
thickness(30 nm of Farle and Lewid as well as measure- temperature dependence should be very similar for the over-
ments of the exchange splittind Eg,) of the surface state all value and the most dominating line of the multiplet. The
by Weschkeet al3° found from photoemission and inverse MCDAD from the O contaminated surface, and such reflect-
photoemission experimenf8 nm on W110)]. The MOKE ing more the bulk behavior, comes close to the calculated
experiments are expected to be more bulk sensitive than tHdCDAD. Nevertheless, deviations are seen close to the tran-
photoemission results or the exchange splitting of the surfacgition temperature as was also seen in the MOKE measure-
state. The latter are directly correlated to the magnetic stateents. Possibly some surface magnetization is remaining
of the surface. The MOKE curve indeed goes very close t@bove the bulklc even at the contaminated surface.
zero as temperature reaches the bulk Curie temperature of From the comparison of the calculatiofsaturation mag-

Gd films, whereasAEg,. reaches zero at a noticeably el- netization and MCDAD as well as the different experiments
evated temperature. In this context it should be noted thaene clearly sees that the dichroism is not strictly proportional
spin resolved inverse photoemissift0-nm film thickness to the magnetization, but remains higher and then changes
on W(110] did not exhibit an enhanced surface transitionfaster as the temperature comes closef¢o This is seen
temperature. This was attributed to possible different moreasily even though th@=0 asymmetry does not reach
phologies in different film&* 100% as the magnetization saturates. Of course, the

There is, however, a variation of the apparent transitiormolecular-field model may be oversimplified, but even if
temperature in the MCDAD data related to the cleanliness o$hort-range order were present, one might expect the dichro-
the sample. For samples measured directly after the growtism to remain even higher 8% is approached. More quan-
process the transition temperature seems te-B@ K higher titative future studies of this aspect would also be interesting.
than for the contaminated samplgaken up to 10 h after the These data thus represent a demonstration of the ability of
growth). The latter samples were oxygen contaminatedfemperature-scanned dichroism in core photoemission to de-
mainly from residual gas adsorption, as found from the XPSect the temperature variation of the magnetization as well as
measurements. Indeed, this is not a controlled adsorption efhe ferromagnetic-to-paramagnetic transition. Future applica-

AXCMDAD [0/0]

Magnetization Angle @

the °Dy state from Fig. 7 after correction dfy, (as assigned by the
experimental valuein the calculation by 7° af =250 K (dashed
lines represent the atomic like partb) Difference of the CMDAD
after subtracting the atomic like paifor details see text
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FIG. 10. Temperature dependence of the @ddichroism.(a) The overall MCDAD as obtained fromddemission from G{O00) at a
kinetic energy of about 295 eV as a function of sample temperature. Shown are two experimental curves for different sample conditions:
fresh surfacéfilled squarey and an oxygen contaminated surface af&0 h in UHV (open triangles The samples had a thickness of 28.7
nm and were annealed to 700 K. MOKE measureméRés. 51 from similar films of 30 nm thicknes@ashed curvgsand the exchange
splitting AEg,. of the surface statéRef. 39 (dash-dox are shown for comparisoiiThe solid lines through the MCDAD data are simply
guides to the eyg(b) Temperature dependence of the saturation magnetization and the magnetic dichroisinf shate 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 scale with
the Curie temperature being assumed toThe=292 K. The MOKE data of Ref. 51open triangles and the MCDAD data of the
contaminated samplépen circles are shown for comparisofAll data have been re-scaled to be in the same order as the calculated
saturation magnetization or MCDAD, see text.

tions of this type seem to be very promising. Using measurefull crystalline symmetry in the scattering potential. Fai 4
ments in fixed-helicity mode or in fixed-magnetization modeemission in the normal direction, we find that cross-channel
is found to yield the same results if the correct geometry isnterference between the two allowpdndf final states has
chosen carefully. In principle one could also consider usinga major influence on the angular behavior, which is very
magnetic dichroism excited by linear or unpolarized photonsmooth and cosinelike in its azimuthal variation. Measure-
to measure the same temperature dependency. In this casent of the MCD angular dependence with fixed magnetiza-
one should bear in mind that these types of dichroism mightion and switching the photon polarizaticiCDAD) is
have a different dependency on the magnetization than thiwund to yield different results from measurement with fixed
MCDAD, because different states are involved; however, iflight helicity and rotation of the sample magnetization by
order to detect the transition temperature either or both metht80° (CMDAD), indicating that care is needed in using the
ods could be used. often-simpler second approach. For off-normal emission, our
4d data also reveal modulations superimposed on the
V. CONCLUSIONS smooth-curve behavior of abodt5% which are verified by
comparison with the calculations to be due to photoelectron
For thick (=100 ML's) Gd(000Y) films grown on W110),  diffraction effects beyond the atomic model. The similarity
we have measured magnetic circular dichroism in the angusetween the results of both calculations as integrated over
lar distribution of Gd 41 photoelectrons using two different multiplet structure provide justification for using the simpler
approachegfixed magnetization or MCDAD and fixed he- single electron picture to calculate properties of the multiplet
licity or CMDAD), with effects as large a£50% being as a whole, for which the more exact calculation would need
observed. We have also modeled these effects using two apiuch computation time. By contrast, our many-electron ap-
proaches: a single electron multiple-scattering photoelectroproach is necessary to describe quantitatively the CMDAD
diffraction theory, including spin-orbit and exchange interac-results as resolved for each peak in a multiplet. The correct
tions as perturbations only in the initial states, and a full-inclusion of temperature effeci®ebye-Waller and initial-
relativistic many-electron calculation to deal with the multi- state thermal populationss also found to be important for a
plet structure, plus spin-dependent single scattering with alguantitative description.
lowance for the magnetization of the sample as well as the The above findings are important in future uses of
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MCDAD in order to derive magnetic properties, since theture improvements in both data acquisition speed and
magnitude of the effect varies with both the geometry of theemperature determination, this type of measurement should
measuremenfthus being sensitive to any change in the ori-provide a further probe of surface and shallow-interface
entation of magnetization or short-range magnetic orderinagnetism.
e.g., as a function of temperatiyras well as emission direc-

tion (thus requiring allowance for additional diffraction ef-

fects in analyzing data and applying any sort of sum)rute

these respects, using such MCDAD in photoemission is more
demanding than using x-ray-absorption MC(XMCD), We would like to thank S. Rice for help with the experi-
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have demonstrated with the temperature-scanned data of tidemia Sinica(Taipei, Taiwan for the support extended to
type that, with a high-brightness third-generation source fohim during the final stage of this work. This work was finan-
excitation and a high-luminosity electron analyzer, spectraially supported by DOE, OER, BES, Mat. Sci. Di\Con-
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