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Experimental and theoretical surface core-level shifts of aluminum (100) and (111)
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The surface core-level shifts of @11) and A(100) have been measured using high-resolution core-level
photoemission spectroscopy and calculated using density functional tieety. For Al(100), the 2 core-
level shift of the firs{secondl layer was determined to be =75 m&¥20 me\) from experiment and =71 meV
(+20 meV from the DFT calculations. For AlL11), the corresponding values are —27 mé¥meV) from
experiment and —14 me¥~-) from the DFT calculations. Core-level splittings caused by the low-symmetry
crystal fields at thg111) and (100 surfaces have also been studied. These splittings turn out to be much
smaller than previously reported provided proper care is taken of the influence of the core hole screening and
of core—valence exchange beyond the DFT level. Finally, the experimentgh Ah& shape was found to
contain structure caused by a sharp no-phonon line and a broad and weak phonon replica.
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I. INTRODUCTION larger core-level binding energyo —120 meV’ however, a

The use of core-level binding energy shifts in high reso-N€gative A{100) SCLS with a magnitude slightly below
lution core-level photoemission is a well established tool forl00 meV seems to be the accepted value tdddyor the
studying clean and adsorbate covered surfaces. Due to largéose-packed AlL11) surface no emission attributable to sur-
improvements of the achievable resolution it is today posface atoms has been identified and Nyheltral? estimated
sible to resolve very small chemical shifts and/or to deterthe SCLS of this surface to be smaller than 15 meV. On the
mine such shifts with unprecedented accuracy. Also thestheoretical side, values for AI00) range from +630 metto
improvements allow for accurate studies of the core-level-120 me\? whereas for Al111) a value close to zero has
line shape. High resolution core-level photoemission experibeen reported® Furthermore, for AI100), the good agree-
ments are being increasingly combined with full scal® ment between Feibelman’s calculdtedhlue of —97 meV
initio calculations of the core-level binding energy shifts.and the more recent high resolution experimental valties
Taking full advantage of the high precision experimental re-has been suggestétiat least partly, to be a fortuitous effect
sults requires a high numerical accuracy of the core-levebdf using theZ+1 approximation for describing the core ion-
binding energy shift calculations and inclusion of a numberized Al atom.
of effects which influence the core-level spectra. In the The reason for the large interest in the SCLS of Al sur-
present work we present very high resolution core-level phofaces lies in the simple electronic structure of Al. Al metal is
toemission spectra from two low index Al surfaces. We giveoften considered as a good approximation to the free electron
a theoretical analysis of the experimental results includinggas making it an important model system. Furthermore the
full ab initio calculations of the observed surface core-levelsimple electronic structure makes high precisim initio
binding energy shifts and the effects of the nonspherical poealculations less demanding in terms of computational re-
tential experienced by a surface atom and briefly touch uposources, e.g., fewer plane waves are needed in the basis set
the influence of vibrational effects on the ApZore-level than what is the case for transition metals. Also on the ex-
line shape. perimental side Al is an excellent material for high precision

Clean aluminum surfaces have been studied extensivelgeterminations of the SCLS. The binding energy of the
both experimentally, using photoemission spectrostdms Al 2p level is quite low and the level has large cross section
well as photoemission partial yield measureméraad theo-  making it easier to obtain good resolution at high count rates.
retically using thermodynamical models, see e.g., Refs. 2 anBurthermore, the Al g level of Al metal turns out to be a
3, molecular orbital cluster based calculatibaad by meth-  very sharp level due to the relatively long lifetime of a 2
ods based on density-functional thegBFT)8-10at various  hole and, of equal importance, due to the weak coupling to
levels of sophistication. Actually, the @00 surface was phonons of such ahole. In view of the fundamental im-
among the first for which a surface core-level sk8CLS portance of Al surfaces, the rather inconclusive state, experi-
was determined experimentdilyand in addition the first mentally and theoretically, concerning the SCLS therefore
calculatiof of a SCLS with full inclusion of final state ef- seems unsatisfying.
fects was performed for this surface. For th€l®0) surface, The paper is organized as follows. In Sec. Il we describe
the reported experimental values for the SCLS range fronour experimental setup, the theoretical background is sum-
+310 meV* (+ sign indicates that the surface atoms have theamarized in Sec. Ill, Sec. IV gives our experimental results
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and relate them to the present calculation and other theoretaethods based on the linearized augmented plane-wave
ical results, and in Sec. V we give some concluding remarks(LAPW) method!* In schemes based on norm-conserving
pseudopotentials, Coulomb potentials and orbital eigenval-
Il. EXPERIMENT ues are highly transferable. However, total energies probe the
charge density and pseudopotentials in the core region where
The experiments were performed at beam-line 1311 at théhey have no direct physical meaning. As a result, total
MAX-II storage ring in Lund, SwedeH. The beam line is  (pseudoy energies may have larger transferability erd§ra?
equipped with an SX-700 monochromator and a hemispheriour all-electron results allow us to estimate such errors, and
cal Scienta SES 200 electron analyzer. with our choice of pseudopotential paramet@rsre radius,
The crystals were cleaned by cycles of argon ion sputteretc) we find them to be small.
ing followed by annealing to about 450 °C. The surface con- |n our plane-wave calculations we used an implementa-
tamination was monitored throughout the experiment bytion by Bockstedteet al® and pseudopotential parametriza-
measuring C and Oslspectra. Lateral surface ordering was tion according to Hamant.In the calculations for obtaining
checked using low energy electron diffractidlEED). Al the pseudopotentials we used the Al ground-state configura-
measurements were performed at liquid nitrogen temperatufigon 2p3s?3p as free-atom reference state. In order to model
in order to minimize peak broadening from phonons andp core-excited Al states we chose thg°2s?3p? configura-
electron-hole pair excitations, under ultrahigh vacuum contion. In order to determine a suitable value for the pseudo-
ditions (below 10'° Torr). The spectra were recorded at nor- potential radiug, we performed transferability tests where
mal emission. To identify bulk and surface peaks, spectraghe difference in total energy between the Al pseudoatom and
were measured at different photon energies, ranging froral metal was evaluated as a function f In this way we
85 eV to 150 eV. Maximum surface sensitivity was found minimize the transferability errors mentioned above. The
to be at about 95 eV. Total experimental resolutions were ivalues were used for ground-state and core-excited ions. In

the range 10—15 meV. the LAPW calculations we used the WIEN2k code by Blaha
et al?® as well as a local implementation. An energy cutoff of
ll. THEORETICAL BACKGROUND up to 9.5 Ry was used and local orbitalsspp, andd sym-
AND DFT CALCULATIONS metry were added in order to minimize linearization errors.
_ _ The exchange—correlation functional was described by a
A. Total energy based calculations of core-level shifts generalized gradient approximatiofGGA) by Perdew,

Core-level spectra in solids can usually be modeled as Burke, and Ernzerhd¥, except in our calculations of
sudden removal of an electron in a particular core shell. Irsurface-induced core-level splittings where we used the
this process, we can reach different final states where thi@cal-density approximatioLDA). As reported earliel’ the
core level is empty but where the valence electron system i€GA improves the geometrical parametéedtice constant,
in different excited states. The probabilities for reaching thesurface relaxation, efc.but with given geometrical param-
different final states determine the core-level line shape. Teters GGA and LDA give almost indistinguishable core-level
the extent that lifetime effects can be left out, the core-shifts. Bulk calculations yielded an equilibrium lattice con-
electron spectrum has a well-defined thresheldcorre-  stant of 4.05 A and a bulk modulus of 0.75 Mbar, in excel-
sponding to complete relaxation of the valence electrondent agreement with the experimental values 4.05 A and
Thus the core-level energy can be calculated as the diffei®.77 Mbar.
ence in total energy of an unionized ground state with no The convergence with respect to slab thickness will be
core hole(n.=1) and a final state with a core vacan@y; discussed in the following section, here we just mention that
=0) and completely relaxed valence electrons, i.e.,cas We used up to 13 layers for ground-state systems and up to
=E(n,=1)-E(n.=0). The relaxed final state is, as far as the nine layers for core-excited systems. The thickness of the
valence electrons are concerned, very similar to a grounMacuum layer separating slabs was also varied and increased

state which is why this formally excited state is well de-until the level shifts were converged within a few meV. In
scribed by a ground-state theory like DE2F3 order to check for interaction between excited sites of the

The semi-infinite bulk plus surface is in a standard wayfinal state slabs we varied the size of the lateral unit cell. For

described via use afepeatefislabs separated by a vacuum the (100) surface c(2x2), (2X2), andc(4 X 4) lateral unit
layer of sufficient thickness for making the interslab interac-cells were studied whereas for ttl1) surface,(2x 2) and
tions negligible. The isolated core hole in the final state is(3X 3) cells were considered. Based on these tests, we judge
modeled by placing the ionized atom in(latera) supercell  that the SCLS is numerically converged to better than
large enough that the interactions between the ionized atomis> meV by use of X 2 unit cells and 45, 105 irreducible
has a negligible influence on the core-level binding energy-points 2x2 Brillouin (2D) zones of the AIL00) and
shifts. Core-level binding energies of atoms in various layerdl(111) slabs, respectively.
are then calculated as the difference in total energies of the
slab without a core holénitial state and with a core hole
(final state from which the layer-dependent core-level shifts
follow. The interlayer spacings of the outermost surface layers
We have used both norm-conserving pseudopotentialgirn out to have significant relative, albeit not absolute, in-
combined with plane-wavéPW) basis sets and all-electron fluence on the calculated SCLS. These interlayer spacings

B. Geometrical parameters
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0 TABLE Il. Calculated core-level shifts for the firs6CLS and
- second(L2CLS) layer of Al(100 and Al111) for different first-
b 51 1 (Ady») and second-(Adyg) interlayer relaxations. LAPW-based
E shifts are decomposed in initial-stdif;) and relaxatior(A,) com-
§ [ ] ponents. The shifts are given relative to the middle layer of the
£ 4} i respective slabs. Energies in meV.
=] : ]
g Ady, Ady Method SCLS A, A, L2CLS
q 6 .
o 11 0% 0% @ -36
2 AI(100) 7 layer slab 111 1.4% 0% a -14
= 8r .
&’ Opumlzed Ad23 100 0% 0% a -101 -2
! | 100 2% 1.4% a -86 7
-10 " 1 " L L L b _
2 p . . " p 100 2%  1.4% 71 20
100 2% 1.4% ¢ -96 6 -102 11

Ady/ dpyik (%)

aPW, seven-layer slab.
FIG. 1. The variation of the total energy of a seven-layer®PW, nine-layer slab.

Al(100) slab with the relaxatiorhd,, of the first interlayer spacing. °LAPW, seven-layer slab.
For each value ofAd;,, an optimization has been performed of the
second interlayer spacintys. lates into a significant relativébut small absolutevariation

of the calculated core-level binding energy shifts. In passing
are determined by minimizing the total energy with respeciye note that, as discussed previouSlyhe strong interlayer
to them. However, close to the minimum the total energyspacing dependence of the binding energy is due to the final
depends only weakly on the spacings. This presents seveggate atom not being in geometrical equilibrium after the ver-
demands on the computational accuracy of the minimizatiofical core ionization. Away from equilibrium, the total energy
procedure and, in our opinion, the uncertainty in the SCLShas a steeper dependence on the geometrical parameters like,
induced by the resulting uncertainty in the interlayer space. g., the interlayer distancésee Fig. 1. Therefore geometri-
ings is actually larger than that induced by numerical inaccal changes around the equilibrium which only create a small
curacies of the calculations. In Fig. 1 we show as an examplytal energy change for the initial state may result in a sig-
how the total energy per unit cell of the(AD0) slab varies nificantly larger change for the final state total energy, and
with the deviationAd, of the first interlayer spacing from thereby cause a large change of the core-level binding en-
the bulk value®® A 1% change ofAd;, from the optimum  ergy.
value is seen to induce a change of the total energy of less Second, the determination of the reference bulk binding
than 2 meV. Similar results are obtained fof&l1). In view energy with a precision of a few meV turns out not to be
of this weak variation we believe that the interlayer relax-straightforward when using the slab-based method. If one
ations cannot be determined to better than a few percent fromises a separate bulk supercell, one is forced to use different
DFT. The DFT optimum values of the interlayer spacings are point grids for different supercells and cannot rely on can-
given in Table I. As seen from Table I, the agreement withcellation of errors in thé-space integration when comparing
experimental determinatiof’s® is reasonable for both sur- sjab and bulk total energies. If one instead uses the middle
faces. The influence of these geometrical uncertainties is ilayer of the vacuum-separated slabs as the reference, one
lustrated in Table Il which shows the calculated first andfinds that it is not quite stable with regard to slab thickness.
second layer core-level shifts for sevedap andd,; combi-  The underlying reason for this is that Friedel oscillations
nations. As seen, small changes of the interlayer spacindgom the two surfaces of the slab have a slow asymptotic
compatible with experimeft?*lead to changes of the core- fall-off. In the case of symmetric slabs, these Fermi-surface
level shifts which, although not large on an absolute scalegriven oscillations interfere and will be commensurate with a
are significant relative to the shifts themselves. The aforewavelength somewhat longer than the Fermi wavelength. As
mentioned uncertainty of the interlayer distances thus transg result, the Hartree potential of the inner layers of the slab
shows variations of the order 10—20 meV causing the core-

TABLE |. Surface relaxations relative to the bulk interlayer level binding energies to fluctuate even for the inner layers of

distance. the slab. We illustrate this effect in Fig. 2 which shows the
100 11 layer depender(tinitial_) state Al 25, eigenvalues obtgined
from LAPW calculations for several 100 slab thick-

nesses. We notice that the relative shifts between the outer-

Expt? Theor. Expt Theor. most layers converge more rapidly than do the shifts of the

Ady, +2.0% +0.5% +1.4% +2.0% middle layers. Thus, the boundary cc_)nditions emgrging from
Ad +1.2% 0.3% 0.0% the surface seem to make the orbitals more stiff near the
z surface than near the center. We have found that the orbitals
3From Ref. 22. of jellium slabs also show this general behavior with regard
bFrom Ref. 23. to slab thickness. In our case, the Friedel fluctuations in the
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and Al100). Second, the agreement with an earlier calcula-
64730 tion of the SCLS by Feibelm&rfor Al(100) is also good.
- This earlier calculation used a 0.4% inwards relaxation of the
2 642401 surface layefAd;,=-0.4% as opposed to the currently used
3 outwards relaxation of 2%. However, if we use the same
g % ° geometry as Feibelman we obtain a shift of about —103 meV
go Slab Thickness for a seven-layer slab, to be compared to Feibelman’s value
g 07 of —96 meV. Aldénet al,'° on the other hand, obtained an
& —— Blayers almost vanishing SCLS for AL00) and furthermore argued
T 6470 —a— 11 layers . ,
—=— 9layers that the excellent agreement between Feibelman’s calculated
—v— 7layers value and experimental results was partly a side effect of the
64780 1 ® suLk Z+1 approximation used in the calculation. In order to test
. ; 3 : : : . ; ] this we have calculated the SCLS of(ADO) for the experi-

mental geometry by use of th&+1 approximation. We ob-
tain aZ+1 value of —120 meV demonstrating that tAe 1
FIG. 2. The Al 25, eigenvalue, relative to the Fermi level, at approximation results in a roughly 30% incregse of the C.al_
different layers and for different slab thicknesses from LAPW culated SCLS. Thus the gQOd agre_ement obtained by F_elbel-
ground-state calculations. man cannot be solely ascribed to his use ofZhel approxi-
mation. It should also be noticed that the value of the

middle layers amount to about 10 meV in an 13-layer slab.Al(100 SCLS calculated by Aldéat al. disagrees with both
We have performed a similar analysis also for thelal) ~ experiment as well as with the current calculations. Even
surface. In this case the Friedel oscillations have a smalldhough we have not investigated this point in detail, we
amplitude, and we find that the middle layer from a sevenWould still believe the discrepancy to be a result of the use of
layer slab should furnish a bulk reference accurate to 5 meyhe atomic sphere approximatigASA) by these authors.
or better. One explanation why the(al1) surface converge The SCLS of these surfaces are of such small magnitude that
better with respect to slab thickness is of course the longe®Tors introduced by approximations like ASA may become
interlayer spacing for closed-packed surfaces. Another red€ry S|gn|f[cant.
son could be that standing-wave patterns emerge more easily Finally, it may be noted that the SCLS perhaps somewhat
along the(100) direction. In the case of th@00) surface, the ~Counter-intuitively shows an increase whep is decreased
interlayer separation is almost commensurate with half &nd the surface layer is placed in a more bulklike environ-
Fermi wavelength, and this seems to favor an alternatingn€nt. As the total energy of the initial state slab only de-
behavior of the Hartree potential. pends weakly on the interlayer spacing in the vicinity of the
We have also studied the behavior of the relaxation enMinimum, the variation of the SCLS may to a good approxi-
ergy and obtained indication that this part of the core shiffnation be ascribed to the variation of the total energy of the
exhibits smaller oscillations. This is in agreement with thefinal state slab with interlayer spacing. Therefore the increase
general expectation that the 0-dimensional perturbation fron@f the SCLS with decreasind,, simply signifies that the
a core hole should be weaker than a two-dimensional pertufotal energy of the final state slab decreases with decreasing
bation from a surface. dq, which in turn shows that the minimum of the total energy
Using the experimentally determined interlayer distancedor the final state slab occurs for a smaltép, value than
and a nine-layer slab we obtain shifts relative to the bulkfound in the initial state slab.
emission of =71 meMminus sign indicates a shift toward
lower binding energy and +20 meV, respectively, for the
first and second layer SCLS of the(AD0) surface. For the
Al(111) surface we obtain a SCLS of —14 meV from seven- Several effects of electronic origin contribute to the fun-
layer slabs. These estimates are based on PW results and ttemental line shape of a core-level photoemission peak from
bulk reference has been approximated by the middle layer af metallic system; the finite lifetime of the core hole, the
the slab. We notice in Table Il that the PW and LAPW resultsshake-up of electron-hole pairs during the photoemission
are consistent within about 10 meV. Finally, it is noticeableprocess, and broadening originating from thermally excited
that the binding energy shifts between the first and secondalence electrons.
layers show much better agreement between the seven- and In theoretical modeling, the effects of finite core-hole life-
nine-layer slabs than the individual shifts. The larger changéme is usually added as an afterthought by convoluting by a
of the individual shifts can be rationalized as due to the uséorentzian  broadening. ~Commonly, the so-called
of the bulk level as reference energy and the aforementione@oniach—-Sunji?* line shape is used as model function for
difficulties caused by variations in the Hartree potential forthe components in core-level photoemission from metallic
the middle layer of a finite slab. systems. This line shape contains a Lorentzian distribution
When comparing with other works, we first want to point originating from the finite lifetime, and a Mahan—
out that a comparison to experimental data as described inldoziéres—de Dominicf§2” (MND) asymmetry indexa,
later paragraph shows a good agreement between experimemiiich accounts for creation of particle-hole pairs during the
and theory for the surface related core-level shifts giAl)  photoemission process. In the case of the g the valence

Iayer No (1=Surface)

C. Line shapes in core-level photoemission
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electrons are involved both in the core-hole relaxation and ivalue of 40 meV. However, our experiments indicate a sub-
the core-hole annihilation, and some interference might batantially smaller value, and therefore we have reinvestigated
expected. For long lifetimes, however, the only importantthe matters. There are two important ingredients which we
interference is believed to be a renormalization of the decapelieve have not properly been accounted for earlier. First,
rate which should be determined by the fully relaxed holethe crystal fields give no splitting of the initial ground state
state?® Detailed calculations have been made by Almblatih total energy(E%(N)) as this state has filled core leveks,
al.® which demonstrate the importance of core-hole relaxsymmetry. The final state, however, has only fractional oc-
ation on the level widths. 5 cupancy of the core level, thus allowing for an explisit
The derivation of the Doniach—Suéjiine shape assumes dependence of the total energyg* (N-1,m). As Eg
that the temperatur& of the electron gas is 0 K. At finite =E* (N-1,m,)-E%N), it is evident that the splitting is de-
temperatures, thermally excited particle-hole pairs alsqermined by the final-state potential with a core-hole impu-
couple to the core hole via the MND mechanism andrity rather than the ground-state potential. Second, the core-
broaden the core line. In many cases this broadening is agevel splitting is probing the internal structure of the core
equately described by its second-order moment and can hevel [the value of the magnetign;) quantum numbéy and
taken as Gaussian with a full width at half-maximum e find that ground-state DFT is a poor approximation to the
(FWHM) of 2.357kT\a/3.%° For aluminum at 100 K this crystal field part of them, dependence of the core-valence
amounts to about 8 meV which, even though small on arexchange interaction. The core-valence exchange amounts to
absolute scale, is significant when compared to lifetimeabout 30% of the Coulomb part in a DFT description and is
widths (FWHM) in the range of 20—30 meV as determined of opposite sign. If we instead use the full core-valence ex-
experimentally for Al 2. change operator, we obtain much larger values which, in the
The core-level line shape is also affected by disorder andase of Al, almost balance the direct Coulomb part.

the fact that the nuclei are vibrating. Disorder broadening \we first describe the DET mean-field calculations and
originates from core holes at different pOSitiOﬂS with differ- come back to the exchange corrections at the end of this
ent local environment and thus slightly different binding en-section. In order to obtain reliable potentials in the core re-
ergies. Disorder broadening would be absent in the bulk of gjon an all-electron method is preferred. We used the LAPW
perfect crystalline solid but is usually present at surfaces oWmethod as described above. The shifts frapg are readily
ing to steps and other imperfections. . obtained asA}f,f))=Q2<3?1,-m|Yzo|y1;m>, where Q, is a radial
e e o it Yy, Spheral frmonc, ar  spin spreria
sitions of the nuclei Th?sydepf)endence gives a coupling b‘;ﬁarmonifihe Gaunt coefficieVjm|Y20Mijm) has the val-

) es *1AN20x for j=3/2 andm=3/2,1/2 and are theame

tvyeen th? core level and the phonons_. In a'semiclassice:ii)r the two allowed values off which arise from the large
picture this leads to a Gaussian broadening which reflects thg

magnitude of the lattice displacements and the core-hole—nd small components of the core orbitdj, does not shift

; . . e thej=1/2 core level. The shifts were calculated using both a
lattice coupling. In a quantum-mechanical description, th

honon broadening is a shake-uo phenomenon. with a r:;ylly relativistic as well as a nonrelativistic core orbital. The
P ; 9 . P P! ! detailed results for th€L00) surface are summarized in Table
phonon line corresponding to full lattice relaxation and sat-

allites corresponding to phonon shake-up. When the numbe!\”' The relativistic and nonrelativistic results are almost in-
P glop P- . distinguishable. Shifts induced by the ground-state potential
of shake-up phonons is large, the quantum and classical

descriptions become equivalent. In the case of Al, the phoa also given in Table Il and are found to agree very wel
P : q ' + € PNOGith the earlier results by Wimmest al® As seen in Table
non broadening was calculated long ago by Hedin an

) - 20)
Rosengred! who found a very small broadening with II"I(':i?ée gggenzcéfggrm%.rﬁed%ﬁm %eagg?;.ﬁggcm.rnmtﬁé
Nn=0.6. In this limit the phonon broadening is not at all S J Shitts oW : using

Gaussian but instead consists of a no-phonon line and a ongggrztipegimﬁthigt?ﬁg ;ﬁaﬁéfgseg#?;gr:é}’;gﬁzt;hgglr?etf
phonon satellite with a relative strength of the ordem our q 9

analysis we therefore model the vibrational effects by a mair} ONS- The shifts can be expressed(#§iV1gly) in terms of
line plus a weak phonon replica with a width of the order ofthe unperturbedyy,) and perturbedy,) parts of the core

the phonon bandwidth. orbital. The perturbed part, is obtained from a Schrodinger
equation with the perturbation in a source term. Separating
D. Crystal field splitting angular and radial parts we Writ&/10(r)=v1o(r)Yso(F),

Po(r)=Popi(D) /1 Yyym(T), and g (r)=(Py(r)/1) Vyjrm(T)
X{Qjrm |Y10|yljm>- The perturbed radial parts of the core
orbital follow from

At surfaces the ion cores experience low-symmetry crys
tal fields which in principle may split the core level in sub-
components. At th€100) and (111) surfaces, symmetry al-
lows for crystal fields involvingl=1 and =2 spherical
harmonics. In the case opZore holes, thé=2 components [€2p) = hl(jo)]plj,(r) = 0101 Ppy(r), (1)
couple in first order and thie=1 components in second order
and splitj=3/2 hole states in two components corresponding ) ) 0
to magnetic sublevels +3/2 and +1/2. wheree,,; is the unperturbed energy eigenvalue éqal;)ithe

The m;=3/2-1/2 splitting at the A{100 surface has radial Hamiltonian for angular moment@’. The second-
been estimated earlier by Wimmet al.® who obtained a order shifts are then obtained from
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TABLE lIl. Crystal field splitting(meV) of the 2o level at the A(100) surface from DFT for ground state
(g9 and core excitedexcited nonspherica(NS) potentials, using fully relativisti¢rel) as well as nonrela-
tivistic (nr) core orbitals.

NS poten- i=3 j=32 m=3 =32 m=2 j=2  Average
tial
(@) Voo nr Excited 0 5.789 -5.789 0
(b) Voo rel  Excited 0 5.788 -5.788 0
(©) Vo rel gs 0 19.1 -19.1 0
(d) Vg nr - Excited 15 3.9 -0.8 15
() Vignr gs -0.005 -0.007 -0.003 —-0.005
Vio+Va Excited 15 9.7 -6.6 1.5
VigtVao  gs -0.005 19.1 -19.1 -0.005
Agran):E <P2pj|le|Plj/>|<ylj/m|Y10|yljm>|2- 2) ground-state DFT potential. If we use the full core-valence

i exchange operator, the shifts for uncouplgd.s; core orbit-
als depend om, but not on spin. The origin of the, de-
The relevant Gaunt coefficient3); | Y10 V1jm) are givenin  pendence is the lower symmetry of the valence-electron
Table IV. By parity,l is 0 or 2, and the angular momentym  wave function at the surface than in the bulk. It is convenient
for the perturbed part is limited by the usual angular momento split the exchange potential into an average over magnetic
tum rules,[j-1/<j'<j+1 and|l-1/2/ <) <I|+1/2. sublevels and a remainder. The sublevel dependent remain-
The spin—orbit coupling is very weak in comparison with der can be writtef?

the total effective potential, and as a consequencyq e Y
pendence of the radial wave functions can to a very good (lcmc|2§<1)||cmc>= > n|mQ,n(I,I)B'r'm'T§,m , 3
approximation be neglected. The splitting originates almost "I ¢
exclusively from the Gaunt coefficient in E@2) which " ) i 5
weights thes andd waves differently for the different sub- WhereBy, <. contains Wigner Bsymbols?
levels jm. The d wave contributes very small shifts down-

ward, and thes wave a larger shift upward. In Table IV we g :< O )( (PR )
see that thes wave only couples to the sublevels with mfme \-m m’ m./\-m. -m’ m
=+1/2, which consequently are shifted up, and the shift of 1

the levels withj=3/2 areshifted about twice as much as the -
j=1/2levels. The sublevels witm=+3/2 only couple to the @2+ 12+ 1)

d wave and exhibit a small negative shift. As seen from Table, 4 whereQ,. is given by

lll, V4o gives rise to a small shift of both levels and a

splitting of thej=3/2level. TheV,qinduced splitting is only . |1, 1m)?

about 20% of that induced By, However, as shown below ~ Q(kk') = (21 + 1)(2¢ + 1)(0 0 O) X Ry(vl,c,c,ul)

a more correct treatment of exchange and correlation reduces

the V,, contribution to a level wher&/;, becomes respon- (5)

sible for a significant part of the total splitting. in terms of 3 symbols and radial core-valence exchange
We now turn to the exchange contribution to the core-integralsR.(vl,c,c,vl). In the calculations we approximated
level shifts. In Table V we have separated out the exchangee radial valence-electron density matrixlafymmetry by

correlation part as obtained from ground-state DFT. It is seeR effective orbitalh,,(r) normalized to one in the muffin-tin
that in DFT this contributes about 30% to the shifts and is of,

sphere,ym(r,r') =nme,(r) d,(r') (N, is the number of va-
opposite sign as the Coulomb part. The details of the Corel'epnce eTlamétron; o;rr;qbls;r)nﬁ;e(tr; (inlmthe core-hole sphere

valence exchange depends explicitly on the magnetic sul:l_—| ; ; e ; ;
o . aving obtained the splits inlam, representation, the split-
level indices of core and valence electrons. It is not clear that 9 P P P

such an explicit state dependence is well described by a o , .
TABLE V. Contribution to the crystal field splittings for the

2p3), level of surface atoms on A00) and A111) from the Cou-
lomb potentialV¢, the DFTv,. potential, and the full core—valence
exchanggs,). Energies in meV.

(4)

TABLE IV. Gaunt coefficients()j/m| Y10 Vijm) %

i\ 33 T
s% 1/127 1/6m 0 Surface Ve Uye 25 Ve+3y
d3 1/67 1/300m 3/100m Al(100) 20.2 -3.9 -16.1 4.1
d2 0 9/50m 3/257 Al(111) 25.6 -5.2 -22.8 2.8
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Al(111) Al(111)
Al2p l\

hv=82 eV

Intensity (Arb. Units)

Intensity (Arb. Units)

95 eV i\

‘ P I T W T ST ST W S T S N S A S T S T T W T S T W | IR
90 eV 729 72.8 72.7 72.6

‘ Binding Energy (eV)

734 733 732 731 730 729 T28 727 726 725 FIG. 4. Bulk sensitive Al P3» spectrum from Al11l) excited
Binding Energy (eV) at a photon energy of 82 eV. A decomposition into btkgher
binding energy and surfacglower binding energycomponents is
FIG. 3. Al 2p spectra from Al111) measured at the indicated included. Each of these components consists of a no-phonon line
photon energies. Measured at 100 K and normal emission. (black ling and a phonon replicégrey ling. The resulting fit is
included(black line).

tings for spin—orbit coupled core levels are obtained by trans-

formation toj.m. core orbitals, used two Doniach—-Susjicomponents in order to simulate
bulk and surface emission. This resulted in a SCLS of around
Gemd=Wjeme = X (112l g;5,m = 8 jomy)|? —-27 meV, however, the quality of the obtained fits were not

mes satisfactory. A major reason for the failure is illustrated in

A Fig. 4 which shows an Al @ spectrum measured at a photon
X el lomy)- © energy of 82 eV, i.e., under bulk sensitive conditions. Due to
The results for the AILOO) and Al(111) surfaces are given the bulk sensitivity, the surface peak is visible only as a weak
in Table V. The pure Coulomb contributions to tB¢2—-1/2  shoulder on the low binding energy side of the bulk peak
splits are about the same for the two surfa¢esthe case of thereby minimizing the influence of any surface related fea-
Al(111), the I=1 crystal field gives a negligible contribu- tures. As seen from Fig. 4, the bulk peak exhibits a double
tion.] The DFT potential counteracts the Coulomb part andstructure with one very sharp component and a broader emis-
gives a negative contribution about 20% of the direct partsion feature at slightly higher binding energy. This is exactly
The full core-valence exchange gives a substantially largethe shape expected for a case with only weak coupling to the
contribution, and when we correct we obtain very small totalphonong! as described in Sec. IlIC; a dominating no-
shifts. Finally, we would like to stress that it is not the aver-phonon line and a weak structure at higher binding energy
age core-valence exchange which is grossly misrepresenteldie to phonon loss&sve neglect the phonon gain possibility
by DFT, it is just the angle-dependent crystal field part.  at 100 K). In Fig. 4 we have used Doniach—-Sunjine
shapes for both the no-phonon line and the phonon loss fea-
IV. EXPERIMENTAL RESULTS AND ANALYSIS ture. The phonon induced structure, which has an intensi_ty
relative to the no-phonon line of about 0.4 and an approxi-
Figure 3 shows Al P spectra from the AlL1l) surface mately 30 meV higher binding energy, is significantly
measured at different photon energies. These raw data dbroader than the no-phonon ligetal FWHM 50 meV and
rectly show that both spin—orbit components contain two30 meV, respectively, for the @, spin—orbit componeit
components which can be ascribed to emission from bulland is furthermore almost Gaussian in shape. Introducing a
and surface atoms, respectively. From the variation in relasimilar double-peak line shape for the bulk and surface com-
tive intensity of the two components as the photon energyponents in spectra measured under surface sensitive condi-
and thereby the escape depth is changed, the componenttains clearly improves the quality of the fitsee Fig. 5,
lower binding energy can be identified as the surface comhowever, the Al111) SCLS remains unchanged at a value of
ponent, i.e., the SCLS of the @I11) surface is negative. By -27+3 meV. This may be compared to our theoretical val-
simply reading off the peak positions in the raw data, theues of -14 meV and —36 meV using the experimental and
magnitude of the AlL11) SCLS may be estimated to between bulk termination, respectively. Furthermore, from our tests
20 and 30 meV. In order to improve the accuracy of thiswith different method¢PW, LAPW) and different numerical
estimate, we have performed numerical decompositions gfarametergbasis set sizek points, etc) we expect an overall
the Al 2p spectra using the FITXPS packaifdnitially we  accuracy of about 10 meV, and the difference between
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Al(111) AL(100
Al2p Al(2 )
hv =90 eV P

Intensity (Arb. Units)
Intensity (arb. Units)

90 eV

733 732 731 73.0 729 728 727 726 725
Binding Energy (eV)

733 732 731 73.0 729 728 727 726 725 724
Binding Energy (eV)

FIG. 5. Al 2p spectrum from All1l) at a photon energy of
90 eV. A decomposition into surfadgower binding energy and
bulk (higher binding energycomponents is included. Each of these
components consists of a no-phonon lib&ack ling and a phonon  The uncertainty of the total width is quite small. The surface
replica(gray ling. The resulting fit is includedblack line). component is found to be slightly broader than the bulk peak

which at least partly is due to that we have neglected the
theory and experiment is of the same order as the estimategdystal field split and only used one surface component. The
accuracy. calculated crystal field splitting is only 3 meV which is eas-

The Doniach—-Sunji line shape parameters of thgs  ily absorbed into a slightly larger width of the surface com-
spin—orbit component obtained for the no-phonon lines ofonent. Additionally, disorder broadening is expected to be
the bulk and surface emission are given in Table VI. Con-more pronounced for the surface than for the bulk peak as
cerning these line shape parameters we note that precise da#face related disorder, e.g., steps, is more likely than bulk
termination ofa is hampered by the existence of the phonondisorder. We also note that it is not possible to decompose
loss peak on the high energy side of the components, hovihe Al(111) spectra if the crystal field splitting of about
ever, use ofx values above 0.1 consistently results in poor25 meV calculated without full inclusion of exchange and
decompositions. Concerning the widths we note that the uncorrelation is used for the surface component.
certainties of the Lorentzian and Gaussian widths are The determined lifetime width of around 23 meV is in
strongly coupled; a reduction of say the Gaussian has to bexcellent agreement with a previous calculation for the Al 2
compensated by a corresponding increase of the Lorentziatevel by Almbladh, Morales, and Grossmahmho calcu-

lated a value of 22 meV using orbitals relaxed in the pres-

TABLE VI. Line shape parameters for theg, component for ~ €Nce of the core hole when calculating the decay rate. If the
Al(111) and AK100). I', and I's are Lorentzian and Gaussian €ffects of the core hole are not included, a value of 11 meV
FWHM widths, andAE are binding energy shifts relative to the iS obtained which seems incompatible with the experimental

FIG. 6. Al 2p spectra from AIL00) measured at the indicated
photon energies. Measured at 100 K and normal emission.

bulk peak. Energies in meV. data.
The strength of the phonon loss component is not easy to
r, I'g a AE determine for the surface peak as it energetically coincides

with the no-phonon bulk component. We are therefore not
able to deduce any difference in phonon coupling for bulk

111 and surface core ionization in the(ALl) case. Finally, the
Bulk 23%5 165 0.07+0.03 line shape parameters for the,;2 components are identical
Surface 23+5 235 0.07£0.03  -27£3 {9 those of the B, except for the Lorentzian width. This
width is found to be about 10-15% larger for thg; 2 level
100 reflecting that the deepemp2, level can decay into af,
Bulk 2345 14+5 0.07+0.03 hole and an excited valence electron via the core-valence

exchange interaction. The magnitude of this increase of the
width furthermore shows an excellent quantitative agreement
with recent theoretical calculatiod$.

aThe value is the average for two crystal field split components Figure 6 shows two Al @ spectra from the AlLOO) sur-
corrected for the phonon structure. The value of -95 meV in Refface measured at photon energies of 90 and 95 eV, respec-
35 refers to the shift between no-phonon lines. For this we herdively. Comparison of the surface sensitive 95 eV spectrum
obtain —96 meV. to the more bulk sensitive 90 eV spectrum first demonstrates,

Second layer 235 14+5 0.07+0.03 +18+2
Surface 23+5 55+10 0.07+0.03 -75%5
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TABLE VII. Summary of phonon structure parameters for the
various Al 23/, components of AtL11) and A(100. AEy, is the
Al(100) energy shift between the no-phonon line and the phonon induced
structure, I /1o is the intensity of the phonon induced structure
Al 2p3p 1 relative to that of the no-phonon line, FWHM is the full width at
hv=95eV half maximum of the phonon induced structure. All energies in
meV.

FWHM

Component AEp Ipn/lo No-phonon Phonon

111 Bulk 30 0.4 30 50
Surface 30 0.4 30 50

Intensity (Arb. Units)

100 Bulk 30 0.4 30 45
Second 30 0.4 30 50
Surface 45 1.8 70 120

7285 72.80 7275 7270 7265 7260 72.55 72.50 phonons at the surface and also to increase the width of the
no-phonon line. As seen from Fig. 7, these modifications of
the surface emission line shape result in excellent decompo-
FIG. 7. Al 2psj, spectrum from Al100) athy=95 eV. Adecom-  Sitions also of the surface related emission. The shift between
position into second layethigher binding energy bulk (middle  the no-phonon bulk and surface components is found to be
binding energy, and two crystal field split surfacgower binding ~ about —96 meV. This shift, however, refers to final states
energy components is included. Each of these components consiswhich are fully relaxed geometrically whereas the calculated
of a no-phonon lingblack line and a phonon replicégray line). SCLS refers to vertical transitions, i.e., the same geometry in
The resulting fit is includedblack line). the initial and final states. Thus the —96 meV cannot be di-
rectly compared to the calculated SCLS. However, the verti-
as expected;® a surface shifted component at lower binding cal excitation energy cafi, to linear order in the phonon
energy relative to the bulk component. Simply reading offcoupling, be extracted from the experimental spectrum by
the peak positions of the 95 eV spectrum results in arperforming a Franck—Condon analysis, i.e., by taking the in-
Al(100) SCLS of around —-80 meV, i.e., slightly smaller than tensity weighted average over the vibrational envelope. The
previously reported. Second, the comparison also shows thaarameters needed for such an analysis are given in Table
a component at slightly higher binding energy than the bulkVIl. For the Al(111) case with similar vibrational envelopes
peak is seen under surface sensitive conditions. From thier bulk and surface emission such an analysis of course
95 eV spectrum, the binding energy of this component isyields the same result as obtained directly from the no-
estimated to be about 20 meV higher than that of the bullphonon lines. For AILOO), however, the stronger vibrational
peak. From the intensity behavior with photon energy, theexcitations for the surface peak will make the vertical SCLS
obvious interpretation of this +20 meV component is to as-smaller than that between the no-phonon lines. Performing
sign it to emission from the second Al layer. Such an assignthe intensity weighted averaging we obtain an experimental
ment is furthermore in excellent agreement with the valuesvalue of -75 meV for the SCLS of AL00) in excellent
calculated for the second layer shift of(A00). As for the  agreement with the range of theoretical values given in Table
Al(111) case we have refined these estimates of the surfadé It is also gratifying to note that this experimental value is
related core-level shifts by decomposing the spectra. For thelose to the =80 meV obtained from simple inspection of the
bulk and the second layer component we use the same lirgata. We also note that the experimental value is quite robust
shape as for the bulk peak of the(Al1) spectra including when it comes to changes in the strength of the phonon in-
the phonon related structure. As seen from Fig. 7 use of thiduced structure as changes induced by variations of this
line shape results in excellent decompositions of the higlstrength is counteracted by changes of the no-phonon line
energy part of the spectrum. For the surface peak we explidsinding energy required to maintain a good decomposition.
itly include the crystal field splitting of the®,, spin—orbit We now turn to a short discussion of the differences in
component. However, even if this crystal field splitting is bulk and surface line shapes on(200). However, before
allowed to deviate considerably from the calculated value ofjoing into this we will note that the use of a Doniach—Sainji
4 meV, it is not possible to obtain satisfactory decomposi-component for describing the phonon induced structure is
tions of the surface emission if a line shape similar to theonly an approximation. In particular for the surface emission
surface or bulk line shape from @11) is used. In order to where excitation of phonons is strong this approximation
obtain an acceptable decomposition of the surface emissiomay be a major reason for some of the deviations from the
it turns out to be necessary to use a stronger coupling to thieulk values. Concerning a more correct description of the

Binding Energy (eV)
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phonon excitation we note that previous experiments by TABLE VIII. Core-level shifts of the firs{SCLS and second
Theis and Horhhave demonstrated that this requires going(L2CLS) layer. The experimental geometry is used in the calcula-
beyond linear coupling. Work in this direction is in tions. Energies in meV.

progress® Finally, we wish to note that even if the two-

component model used in the decompositions was physically 100 111
correct, strong couplings exist between the optimum values
of the various line shape parameters which prohibit unamg ¢ Expt. Theor. Expt. Theor.
biguous determinations of these values.

In order to obtain the best decomposition of the surfacesCcLS -75 -71 =27 -14
peak, the phonon induced structure has to be about twice asc| s 20 20 0

intense as the no-phonon line; for the decomposition in Fig
7 the relative(integrateq intensity is 1.8. It is possible to
obtain good decompositions using lower relative intensitiesmission. For the surface layer of (ALl a shift of
than this, however, values below 1 inevitably lead to poor_57, 3 mev was found. For AL00) a value of ~75+5 meV
_descriptions of the experimental data. Although the relativ as_found for the firét layer whereas the sez:ond layer
increase of the core hole—phonon coupling compared to bul howed a small positive shift of about 20+2 meV. Calcula-

Al is quite large it should be kept in mind that excitation of g’ons based on DFT and including final state effects were
an average number of phonons of this magnitude or larger Iable o reproduce these experimental shigee Table VIli)

commonly found for metals; the low average number of litt f1h levels induced by th ) f
phonons excited in {2 photoemission from bulk Al is quite ~ SPlittings of the core levels induced by the existence o

unique. A stronger coupling to phonons implies a IargerJ_OW syr_nmetry_crystal fiel_ds at th_e surfgces were investigated
probability for multiphonon excitations and thereby largerin detail. In this respect it was first pointed out that the cor-
energy losses. In agreement with this we find that the energfct potential to use in such calculations is the one with the
shift between the no-phonon line and the phonon inducegore hole present. Inclusion of the core hole was shown to
structure is slightly larger than found for the bulk peak significantly reduce the crystal field splitting of the Abz,
(~45 meV compared te~30 meV) and also the width is level found without such inclusion. Second, it was shown
larger than what is found for the bulk phonon structurethat the treatment has to go beyond the DFT level in order to
(~120 meV compared te-45 me\). Concerning the larger properly account for the influence of exchange and correla-
width of the no-phonon line for the surface than for the bulktion on the crystal field splitting. When using the full core—
(~70 meV compared te-30 meV in total FWHM, the de-  valence exchange operator, the contribution from exchange
compositions do not point to any particular explanation inand correlation turns out to be of similar magnitude as the
terms of the inc'rease being attributablle to an increase qdure Coulomb part but of opposite sign resulting in a total
either the Gaussian or the Lorentzian width. The LEED patgrystal field splitting of close to zero for the Apg), level of
terns from 'ghe AI100) surface were of similar hlgh quality as gyrface atoms on AL11) and A(100). A very small crystal
those obtained from the Al11) surface and it is therefore fie|q split is confirmed experimentally for 4111) whereas
problematic to simply attribute the increase toa larger disorzq, Al(100) no such conclusion can be made due to insuffi-
der broadening for the ALOO) surface. Increasing the crystal o nowledge of the fundamental line shape as discussed

field splitting does not result in any significant narrowing of o\, “inclusion of phonon effects beyond a simple Gaussian
the linewidths of the f, component; a finding which is broadening was shown to be of vital importance when de-

confirmed by the derivation of a similar increase in width of scribing the Al 2 spectra. In aareement with previdhthe-
the 2p,,, component for which no crystal field split exists. oing Ep P ' greer P
our results in Sec. D demonstrated that a net forceoret|cal calculations, the Al2bulk line was shown to con-

exists on core-excited atoms in tk00) surface layer. The tarin a veryllnarrO\r/]v no-prlpno:j "”eh and a brfoad and weak
force gives an increase in the phonon coupling relative to th@onon replica. The resulting line shape was found appropri-
bulk. Couplings to low-energy phonons contribute to the2t® NOt only for the bulk emission but also for the second
widths of the “no-phonon line” in our two-line decomposi- layer peak from AI100) and the surface emission from

tion model, and couplings to phonons near the zone bound? (111 indicating a bulklike phonon coupling for these lay-
ary to strengths and width of the “replica part.” In order to €S- For the surface emission from(200), however, it was

quantify these observations and to obtain a precise phondffceSSary to increase both the linewidth of t_he no—phonon
broadening line shape, a fullb initio study of the lattice line as well as the strength of the phonon replica in order to

dynamics at the surface would be required. The lack of prethain satisfactory decompositions. This was suggested to be

cise knowledge on the phonon broadening prohibits a precisg2used by a significantly different core hole to phonon cou-
determination of the crystal field split of thepg, surface  Pling for the A(100) surface layer. Work directed toward

emission from A{100). This is in contrast to the AL11) obtaining a detailed understanding of the phonon coupling is
. ) h

surface emission where a crystal field split very close to zerd! Progress:

must be used in order to obtain satisfactory decompositions

of the spectra.

ACKNOWLEDGMENTS

The present work was supported by the Swedish Research
Council and by the Danish Natural Science Research Coun-
The surface core-level shifts of @11) and A(100) have  cil. The helpfulness of the MAX-lab staff is gratefully ac-

been derived from very high resolution core-level photo-knowledged.

V. SUMMARY AND CONCLUSIONS

235418-10



EXPERIMENTAL AND THEORETICAL SURFACE CORE-.

*Deceased Dec. 5, 2002.

1W. Eberhardt, G. Kalkoffen, and C. Kunz, Solid State Commun.

32, 901(1979.

2R. Kammereret al, Phys. Rev. B26, 3491(1982.

SR. Nyholm, J. N. Andersen, J. F. van Acker, and M. Qvarford,
Phys. Rev. B44, 10987(1991).

4P. S. Bagus, G. Pacchioni, and F. Parmigiani, Phys. Re¥:3B
5172(199J).

SW. Theis and K. Horn, Phys. Rev. B7, 16060(1993.

6M. Watanabe, T. Kinoshita, A. Kakizaki, and T. Ishii, J. Phys.
Soc. Jpn.65, 1730(1996.

’T.-C. Chiang and D. E. Eastman, Phys. Rev28 6836(1981).

8P. J. Feibelman, Phys. Rev. B9, 4866(1989.

9E. Wimmer, M. Weinert, A. J. Freeman, and H. Krakauer, Phys
Rev. B 24, 2292(1981.

10M. Aldén, H. L. Skriver, and B. Johansson, Phys. Rev.5B
12118(1994).

1R, Nyholmet al, Nucl. Instrum. Methods Phys. Res.#67-468
520 (2001).

12p_ Hohenberg and W. Kohn, Phys. Re\B6, B864 (1964).

3w, Kohn and L. J. Sham, Phys. Rel40, A1133(1965.

140. K. Andersen, Phys. Rev. B2, 3060(1975.

15U. von Barth and A. C. Pedroza, Phys. S8R, 353(1985.

16y. von Barth and R. Caunpublishegl

7M. Birgersson, C.-O. Almbladh, M. Borg, and J. N. Andersen,
Phys. Rev. B67, 045402(2003.

PHYSICAL REVIEW B 69, 235418(2004)

3865(1996.

223, H. Petersen, A. Mikkelsen, M. M. Nielsen, and D. L. Adams,
Phys. Rev. B60, 5963(1999.

233, Burchhardt, M. M. Nielsen, D. L. Adams, E. Lundgren, and J.
N. Andersen, Phys. Rev. BO, 4718(1994.

243, Doniach and M. Surijj J. Phys. C3, 285(1970.

25G. D. Mahan, Phys. Rev. Lettl8, 448(1967.

26G. D. Mahan, Phys. Rev163, 612 (1967.

27p, Noziéres and C. de Dominicis, Phys. R&78 1097(1969.

28C.-0. Almbladh and L. Hedin, itHandbook on Synchrotron Ra-
diation, edited by E. E. Koch(North-Holland, Amsterdam,
1983, Vol. 1b, p. 607.

29C.-0. Aimbladh, A. L. Morales, and G. Grossmann, Phys. Rev. B
39, 3489(1989.

30C.-0. Almbladh and P. Minhhagen, Phys. Status Soli® 135
(1978.

31L. Hedin and A. Rosengren, J. Phys. F: Met. Phyis.1339
(1977.

32M. Birgersson and C.-O. Almbladh, J. Electron Spectr¢stbe
published.

33A. R. Edmonds,Angular Momentum in Quantum Mechanics
(Princeton University Press, Princeton, NJ, 1960

34D. L. Adams and J. N. Anderse(in preparatioi The program
FitXPS used to fit the XPS spectra with the convolution of a
Doniach—Sunjic line form and a Gaussian is available from the
authors at http://www.sljus.lu.se/download.html.

18M. Bockstedte, A. Kely, J. Neugebauer, and M. Scheffler, Com-35J. N. Andersen and C.-O. Almbladh, J. Phys.: Condens. Matter

put. Phys. Commun107, 187 (1997.

19D. R. Hamann, Phys. Rev. B0, 2980(1989.

20p, Blahaet al, An Augmented Plane Wave plus Local Orbitals
Program for Calculating Crystal PropertieéTech. Universitat
Wien, Vienna, 2001

21). P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&,

13, 11267(2009).

36M. Birgerssonet al. (unpublishegl

87L. Hedin, in X-ray Spectroscopyedited by L. V. Azaroff
(McGraw-Hill, New York, 1974, p. 226.

38The geometrical parameters were determined from plane-wave
calculations. The LAPW method gave similar results.

235418-11



