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Fano effect in the angle-integrated valence band photoemission of the noble metals
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Results of a combined experimental and theoretical investigation on the Fano-effect in the angle-integrated
valence band photoemission of the noble metals are presented. In line with the fact that the Fano-effect is
caused by the spin-orbit-coupling, the observed spin polarization of the photocurrent was found to be the more
pronounced the higher the atomic number of the element investigated. The ratio of the normalized spin
difference curves, however, agreed only for Cu and Ag with the ratio of the corresponding spin-orbit coupling
strength parameters. The deviation from this expected behavior in the case of Au could be explained by the
properties of individuab-p- and d-f-contributions to the total spin difference curves, that were found to be
quite different for Au compared to Cu and Ag.
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I. INTRODUCTION Recently, Ghiringhellet al'® investigated experimentally

The term Fano-effect denotes the observation that onf'€ Fano-effect in angle-integrated valence band x-ray pho-
may obtain a spin-polarized photocurrent even for a nonmagi@emission spectroscopyvB-XPS). A corresponding fully
netic sample if one is using polarized light within a photo- relativistic description of this experiment was presented by
emission experiment. Originally, the effect was discussed bjMinar et al!’ that allowed a detailed discussion of the ex-
Fano for free atoms exposed to circularly polarized Ifght. perimental results for Cu. Experiment and calculations have
In particular, he could demonstrate that the spin polarizatiorlso been compared for A§ Accompanying analytical stud-
of the photoelectrons to be observed is a direct consequendgs and model calculations have shown in particular that the
of spin-orbit coupling and the selection rules imposed by thd=ano-effect in angle-integrated VB-XPS is a first-order effect
polarization of the light. The Fano-effect could first be dem-with respect to spin-orbit coupling. From this interrelation a
onstrated experimentally by Heinzmaen al. for free Cs  corresponding increase of the observed spin-polarization is
atoms and also for Cs film§.Subsequent work could dem- expected along the sequence Cu-Ag?AThe new experi-
onstrate the Fano-effect for many different systems in anglemental and theoretical results to be presented essentially con-
integrated as well as angle-resolved photoemissionpar-  firm this expectation. However, they also demonstrate that
ticular, for semiconductors a very pronounced spinthe relative weight of thed-p and d-f excitation channels
polarization of the photocurrent can be achieved by tuningnay have a strong impact on the observed spin polarization.
the frequency of the exciting light to the band-gap energy. Inn the next section a short description of our experimental
the case of GaAs a spin-polarization of 50% can in principleand theoretical approach is given. This is followed by the
be achievetisupplying this way a very simple and efficient presentation of results for Cu, Ag, and Au together with a

laboratory source for spin-polarized electron beams. detailed discussion.
The pioneering work of Fano was later on followed by
various theoretical studies for solié8.In particular, a de- Il. EXPERIMENT
tailed fully relativistic description of angle-resolved photo-
emission was developed by several autfidfson the basis The experiments were performed at the European

of the so-called one-step model of photoemission. From corSynchrotron  Radiation Facility(ESRP at Grenoble.
responding investigations Feder and co-workers concludedhe copper spectra was previously measured on ID12B
that the Fano-effect should not be restricted to experimentst the ESRF (Refs. 16 and 1y and the silver and
using circularly polarized radiation but should also begold samples were measured on the high flux 1D08
present if linearly polarized radiation is used in combinationbeamline. This beamline is equipped with a APPLEII helical
with a low symmetry surface of the sampfeThis prediction  undulator providing~100% circularly polarized soft x rays
could indeed be verified by a subsequent experirtfefihese (10" photongs/0.1% BW in addition to vertical and hori-
theoretical investigations as well as the present one, used aontally linear polarization. The photon energy range of the
itinerant description of the underlying electronic structure. Inbeamline is from 400 to 1500 eV. The silver spectra repro-
contrast to this Thole and van der Laan adopted an atomiduced, with much better statistics the spectra reported
point of view to deal with spin-resolved photoemission beforé® and the gold spectra have never been reported be-
experiments® On this basis these authors derived sum rulegore. The spin-resolved photoemission spectra were mea-
that connect the spin-difference of the photoemission spectrsured using a 140 mm mean radius hemispherical analyzer
with ground state properties. coupled to a mini-Mott 25 kV spin polarimeter with an effi-
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ciency(Sherman function Seffof 17%2° The samples were | | Al
high purity polycrystalline metallic foil scrappeid situ to
remove surface contamination and the cleanliness was
checked using core-level photoemissitPS). The pressure

in the spectrometer was10'° mbar. The combined energy
resolution was=0.6 eV and each spectra took several hours
to measure. All measurements were made at room tempera-
ture. The angular acceptance of the analyzer was +20°. To-
gether with the polycrystalline nature of the samples this
means that the measurement is angle integrated. The angle
between the photon beam and the analyzer was 60°. The
measurements were carried out at normal emission. Since the
propagation direction of the photons defines the spin direc-
tion, there is a 30° angle between the direction of the spins
and the spin analyzer. The spin polarized measurements are
corrected for this geometrical factor and the Sherman func-
tion. The spin-resolved spectra were recorded for the two

spin directions(measured simultaneoughand for both + 6 3 6 4 2 0% 36 4 2 0
light helicities in order to eliminate the systematic errors Binding energy (eV) Binding energy (V)
introduced by the experimental apparatus.
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FIG. 1. (Left) Spin and angle-integrated VB-XPS emission in-
tensityl of Cu, Ag, and Au for a photon energy of 600 efRight)
Spin-differenceAl, =11 -1! of the photocurrent for excitation with

The theoretical results to be presented below have beetircularly polarized radiation. Theory: full line; experiment: dots.
obtained by applying the one-step model of
photoemissiort!??A corresponding fully relativistic descrip- connected with the regular and irregular initial state wave
tion of spin-resolved and angle-integrated valence-band phdunctions,z, andJ,, respectively(For further details, see
toemission has been derived by Ebert and Schwitfatlaat  Ref. 23)

Ill. THEORETICAL FRAMEWORK

led to the following expression for the photocurrent: For the polar geometry used in the experiments with the
o spin polarizationAl,=1] -1} measured with respect to the
. ~ m 00 A A
I(E,mgw,g ) =3 2 CAmSCA"s{A2 Ta,0,(E) direction of the incoming photon beam]|, can be obtained
AN 2 directly by applying Eq.(1) for the spin quantization axis
u=p" chosen along the photon beam. For more complex geom-

X[E {0 (E’)qu } etrie_s an appropriate extension of Kfj) according to spin
AT Ady matrix formalism can be used.
A To allow for a direct comparison of the theoretical
x [Et?\wAv(E')Mi}%A } * spectra with experiment one has to account for various
A" 2 intrinsic and experimental broadening mechanisms. For
0 i o the spectra presented below, the influe_nce of finite _Iifetim_es
- X tA/A(E')|A1A1AthwA~(E’)}- have been represented by a Lorentzian broadening using
A A"A, an energy dependent width(E)=a+b(E-Ef)? with Eg

(1) the Fermi energy(Cu: a=0.1eV, b=0.01eV? Ag:

o a=0.01 eV,b=0.02 eV’ Au: a=0.001 eV,b=0.001 eV?)
Here, excitation of valence band electrons at endfgyy  and an energy independent one corresponding to the kinetic
radiation with frequency», wave vectorq and polarization  energy of the final staté'=0.1 eV, as calculated from the
A has been considered. For the final state at energyniversal curve of electron attenuation lengtin addition, a
E'=E+%io multiple scattering events are ignoredingle  Gaussian broadening has been applied: '=0.4 eV; Ag:
scatterer approximatioff->> because of the high photon en- =04 ev; Au:T'=0.4 e\).
ergies used in the experiments to be discussed below. For the
same reason the influence of the surface can be neglected
implying that the photocurrent given by Egl) is deter- IV. RESULTS AND DISCUSSION
mined by the scaling properties of the bulk regime. Using  the experimental VB-XPS intensitidsand spin differ-
fully relativistic multiple scattering th.eoF9 to represent the encesl, =1 ~1! obtained for a photo energy of 600 eV for
underlying electronic structure, the single-si@atricest, - Cu, Ag, and Au, that have been normalized to have a maxi-
and the scattering path operatdf,, occurring in Eq(1) are  mym amplitude of 100, are summarized in Fig(The Cu-
used in the so-called-representation withh =(«,x) stand-  spectra have been reproduced from Ref). Ithe corre-
ing for the relativistic spin-orbit coupling and magnetic sponding theoretical spectra, that have been broadened as
quantum numbersg and u, respectively. Finally, the matrix described above, reproduce the experimental data obviously

eIementsMixA, and IqAAA,A,, are the dipole matrix elements quite well. For the photocurrent intensitydeviations of the
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theoretical spectra from the experimental ones occur primamore rapidly than the-f-excitation leading to a more or less
rily for higher binding energies. Presumably, these deviationsanishing spin difference at about 20 eV followed by a
have to be ascribed first of all to the contributions of secondehange in sign of the spin difference spectrum for a further
ary electrons, that have to be subtracted from the experimemlecrease in the photon energy. For a photon energy of
tal total photocurrent to deduce the primary photocurrent in600 eV, used to record the spectra shown in Fig. 1 dtpe
tensity. and d-f-partial spin differences of Cu have nearly the same
The photocurrent spectra shown in Fig. 1 are by far domispectral shape but reversed s{gee Fig. 2 in Ref. 17 and the
nated by initial states havind-character. For that reason, similar spin difference curves of Au shown below in Fig. 4.
they primarily reflect the main features of tdeband com-  This also holds for the spin difference spectra of Ag. In par-
plexes of the noble metals. While for Cu the spectrum showicular it turns out that for 600 eV photon energy the calcu-
only some asymmetry, a shoulder on the low energy sidéated ratio of thed-f- to the d-p-contribution to the spin
clearly shows up for Ag. This trend is continued by Au, for difference is nearly the same for Cu and Ag; namely -16.1:1
which a clear splitting of the spectrum with two main peaksfor Cu and -17.1:1 for Ag, respectively. This finding ex-
is observedsee below. These changes are accompanied byplains why the increase of the spin difference exactly follows
an increase of thd-band width from about 2 eV for Cu to 4 the increase of the spin-orbit coupling strength when going
and 6 eV for Ag and Au, respectively. This increase of thefrom Cu to Ag. On the other hand these considerations
d-band width is primarily caused by the fact that the numberclearly show that the change of the spin difference with the
of nodes of the radial wave function increases when goingitomic number will not follow the change &Egq if the
from a 3- to a 4d- and finally to a 8i-element. As a conse- relative weight of thed-p- and d-f-excitation channels
guence of the increasing number of nodes, drsiates get change. This exactly happens for Au, for which the result
less localized leading to a larger band width. For Au the-3.5: 1 have been obtained from our calculations for the
spin-orbit coupling contributes in addition to the band widthratio of thed-f- andd-p-contributions to the spin difference
in quite an appreciable way. This can be seen from the erat a photon energy of 600 eV. This means that in contrast to
ergy splitting AEgoc of the resonances of thds,- and  Cu and Ag thed-f-spin difference of Au is compensated in
ds/-phase shifts, that represents the strength of the spin-orbéin appreciable way by the p-spin difference leading to an
coupling in an average way ignoring its dependency on enincrease of the spin difference when going from Cu to Au
ergy and wave vector that might be present for Bloch-typehat is much smaller than expected on the basis of the spin-
band stateg, (E). The spin-orbit coupling parametAEgsoc  orbit splittings parameteAEgqc alone.
defined this way increases rapidly with increasing atomic In fact it turns out that the spin differenc&l, of Au
number( Cu: 0.27 eV; Ag: 0.52 eV; and Au: 1.41 g@¥aking  depends much more on the photon energy as found before
an appreciable value for Au and leading to a correspondindpr Cu(see Fig. 2 This is because of the larger weight of the
contribution to thed-band width. An additional consequence d-p-channel in the case of Au, and the strong variation of the
of this is that the peak at 6 eV binding energy stems primad-p- andd-f-excitation with photon energy. As Fig. 3 shows
rily from electrons havingls,,-character, while for the peak there is a pronounced Cooper minimum for thé channel
at 3 eV binding energy electrons with,-character domi- at around 220 eV photon energf?° In addition one finds a
nate. less pronounced minimum at 480 eV with corresponding
As was shown in detail in Ref. 17 the spin-polarization maxima at about 350 and 650 eV. The position of the
observed in the angle-integrated photocurrent obtained frorminima correlate quite well with the centers of thé and
nonmagnetic samples and excitation with circularly polar-9f-canonical bands of Au, that are derived from the logarith-
ized light is due to the presence of the spin-orbit coupling. Inmic derivative of the radial wave functiod8.In the same
particular from the analytical model considerations presentetvay, the maxima can be connected with thé &nd
in Ref. 17 together with values for the average spin-orbitlOf-bands. This close correlation reflects the fact that the
coupling parameteAEgc given above, one expects that the sequence of minima and maxima is caused by the increase of
amplitudes of the normalized spin differenag, should in-  the number of nodes in the radial wave function when the
crease by a factor of 2 or 5 when going from Cu to Ag or Au,energy of the final state increases. The variation of the
respectively. Figure 1 indeed confirms that the maximumd-p-absorption with photon energy shown in Fig. 3 leads to a
spin difference of Ag is indeed twice that of Cu. However, dominance of this channel for photon energies between about
comparing the spin differences of Cu and Au one finds onlyl50 and 280 eV. In addition it contributes in an appreciable
an increase by a factor of 3 instead of 5. This discrepancyvay at around 500 eV because of the coincidence of a maxi-
could be caused by higher order corrections with respect tmmum in the d-p-absorption and a minimum in the
the spin-orbit coupling that might be important for Au. More d-f-excitation channel. A corresponding sequence of spin
important, however, seems to be the relative contribution otlifference spectra resolved according to the absorption chan-
the d-p- and d-f-excitation channels for the resulting spin nel is shown in Fig. 4, that obviously reflects the dependence
difference. As it was shown analytically and numerically in of the photocurrent intensity on the photon energy. In par-
Ref. 17 both contributions differ in sign for a given helicity ticular it can be seen from this figure that the
of the radiation. In addition, their dependency on the photord-p-contribution dominates around the Cooper minimum of
energy may be quite different. For Cu tldef-excitation is  the d-f-channel and has a rather appreciable weight for all
larger by about one order of magnitude than theother photon energies as well. As a consequence our calcu-
d-p-absorption for photon energies higher than about 50 eVlations predict a pronounced decrease of the total spin differ-
For decreasing photon energies tbep-absorption grows ence of Au when changing the photon energy from
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photo currentAl,=11-I! of Au according to the angular momen-
FIG. 2. (Left) Spin and angle-integrated VB-XPS emission in- tum character of the initial and final states for various photon ener-
tensityl of Au for different photon energiegRight) Spin-difference  gies. Only the dominating-p (dotted ling andd-f (full line) con-
Al,=I}-1! of the photocurrent for excitation with circularly polar- tributions are shown.

ized radiation. Theory: full line; experiment: dots. ) ) )
mation (ASA) that could have an influence on the relative

600 to 500 eV and an increase upon a change to 700 eV. A\geight of thed-p- andd-f-matrix elements. Nevertheless, in

one can see in Fig. 2 the experimental spectra indeed foIIO\}f'accordance with the calculations the experimental spin dif-

these expectations, while the changes are not as pronouncet enceASIA SZOWQ |nVF|_g. 1 changes |tsdspectr§|1_lhs_,haphe within
as found for the theoretical spectra. On the theoretical siter out =5 and ~1 eViin a pronounced way. This change Is
' onnected with the relative weight of the-p- and

this dgwaﬂon could e ascr!bed_to some extent to the use §f ¢ -ontributions toAl, and their individual spectral shape.
the single-scatterer approximation for the_fmal states. AnComparing the varioudl,-curves for Au in Fig. 4 with the
other source could be the use of the atomic sphere approXorresponding ones of Csee Fig. 2 in Ref. 17one notes
that for thed-f-curves there is a minimum at —3.5 eV and at
-5.7 eV for Cu and Au, respectively. For Cu a maximum
occurs at —2 eV while there is a double peak structure in the
case of Au with maxima at —3.7 and -2 eV. A very similar
situation is present for thd-p-part or theAl, curves that
have a different sign and their main spectral features slightly
shifted. As a consequence of these properties the spectral
shape of the spin differenckl, of Au changes between -5
and -1 eV in an appreciable way if the photon energy is
varied. As Fig. 1 shows the peak in thé,-curve at -3.8 eV
is more pronounced than at -2 eV for a photon energy of
700 eV. Decreasing the photon energy to 600 eV leads to
peak heights that are essentially the same. This trend is con-
FIG. 3. Decomposition of the theoretical photoemission inten-tinued for 500 eV photon energy for which the peak at
sity | of Au into its dominatingd-p- and d-f-contributions as a —2 €V is more pronounced.
function of the photon energy. The energy of the initial state has Thole and van der Ladhderived sum rules which shows
been fixed to -2 eV with respect to the Fermi energy. that the spin-difference and the integrated intensity are pro-

N —— e S S

1 (arb. u.)
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portional to the ground state expectation values of the spinand Au has been presented. In line with the origin of the
orbit coupling. In spite of the very appealing feature of theFano-effect, namely the presence of the spin-orbit coupling,
sum rules of Thole and van der Ldarto connect spin- an increase of the normalized spin-difference is found with
resolved photoemission spectra to the ground state expectacreasing atomic number. While the ratio of the spin-
tion values of spin and orbital momentum products, one hasdifferences of Cu and Ag strictly follow the ratio of the spin-
to keep in mind that in deriving these rules a number oforbit coupling strength the data for Au seem to be in conflict
assumptions had to be made. The main restriction is that onlyith this relationship. The reason for this behavior could be
one angular momentum character of the final states had beéraced back to the change in the relative weight of dihg
assumed corresponding & =+1 transitions. In the case of and d-f-channel. In particular it could be shown that the
Cu and Ag this restriction is justified according to our nu-d-p-channel is much more important for Au than for Cu and
merical results. On the other hand because of the importamtg and that the ratio of thd-p andd-f-contributions change
contribution of thed-p transitions to the spin difference in in a pronounced way in the case of Au.

the Fano effect of Au thé=-1 transitions need to be taken

into account when applying the sum rules.
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