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Abstract 

We have calculated the circular dichroism associated with core-

level photoemission using multiple-scattering photoelectron diffraction 

theory. For C Is emission in a chira1 geometry from CO adsorbed on Pd(lll), 

photoelectron diffraction calculations well predict the dichroism found in 

experimental results due to Bansmann et ale and also agree well with prior 

free-molecule calculations by McKoy and Stephens. Backscattering from the 

Pd substrate is also found to alter the dichroic asymmetries for different 

adsorption geometries. Analogous calculations for Fe 2p emission from a 

small Fe cluster also indicate that dichroism due to a chiral geometry can 

strongly affect measurements of magnetic circular dichroism in systems with 

net magnetization. Photoelectron diffraction theory thus provides a general 

method for modeling dichroism in core-level photoemission. 

PACS numbers: 33.60.Cv, 33.55.Ad, 33.80.Eh 
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Introduction: 

In recent years, the availability of circularly-polarized 

synchrotron radiation has stimulated considerable interest in spectroscopic 

studies in the vacuum ultraviolet/soft-x-ray and hard x-ray regimes [1-19]. 

Most of the experiments [1-41 and calculations [5-S] have been directed to 

simple photoabsorption measurements. However, in a smaller number of cases 

the intensities of the photoelectrons emitted have been calculated [9-12] 

and observed [13-19], including for a few systems also their angular 

variations [14, 15, 17-19]. In the photoelectron experiments, up to ±100% 

differences have been observed between photoelectron intensities obtained 

with left and right circularly polarized (LCP and RCP) light, provided that. 

the experiments were performed in a chiral geometry [15,17]. 

We will concentrate here on the simplest case of core-level 

photoelectron emission, which has been measured with circularly polarized 

excitation from adsorbed molecules [lSa], ferromagnetically-ordered atoms 

[4,16], and most recently, a semiconductor surface [19]. For the case of 

emission from an adsorbed diatomic molecule, a chiral geometry results if 

the direction of the incoming light, the direction of molecular orientation, 

and the direction of the outgoing electron wave are. not coplanar. This we 

shall term "normal" circular dichroism (CD) to distinguish it from the 

magnetic circular dichroism to be discussed later. The normalized 

difference in the photoelectron intensities I LCP and I RCP excited with LCP 

and RCP light respectively, measured as a function of the direction of the 

outgoing electron, has also been termed circular dichroism in the angular 

distribution of photoelectrons (CDAD) [14,15]. For a magnetic system, •. 
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analogous core-level experiments have involved measuring differences in I LCP 

and I RCP when the magnetization axis of the specimen was changed with 

respect to the incidence direction of the light (e.g., from parallel to 

anti-parallel); in only a couple of such magnetic circular dichroism (MCD) 

studies to date have angular variation measurements been made [20]. Prior 

theoretical treatments of circular dichroism in core-level photoemission 

have furthermore not considered fully the effects of photoelectron 

scattering and diffraction from the atoms neighboring the emitters. For 

diatomic adsorbates, only the effect of the other atom in the molecule and 

perhaps one underlying substrate atom on the photoelectron final state have 

been considered [18b] and for ferromagnets, no influence of near-neighbor 

scattering has been considered [10, 20]. 

In this paper, we consider such core-level dichroism in angle

resolved photoemission for the first time from a multi-atom photoelectron 

diffraction viewpoint. This approach is in principle a more versatile 

method for treating the effects of all atoms surrounding the emitter, and it 

can be applied in a rigorous fashion including fully-converged multiple 

scattering [21,22]. We first present a theoretical analysis of recent 

experimental C Is CDAD data from CO adsorbed on Pd(lll) obtained by Bansmann 

et al. [18a], taking into account the scattering of photoelectrons from the 

substrate lattice. Then we consider the potential influence of such normal 

CDAD effects on recent MCD measurements on Fe(ll0) by Baumgarten et al. 

[16]. 
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C 1s emission from CO/Pd(111): 

Figure l(a) shows a schematic diagram of the experimental geometry 

used in performing the CO/Pd(111) experiments [17]. Left- and right-

circularly polarized radiation was obtained by going above and below the 

plane of the BESSY storage ring in Berlin [23]. Figure l(a) indicates the 

chiral geometry that results if the direction of the incoming light q, the 

direction of the molecular orientation rt (here assumed to be parallel to 

the [111] surface normal), and the direction of the outgoing electron R 

are not co-planar. The electron detector was moved in the plane defined by 

rt and ~, and the scanning angle 0 was measured from the [111] surface 

normal. For the special case of 0 = 0, the geometry is thus not chiral, and 

I LCP should equal I RCP • Prior studies have shown that the axes of the CO 

molecules are aligned with the surface normal and that the C atoms are bound 

to the surface [24-27], while the precise adsorption site depends on CO 

coverage. The apparatus and the experimental method are described in detail 

elsewhere [17,lSa]. 

Figure l(b) shows a typical set of C 1s phot6electron spectra 

obtained with LCP and RCP light at the room-temperature saturation coverage 

of approximately 1/2 of a monolayer [lSa]. The photon energy used was hv = 

340 eV, corresponding to a kinetic energy of 57 eV, and the angle of· 

observation was 0 = -16°. The solid line in Figure l(b) indicates the 

spectrum for the clean Pd(111) surface. The very strong dichroism is 

evident here in the difference between the data for RCP and LCP. The 

intensities from such spectra were used to calculate an angle-dependent 

asymmetry ACDAD(0) in the usual way: 
v 
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ACDAD(e) (1) 

This normalized quantity is convenient for comparing experiment and theory, 

since it is independent of the spectrometer transmission function and the· 

free-atom differential photoelectric cross-section (which would show no 

dichroism) • 

Figure 2 compares experimental results for ACDAD (0) (solid points) 

with various theoretical calculations at kinetic energies of Ekin= 22, 37, 

57, 77, and 97 eVe The solid lines in Figures 2(a)~(e) represent the 

results of prior calculations by McKoy and Stephens [18b] for a single 

oriented CO molecule with no substrate atoms present. These curves are 

based on accurate Hartree-Fock photoelectron states calculated in the full 

potential of the CO molecule by the Schwinger variation method [18b]. There 

is in general good agreement with experiment, including the symmetry-based 

zeroes in asymmetry for 0 = 0°, although experiment shows lo~er peak 

asymmetries for three of the five energies, and also falls off more sharply 

than theory for lei greater than about 30° at the four highest energies. 

We have theoretically simulated these same CO/Pd(lll) results using 

the separable Green's function method of Rehr and Albers [21a] as 

implemented in a multiple-scattering cluster algorithm by Kaduwela et ale 

[21c 1 • This approach has prev~ously been found to be very accurate for 

describing photoelectron diffraction results obtained with both unpolarized 

and linearly polarized excitation sources [21,22]. The existing algorithm 

for calculating intensities with linear polarization (with operators x and 
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y for radiation propagation along z= q) [21c] has been modified so as 

to be applicable to circular polarization (with operators x±iY). 

IRCP(e), ILCP(e), and then ACDAD(e) were computed for both a single oriented 

CO molecule (with the c-o distance assumed to be that in the free molecule, 

as in the calculations by McKoy and Stephens) and a single CO molecule 

adsorbed in various possible sites on a Pd(lll) surface con~isting of 

clusters of approximately 20 atoms in three layers. Matrix elements were 

calculated for the x and y ope~ators, and these are then added with 

appropriate complex phase to yield the matrix elements for x±iY. 

Finally, these matrix elements were squared to obtain the intensities I RCP 

or I LCP . This procedure automatically leads to satisfying the selection 

rule for circularly polarized light for each transition from a given 

orbital: ~ = mf-mi = ±1. 

The dashed lines in Figures 2(a)-(e) represent our computed 

ACDAD(e) for a single oriented CO molecule in the gas phase. In general, 

our results are in very good agreement with those calculated using the more 

accurate Schwinger variation method [lSb], especially for the three highest 

energies for which the approximations inherent in photoelectron diffraction 

thory become more accurate [21,22]. Our calculations are overall closer to 

experiment over the region -30o~~30° for the two highest and two lowest 

energies, but they do not decrease as rapidly outside of this range as 

experiment and the variation method results, particularly at lower kinetic 

energies. This discrepancy could be due to the principal additional 

approximation made in all electron diffraction calculation.: that the 

electron scattering can be described through spherically-symmetric muffin-
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tin potentials centered on each atom. This approximation is expected to be 

worse for energies below about 50 eV, but to be quite accurate above this 

point [28]. Thus, the present cluster diffraction approach should be 

sufficiently accurate for higher energies, and in addition permits easily 

adding in the effects of more scatterers at or near the surface, as we now 

illustrate. 

From prior LEED [25] and infrared reflection spectroscopy 

investigations [26,27] it has been suggested that CO is adsorbed in three

fold hollow sites on the Pd(lll) surface up to a third of a monolayer, on 

bridge sites up to half a monolayer, and on both bridge and on-top sites at 

higher coverages. At the experimental conditions of ref. 18a, we thus might 

expect a mixture of adsorption sites, and we have thus investigated all 

three of these sites at each experimental energy, with comparisons of 

experiment and theory appearing in panels (f)-(j) of Figure 2. Although the 

precise azimuthal orientation of the Pd(lll) crystal was not known in the 

experiment, we have in our calculations arbitrarily chosen to scan the 

detector in the [-110] azimuth in order to get some idea as to the 

sensitivity of the results to adsorption site. Back-scattering from the 

substrate is found to produce noticeable differences in the asymmetries 

compared to equivalent results for the case of a single oriented CO molecule 

in the dashed curves of Figures 2(a)-(f). These differences are most 

pronounced for the highest three energies and for adsorption in the atop 

geometry. As might be expected, results for the two different three-fold 

hollow sites (fcc and hcp) are nearly identical, because the difference 

between these two sites begins only in the second Pd layer whose 
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contribution to the diffraction pattern is reduced by the short inelastic 

attenuation lengths of about 2.5-5.0 A appropriate over this energy range. 

The atop and bridge sites have different atomic arrangements in the first 

layer and the ACDAD curves for them show greater differences. The 

difference among these curves for different adsorption sites might permit 

determining the adsorption site (although probably not distinguishing 

between fcc and hcp based on this data alone). However, an extensive 

experimental data set would be required, including a precise specification 

of the crystal azimuthal orientation(s). 

One type of discrepancy between experiment and theory seen in 

Figures 2(b)-(e) and (g)-(j) deserves further comment: the sharp decrease 

and sign change occurring over 0 = 25°-35° in experiment for the four 

highest energies that is systematically found at higher angles in theory, 

with or without substrate scattering. The first non-zero polar angle at 

which the sign of the experimentally determined ACDAD changes falls between 

25° and 35°, and the value of this intersection angle decreases with 

increasing photon energy. By contrast, the calculated asymmetries for the 

free CO molecule and for the CO molecule adsorbed on a Pd(lll) cluster show 

analogous sign changes over 0 = 37°-47°. One physical parameter that could 

affect the angle of the sign change in ACDAD is the c-o bond distance, which 

was fixed in the calculations of Fig. 2 at the gas-phase value of 1.15 A. 

In the Blyholder model of bonding in CO adsorption, electron charge is 

donated from the highest occupied 50 CO molecular orbital to the metal and 

back-donated from the metal d-bands to the unoccupied 2~ molecular orbitals. 

As a consequence of this back donation, the c-o bond length can be increased 
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for adsorbed CO compared to free co. We have thus performed theoretical 

calculations for various bond lengths and these in fact show that the angle 

of the sign change shifts towards smaller e values with increasing bond 

length. For example, the intersection point moves towards lower angles by 

8 0 when the co bond length is increased to 1.35 A. Thus an increase in the 

co bond length could explain this particular difference between the measured 

and calculated asymmetries. 

We have also investigated the influence of crystal azimuthal 

orientation on ACOAO by calculating a set of curves at Ekin = 97 eV for ¢ 

values from OO(along [-110]) to 120 0 (along [0-10]) in 10 0 steps using a more 

rapid single-scattering version of the same algorithm [21b]. For this 

energy, single-scattering calculations are found to differ by only a few 

percent from fully converged multiple-scattering calculations. Figure 3 

shows such azimuthal scans for the four high-symmetry adsorption sites. For 

reasons given above, the curves for three-fold fcc and hcp hollow sites are 

nearly identical for all azimuthal angles. Curves for atop and bridge 

adsorption sites show greater differences from one another and from fcczhcp 

which could be useful in determining the adsorption site. However, the 

differences over all the curves are not pronounced enough to determine the 

experimental azimuthal angle from the limited data set available. 

F.e 2p emission from Fe(110): 

Finally, we discuss the influence of such normal co effects on 

magnetic circular dichroism (MCO) measurements using photoelectrons. As a 

quantitative example, we consider a system investigated previously 
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experimentally: ferromagnetic Fe (16). Baumgarten et al. (16) have 

measured the magnetic circular dichroism in Fe 2p emission from Fe(110) with 

the axis of magnetization along the easy [100] direction and aligned 

parallel or anti-parallel to the direction of the incoming light, and with 

the direction of observation lying in a plane containing the direction of 

magnetization and the [110) surface normal (see Figure 4(a». The MDC 

effects they observed were of the order of ±2%. In this coplanar geometry 

CDAD effects must vanish for reasons of symmetry [10,11,13,14]. However, if 

there is a slight misalignment of the azimuthal orientation of the sample or 

the detector, then normal CD effects may occur simultaneously with MCD 

effects, adding an additional element to the interpretation of such data 

(17). 

To assess the degree of such CD/MCD interference effects, Figure 4 

displays the asymmetry ACDAD calculated for a small cluster of Fe atoms 

simulating the system studied by Baumgarten et al. [16]. The direction of 

the incoming light in the calculation is taken to be 10° away from the 

surface of the cluster, with the electrons being emitted at a takeoff angle 

of 55° with respect to the surface. The azimuthal direction of observation 

was varied so as to move out of the plane defined by the incoming light and 

the normal to the cluster. The angle ¢ = 0° thus corresponds to a non-chiral 

geometry with ACDAD = 0, but for all ¢ ¢ 0, the geometry is non-co-planar 

and thus chiral. Our results for ACDAD are shown in Figure 4(b), and it is 

clear that it rapidly increases on moving away from ¢ = 0°, reaching a 

maximum of around 25% by ¢ = ±10°. Thus, a misalignment of the sample of a 

few degrees while performing an MCD experiment could lead to a normal CD 
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asymmetry of around 5% that is even larger than the MCD effects. Switching 

the magnetization direction from parallel to anti-parallel to the light 

incidence direction for a fixed light polarization (LCP or RCP) and then 

measuring I(parallel) and I(an~i-parallel), as has been done by Baumgarten 

et ale should tend to cancel these normal CD effects, as the actual emission 

geometry relative to the light incidence direction then does not change, but 

such effects remain as an important consideration in the quantitative 

analysis of all MCD phenomena. 

Conclusions: 

In conclusion, we have considered for the first time from a 

photoelectron diffraction perspective the circular dichroism in angular 

distributions associated with core photoemission (CDAD). Quantitative 

multiple scattering calculations for C 1s emission from a single oriented CO 

molecule in the gas phase and for a CO molecule adsorbed on a Pd(111) 

cluster are found to agree well with prior experimental CDAD results and 

single-molecule theoretical calculations. Substrate back-scattering induces 

differences in the dichroism for different adsorption sites, and may permit 

using them for structure determinations. Calculations on a small Fe cluster 

also indicate that such CD AD effects could complicate magnetic circular 

dichroism (MCD) measurements, as minor misalignments in the experimental 

geometry could result in both sources of dichroism being of the same general 

magnitude. Photoelectron diffraction theory thus should provide a general 

approach for predicting dichroism in core-Ievel'photoemission. 
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Figure captions: 

. 
Figure 1. (a) Schematic diagram of the experimental geometry used 

by Bansmann et ale [lSa) to measure circular dichroism in C 1s emission from 

CO/Pd(lll). (b) Typical energy-resolved C 1s photoelectron spectra obtained 

in this experiment with left circularly polarized light (LCP) and right 

circularly polarized light (RCP), are shown as filled and open triangles, 

respectively. The solid line represents the photoelectron intensity from 

the clean Pd(lll) surface. 

Figure 2. Experimental and theoretical circular dichroism 

asymmetries ACDAD • The experimental data (solid points) are for CO/Pd(111). 

The theoretical calculations for a single oriented CO molecule (panels (a)-

(e» and for a single CO molecule adsorbed in different sites on a Pd(lll) 

cluster of about 20 atoms (panels (f)-(j». In (a)-(e), the solid curve has 

been calculated by McKoy and Stephens [lSb) using the Lippman-Schwinger 

variation method to determine Hartree-Fock photoelectron states. All other 

theoretical curves are from multiple scattering photoelectron diffraction 

calculations in this work. 

Figure 3. Calculated asymmetries ACDAD at Ekin = 97 eV for a single 

CO molecule adsorbed on a Pd(111) cluster in four possible adsorption sites 

(fcc, hcp, bridge, and atop) as a function of the polar and azimuthal angles 

of emission defined in Figure lea). 

Figure 4. (a) Cluster of Fe atoms simulating a Fe(110) surface. 

For ¢ = 0° in the [OOI) azimuth, the emission geometry is identical to 
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that used by Baumgarten et"al. [3] in studying MCD for this system. (b) 

Calculated normal dichroism asymmetries ACDAD for the cluster in (a) as a 

function of the azimuthal angle ~. 
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