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Circularly polarized synchrotron radiation of BESSY 
has been used to study the angular dependence of the 
spin polarization of photoelectrons emitted from 

X e ( ~ x  1~)  R30 ° Pd(l l i ) .  The spin-polarization com- 
ponent along the light helicity varies from + 1 for normal 
emission to -0 .5  for emission angles larger than 45 ° . 
The data can be fitted by use of the theory for photoioni- 
zation of free xenon atoms and yield the dynamical fit 
parameters A, ~,/~, ~ for the adsorbate. Good agreement 
is obtained with the gas phase data. 

PACS: 32.80.Fb; 71.70.Ej; 79.60.Gs 

1. Introduction 

Energy-, angle, and spin-resolved photoemission studies 
on adsorbate systems were up to now restricted to the 
highly symmetrical set up of normal light incidence and 
normal photoelectron emission [I-3]. By use of the cir- 
cularly polarized synchrotron radiation at BESSY in 
Berlin, the photoemission from the valence bands of rare 
gas adlayers on metal single crystals yielded a complete 
spin polarization of photoelectrons parNlel or antiparal- 
lel to the photon spin. Thus a direct assignment of the 
symmetries of the electronic states of the adsorbates was 
possible [4-7]. Similar normal-emission experiments at 
non-ferromagnetic single crystal surfaces [8-13] allowed 
to characterize the symmetry of the bands involved and 
to perform a symmetry-resolved band mapping. The spin 
effects discussed here are based on the spin-orbit interac- 
tion and partly depend on the relativistic selection rules 
for dipole transitions with circularly polarized radiation 
[14-16]. In contrast to this, spin effects in photoemission 
from ferromagnetic solids [17] are primarily an effect 
of the initial states spin split due to the exchange interac- 
tion. 

* This article is dedicated to Professor Dr. J. Kessler, M/inster 
on the occasion of his 60th birthday 

Spin-resolved off-normal photoemission from solids 
(described in a three step model) contains the problem 
to distinguish between spin dependent effects in the pho- 
toelectron excitation, in the transport to the surface, and 
in the transmission at the surface [14-16]. This has been 
experimentally studied for off-normal photoemission 
from Pt ( l l l )  [18-20]. Considering these results and to 
disregard spin effects due to photoelectron diffraction 
[21] the experiments with adsorbates concerning the 
present paper have been performed with the centro-sym- 
metrical medium Z substrate Pd(111). Furthermore, the 
photoelectron emission was studied in the mirror plane 
of adsorbate and substrate. For this condition electron 
scattering only yields a spin-polarization component 
normal to the scattering plane, comparable to a single 
scattering process [14-16, 22]. Additionally we used Xe 
as adsorbate system because for a Xe single crystal the 
experimental LEED results can be well fitted within a 
single scattering (kinematic) approximation [23]. Final- 
ly, our adsorbate system was the well ordered 
Xe(13 ~ / / 3 )  R30 ° monolayer on Pal(lit). The photo- 
electrons studied are thus produced at the outermost 
atoms within the interface solid/vacuum. 

It is the purpose of this paper to report on the first 
experiment of spin-resolved off-normal photoemission 
from an adsorbate and to quantitatively compare the 
results within an atomlike model with existing data of 
free atom photoionization also obtained at BESSY [24, 
25]. This cross comparison is done, because a quantita- 
tive relativistic one step photoemission theory for adsor- 
bates is not yet available and because at the Xe adsor- 
bate the kinematic model is expected to be a good first 
approximation. The experimental study of angle-, spin, 
and energy-resolved photoionization of free Xe atoms 
enabled a quantum mechanical complete characteriza- 
tion, i.e. an experimental determination of all allowed 
matrix elements and phase-shift differences of the contin- 
uum wavefunctions. The direct comparison of the spin- 
resolved photoionization results in the gas phase with 
photoemission from the adsorbate system should also 
answer the question, whether free-atom like phase-shift 
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differences of final states and matrix element effects may 
also describe the photoelectron emission from a mono- 
layer adsorbed. 

2. Experimental set up 

The measurements were carried out at the 6.5 m normal 
incidence monochromator [26] of the electron storage 
ring BESSY. A description of the experimental set up 
is given elsewhere [1, 2, 10]. The circularly polarized 
off-storage-ring plane synchrotron radiation hits nor- 

mally the adsorbate system X e ( ~  ]//3)R30°/Pd(111), 
which was prepared at a base pressure of 4 x 10- i t  mbar 
and a temperature of 65 + 5 K on a LHe-cooled manipu- 
lator. The adsorbate geometry was controlled by LEED. 
The photoelectrons ejected are angle- and energy-ana- 
lysed by a rotatable electron spectrometer [27]. The 
overall energy resolution was better than 150 meV at 
an angular resolution of +_ 3 °. Two electron spin polar- 
ization components A(O) (parallel to the light helicity) 
and P±(O) (perpendicular to the reaction plane, given 
by the momenta of light and electrons at the target) 
as defined in the left part of Fig. 1 are simultaneously 
determined by Mott  scattering [22]. As in practice the 
synchrotron radiation is slightly elliptically polarized 
(degree of circular polarization _+93%), one has to take 
into account the azimuthal orientation ~ of the light 
ellipse. For an orientation of 4 =45 ° of the reaction 
plane with respect to the principal axes of the ellipse, 
for free atoms the spin polarization components depend 
on the light polarization by simple relations [24, 25]. 
Thus we have chosen the same geometry for the adsor- 
bate studies, too. Fig. 1 explains the symmetry behaviour 
of the gas-phase photoionization plane as well as the 
reaction plane of adsorbate photoemission (described by 
the left part of Fig. 1). Our results presented below are 
dominated by the photoexcitation process within the ex- 
perimental uncertainties and not by the transmission 
through the surface: photoelectron intensities and polar- 
izations indeed do not show asymmetries when changing 
the emission angle from + O to - O  or switching the 
light helicity from a + to a -  apart from the sign change 
of the spin polarization. 

p 
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Fig. 1. Reaction plane of photoelectron emission given by the mo- 
menta of incoming circularly polarized photon and outgoing pho- 
toelectron. A(O), Pv(O) and P±(O) are the three components of 
the spinpolarization vector P of photoelectrons. The left part den- 
otes the reaction plane of adsorbate-photoemission with the target 
as shown. The full reaction plane is valid for photoionization of 
an isolated atom in the center with O* as emission angle 

3. Experimental results of adsorbate photoemission 
in cross comparison with gas phase data 

Gas-phase photoionization of Xe5p6(tSo) leads to 
Xe + s 2 5p (P3/z,t/z) called the P3/2 and Pl/2 hole states, 
respectively, separated by the spin-orbit splitting of 
1.3 eV. In the photoemission spectrum of adsorbed Xe 
the P3/2 peak is split into two different components at- 
tributed to the lifting of the Imp[ degeneracy due to the 
xenon-xenon lateral interaction [1, 2, 6, 7]. As usual 
in photoemission of solids [8-13], in Fig. 2 the partial 
intensities I+ and I_ for electrons with spin parallel and 
antiparalM to the light helicity, respectively, are plotted 
by use of the total measured photoelectron intensity I 
= I +  + I _ ,  the measured spinpolarization component 
A=(I+-I_)/(I++I_) and the relation I+ _=0.5I(1  
+_A). Figure 2 shows that the Pt/2 peak is completely 
polarized parallel to the light helicity for O = 0 °. 

For the off-normal studies we have only looked to 
the Pt/2 peak, because the splitting of the P3/2 peak may 
vanish for angles different from O = 0 ° with the conse- 
quence that the polarizations of opposite sign of both 
P3/2 peaks would partly cancel one another. Figure 2 
shows that for the P~/2 peak I+ continuously decreases 
and I_ increases with increasing O. At about 30 ° they 
are equal and at higher angles I_ dominates. Taking 
into account that this Pz/2 peak cannot be split in peaks 
of opposite spin directions, these results demonstrate 
that the spin polarization has to be given by an angle- 
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Fig. 2, Photoemission spectra at various polar emission angles O 
and photon energy 12.5 eV for normal incidence of circularly polar- 
ized light. The photoemission plane is a mirror plane of the 
xe(1/5  R30°/ed(111)  ystem. Filled and open squares corre- 
spond to the partial intensities I + and I_, totally polarized parallel 
and antiparallel to the helicity of light, respectively. Points are the 
total intensity. The height of the symbols represents the single sta- 
tistical error of the counting rates. The energy scale refers to the 
Fermi level of the substrate. The intensity scales are arbitrary 
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dependent mixture of quantities concerning energy de- 
generated final states. 

This behavior is well known in the spin dependent 
photoionization of free atoms (e.g. Xe [-24, 25]), where 
the components of the spin polarization vector are func- 
tions of the emission angle O: 

2 1 

component parallel 
to the light helicity 

3 
- 2  c~ sin O cos O 

,,lot= ;) 
1-~ ~ c o s  2 O -  

component perpendicular 
to the light direction 
but in reaction plane 

2 ~ sin O cos O 
8_(o)- 

component normal to the 
reaction plane 

The dynamical photoionization parameters A, c~,/~, ~ are 
functions of the matrix elements Ms and Md for dipole 
transitions from the bound p state to the s and d contin- 
uum, respectively, and the corresponding phase shift dif- 
ference A~a between the s and d continuum wavefunc- 
tions. 

We take the adsorbate data of Fig. 2 and, after sub- 
traction of the inelastic background, compare it with 
the spin resolved photoionization data of free Xe-atoms 
[24, 25]. This cross comparison shown in Fig. 3 for the 
spin polarization component A(O) shows agreement 
with respect to the shape of the angular dependence. 
A(O) being +1 at O = 0  ° for all energies drops down 
to the negative value -0 .5  with increasing O. The angle, 
where A(O) vanishes, increases with decreasing photon 
energy, in the gas phase [24, 25] as well as in the adsor- 
bate phase. Adsorbate data for the photon energies from 
12 to 21 eV are shown in Fig. 3. The photoemission data 
of the Xe adsorbate can be fitted by use of the formula 
given above for the gas phase. Fig. 3 additionally shows 
the results of these fit procedures as full curves. There 
exists some agreement between gas phase results at pho- 
ton energy 15.5 eV and adsorbate results at 12.5 eV. This 
different photon energy results in similar kinetic energies 
of the photoelectrons. 

Also the spin polarization component P± perpendicu- 
lar to the reaction plane exists in the photoemission of 
the adsorbate. This component, which is independent 
of the helicity of the radiation, is forbidden in the pho- 
toexcitation of an infinite three dimensional centro-sym- 
metric solid [14, 16]. Figure 4 shows the comparison 
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Fig. 3. Spin polarization component A(O) (parallel to the light 
helicity) as a function of the polar angle O: uppermost left: pho- 
toionization of Xe atoms, final ionic state Xe + 2~/2, photon energy 
15.5 eV [24, 25]; other: photoemission from adsorbed Xe(pllz) at 
different photon energies. The size of the symbols corresponds to 
the experimental uncertainties 

of Pz(O = 30 °) as function of the light energy between 
gas phase and adsorbate. In the gas phase PL (described 
by 4) is a direct measure for the interference term be- 
tween the s and d partial waves; it is proportional to 
M~. Ma. sin A~a. The quantitative agreement between the 
data for free and adsorbed atom in Fig. 4 indicates that 
this might be true also for our adsorbate system. 

Figure 5 shows in details the angular dependence of 
P±(O) for different photon energies in photoemission of 
the Xenon adsorbate. While for hv= 12.5 eV this almost 
vanishes the experimental result at hv = 14 eV is in some 
agreement with the gas phase data (at hv= 15.5 eV) also 
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Fig. 4. Polarization component Pz (perpendicular to the reactmn 
plane) for photoemission of Xe(pu2 ) as function of the photon 
energy at a polar emission angle of O = 30 °. Filled squares show 
the experimental data for the adsorbate system. Open squares show 
the corresponding Pz results for free Xe-atoms [28, 29]. The size 
of the symbols corresponds to the experimental uncertainties 

given in Fig. 5 (above left). All the curves in Fig. 5 are 
fits based upon the value at O =30 ° and the formula 
given above for the gas phase which includes P±(O = 0) 
=0. While the comparison between the experimental 
data and these fit curves works quite well for photon 
energies below 14 eV there are some discrepancies in 
the shape of the angular dependence at higher energies. 

4. Determination of the dynamical parameters 
and the corresponding amplitudes and phase shifts 
for the adsorbate photoemission 

As the fit procedure of the adsorbate data did roughly 
work according to the formulas describing the gas phase 
photoionization, the "dynamical photoemission parame- 
ters" A, c~, ~, ~ can be extracted. In Fig. 6 they are shown 
as full points and are compared at various photon ener- 
gies with the gas phase data. While A, which does not 
depend upon the phase shift difference A~d, demonstrates 
agreement between free and adsorbed atoms, the param- 
eters ~ and ~, which depend upon A sd, show some discre- 
pancies. As stated above for P±, ~ also depends on A~a. 
The better agreement for ~ between adsorbate- and free 
atom data than for c~ and /~ may be due to the fact 
that ~ is related to A~d via sin A~e while e and /~ are 
related to A~d via cos A,d [24, 25]. 

From the data for the dynamical parameters A and 
the ratio of the squared dipole matrix elements 

(QJQ~=D~,/D~) [24, 25] for the transitions of the bound 
p-state into the energy degenerate d- and s-continua and 
their relative phase shift difference (Aa~=(64-55)) can 
be extracted. They are given in Fig. 7 as full points with 
the corresponding error bars and are shown together 
with the corresponding gas phase data (open symbols). 
This cross comparison between adsorbate and gas phase 
data shows reasonable agreement. In Fig. 7 b the full and 
dash-dotted curves are lines to guide the eyes for the 
energy dependence of the phase shift difference of adsor- 
bate and gas phase photoelectron emission, respectively. 
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Fig. 5. As Fig. 3 but the spin polarization component perpendicular 
to the reaction plane. The uppermost left part shows the gas phase 
data [24, 25]; the other the adsorbate photoemission 

The dotted and the dashed curves show the energy de- 
pendence of the Coulomb phase shift difference only 
(right scale) for the photoionization thresholds 13.44 and 
11.4 eV for gas phase and adsorbate photoemission, re- 
spectively. This demonstrates, that the Coulomb phase 
shift difference is the largest part of the phase-shift differ- 
ences between d and s continuum. After subtraction of 
the Coulomb phase shift difference one obtains the differ- 
ence of the quantum defects as given in Fig. 7c. Even 
there the agreement between the adsorbate data and the 
gas phase results is satisfactory. 

Because the same matrix elements squares Qe and 
Q~ as well as the same phase shift difference Ads describes 
A and ~ as well as e and/? [24, 25] values for ~ and 
/~ can also be calculated from the given data in Fig. 7 a 
and Fig. 7 b. These calculated values and their uncertain- 
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Fig. 6. Spin polarization parameters A, c~, fl and ~ as a function 
of photon energy. Filled squares result from fit procedures of the 
adsorbate photoemission data. The heigth of the symbols corre- 
sponds to the standard deviation of the fit procedures. Open 
squares show the parameters in the free atom case (A, c~: [24, 25], 
fl: [30], 4: [28, 29] 

ties are shown in Fig. 8 as open symbols; they are com- 
pared with the directly determined values (full points) 
from Fig. 6 (middle parts, obtained from the direct mea- 
sured quantities) and show reasonable agreement. 
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Fig. 7. a) ratio of squares of matrix elements QdQs obtained from 
A in Fig. 6; b) Phase shift differences 1/~(64-65)= 1/~(ta-&~) ob- 
tained from A and ~ in Fig. 6; curves see text; e) difference of 
quantum defects (phases after subtraction of Coulomb phase shifts) 

Last but not least it is worth noting, that the agree- 
ment between gas phase and adsorbate in the angular 
dependence of photoemission is only good for the spin 
polarization components and their corresponding dyn- 
amical parameters; it does not hold for the intensity 
distribution. Figure 9 shows the dependence of the pho- 
toelectron intensity upon the emission angle for the 

X e V ~  ~ R30 ° adsorbate on P d ( l l l ) i n  a polar plot 
for the two photon energies hv = 12 eV and 21 eV. For  
h v = 2 1 e V  the photoemission intensity vanishes for 
O = 0  ° as well for O = 90 ° which cannot  be explained 
by the well known gas phase intensity distribution 

I (0)  oc 1 --///2 (3/2 cos 2 0 -- 1/2). 

Note that the intensity distribution I(0) for adsorbates 
may contain an additional factor of sin O cos O due to 
the existence of the crystal surface which seems to be 
spin independent because the spin polarization compo- 
nents of the adsorbate photoelectron angular resolved 
emissions fit well to the gas phase data as shown above. 
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Fig. 8. Comparison of the dynamical parameters c~ and fl for Pl/2 
photoemission of adsorbates obtained from the data of Fig. 7 (open 
points) with those directly measured (given in Fig. 6) 
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Fig. 9. Polar plot of the photoelectron intensity of xenon p 1/2 adsor- 
bates photoemission (after inelastic background subtraction) as 
function of the emission angle O. The lines connect the experimen- 
tal data in order to guide the eyes; the values for hv=21 ev are 
enlarged by a factor of 5 compared with those for hv = 12 eV 

5. Summary 

The angula r  dependences  of  the spin polar iza t ion  com-  
ponents  of  pho toe lec t rons  f rom X e n o n  adsorba tes  show 
agreement  with the cor responding  da ta  of  gas phase  pho-  
to ionizaton.  The  curves can be well fitted with the corre-  
sponding  angu la r  dependence  curves f rom the isolated 
a t o m  ionizat ion yielding the so called " d y n a m i c a l  pa-  
r ame te r s "  of  adso rba te  pho to ion iza t ion  which also agree 
with the gas phase  data .  While  this cross c o m p a r i s o n  
well works  for the spin polar iza t ion  values it fails for 
the non-sp in  resolved intensity, which again  shows, tha t  

oppos i te  to the intensi ty the spin po la r iza t ion  of  pho to -  
electrons based u p o n  the spin orbi t  in teract ion m a y  be 
ra ther  an a tomic  effect than  given by  the long distance 
order  of  the crystal  surface. This  holds  especially for  the 
case the adso rba te  is very weakly  b o u n d  to the crystal  
surface and  thus no t  s t rongly  influenced in its electronic 
s t ructure  as in the case of  van  der Waa l s  adsorbed  rare 
gases. 

This work was supported by BMFT (05431). We thank the BESSY 
staff for successful cooperation. 
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