
Spin polarized photoelectrons from atoms and molecules

U. Heinzmann

This paper reviews the experimental activities since 1979 for the study of the spin polarization of photoelec-
trons emitted by atoms and molecules exposed to VUV radiation. Two series of studies have been per-
formed: First, using unpolarized and linearly polarized radiation the photoionization of the rare gases Ar,
Kr, and Xe has been studied in an angle-, energy-, and spin-resolved photoemission experiment. Second,
the spin polarization of photoelectrons produced by circularly polarized VUV radiation has been measured
for some atoms and molecules. This was performed for most targets by use of the synchrotron radiation in
Bonn.

I. Introduction

One novelty in photoionization is the fact that pho-
toelectrons ejected from unpolarized atoms can be spin
polarized, if the light is circularly polarized or even
unpolarized. It is necessary to know these spin polar-
ization values to determine the matrix elements of the
dipole operator as well as the difference between the
phases of the continuum wave functions. Photoion-
ization cross section, angular distribution, and spin
polarization experiments complement each other in
reaching a full understanding of the photoionization
process.

Cherepkov1 and Lee2 have pointed out that the
photoionization process arising from the outermost
subshell for most atoms (alkalis and rare gases, for ex-
ample) is described by five parameters, which are
functions of the photon energy and the kinetic energy
of the photoelectrons. These five parameters can be
determined by five types of measurement.

In the first three types of experiment unpolarized
radiation may be used:

(1) measurement of the photoionization cross sec-
tion;

(2) determination of the asymmetry parameter i
describing the angular distribution of the differential
cross section;

(3) measurement of the spin polarization of photo-
electrons P(0) = (Nt - N)/Nt + N), where Nt and No
are the numbers of electrons produced with spin up and
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spin down, perpendicular to the reaction plane given by
the directions of incoming photon and outgoing elec-
tron. Nt - Nj is proportional to t sinO cosO, where 0
is the angle between the two directions described above,
and the parameter determines the size of P.

In the fourth and fifth experiments, where circularly
polarized radiation has to be used, one observes the spin
transfer from the photon to the electron:

(4) measurement of the average spin polarization
(parallel or antiparallel to the photon spin) if all the
photoelectrons produced are extracted by an electric
field regardless of their direction of emission (Fano ef-
fect3);

(5) determination of the parameter a describing the
angular dependence of the photoelectron polarization
in the direction of the photon spin transferred.

It is the purpose of this paper to give a survey of the
polarization experiments of types (3) and (4) performed
in the past year and to show, using the photoionization
of Xe, what can be learned from the results of these
experiments.

II. Angle-, Energy-, and Spin-Resolved
Photoemission Experiments of Rare Gas Atoms
Exposed to Unpolarized Radiation

Spin polarization of photoelectrons ejected by un-
polarized light from unpolarized targets was first found
in lead atoms.4 But in contrast to the lead experiment
where the photoelectron emission studied was only
angle- and spin-resolved, in the experiments on rare
gases5 6 the analysis of the photoelectrons has also been
resolved with respect to the photon energy and the ki-
netic energy of the photoelectrons.

The complication in such polarization measurements
is that they combine the intensity problem of photo-
electron spin analysis with the difficulties of photo-
electron angular- and energy-distribution experiments.
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Therefore, it was necessary to build special capillary
discharge tubes7 yielding very intense He, Ne, and Ar
resonance lines (He I: 8 X 1012 photons sec 1). A
schematic diagram of the apparatus used is shown in
Fig. 1. The VUV radiation crosses the atomic beam in
a region free of electric and magnetic fields. The pho-
toelectrons produced pass through an electron spec-
trometer (CMA) and are accelerated to an energy of 120
keV for analysis of spin polarization, determined by the
left-right asymmetry of the electron intensity scattered
through 1200 by the gold foil of the Mott detector.

In contrast to the photoionization experiment using
linearly polarized radiation,8 in which the full angular
dependence of the polarization P(O) has been measured
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Fig. 2. Experimental results (error bars) of photoelectron polarization produced by unpolarized radiation (right-hand scale) and for parameter
t (left-hand scale). Curves follow from calculations using RRPA (-9), RPAE ( -- 10), and MQDT (_ . _,11.12): (a) for photoelectrons cor-

responding to the ionic state 2
P1/ 2 of Ar6 ; (b) for photoelectrons corresponding to the ionic state 2P3/2 of Ar6; (c) for photoelectrons corresponding

to the ionic state 2 P1/2 of Kr6 ; (d) for photoelectrons corresponding to the ionic state 2P3 /2 of Kr6 ; (e) for photoelectrons corresponding to the

ionic state 2
P1/ 2 of Xe5 "1 ; (f) for photoelectrons corresponding to the ionic state 2 P3 /2 of Xe.5'11
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(verifying the sin0 cosd-proportionality mentioned
above) in the experiment using unpolarized radiation
(Fig. 1), the angles 0 are the magic angles +0 = i

54 °44 ', because at these angles the determination of t
is independent of the knowledge of the asymmetry pa-
rameter [ = 1.061 P(0m)].

Figure 2 shows the parameter t and the polarizations
measured as functions of the wavelength for Ar, Kr, and
Xe. The polarization of photoelectrons associated with
the 2 P1 /2 and 2P 3 /2 states of the residual ions differs in
sign for all atoms, which shows the necessity of resolving
the fine structure by use of the electron spectrom-
eter.

The experimental results given in Fig. 2 show, within
the error limits, good agreement with the theoretical
curves. In Fig. 2 full lines 9 are calculated using the
relativistic random phase approximation (RRPA),
dotted lines'0 are calculated using the random phase
approximation with exchange (RPAE), and dashed-
dotted curves are calculated using multichannel quan-
tum defect theory (MQDT)" taking the experimental
data from Ref. 12.

It is worth noting that the magnitude of the electron
polarization does not depend on whether the spin-orbit
interaction, which is responsible for the existence of the
polarization, is strong or weak but only on whether the
ionic fine structure splitting is resolved. While this fine
structure splitting is seven times larger in Xe than in Ar,
the magnitudes of the polarization measured are nearly
the same for Ar, Kr, and Xe (see Fig. 2).

Ill. Fano Effect with Circularly Polarized Synchrotron
Radiation

Experimental studies of the polarization of photo-
electrons produced by circularly polarized radiation are
hampered by the fact that most atoms and molecules
have their ionization thresholds in the VUV, where
conventional methods for producing circularly polarized
radiation break down. Such experiments can, however,
be performed with synchrotron radiation. The syn-
chrotron emission is linearly polarized in the plane of
the synchrotron, but above and below the plane it is
largely circularly polarized.

A schematic diagram of the apparatus,11" 3 built at
the 2.5-GeV synchrotron in Bonn, is shown in Fig. 3. A
10-m normal incidence monochromator with a plane
holographic grating (4960 lines mm-') and a concave
mirror that produces a one-to-one image of the electron
beam in the exit slit was built. The radiation coming
from the electron beam (within an accepted horizontal
angle of 22 mrad) is cut off in the vertical direction by
an aperture, which is able to move up and down for se-
lecting radiation of left- or right-handed circular po-
larization.

The radiation coming through the exit slit had a
bandwidth of 0.05 nm. After passing through the
atomic beam, it was analyzed polarimetrically by suc-
cessive reflections from four gold mirrors (shown in Fig.
3) in a rotatable analyzer, or its absolute intensity was

Fig. 3. Schematic diagram of the apparatus for the measurement
of the Fano effect.

measured by a double ionization chamber of the Sam-
son'4 type (not shown in Fig. 3.) The circular polar-
ization of the radiation emitted into an angular vertical
range from 1 to 3.5 mrad with respect to the synchrotron
plane has been measured"",13 to be -83 3% for the
spectral range from 50 to 100 nm. The intensity of the
circularly polarized radiation was measured there' 5 to
be between 109 and 1010 photons sec'.

The photoelectrons produced were extracted by an
electric field regardless of their directions of emission
and accelerated to 120 keV for spin polarization analysis
in a Mott detector.

Using this apparatus experiments on Ar, Kr,'6 and
Xe' 3 atoms as well as on CO2 and N2 0 molecules' 7 have
been performed. Figure 4 shows the measured values
of spin polarization and photoelectron intensity (error
bars and points) for the autoionization range of Kr.
The good agreement of the photoelectron intensity
measured compared with the experimental results of
another author' 8 (solid line in Fig. 4) indicates that the
bandwidth of the radiation used was adequate even for
observations of the narrow resonances. Furthermore,
this provided an additional calibration of the 10-m
monochromator used. The measured polarization
(given in the lower part of Fig. 4) also shows a pro-
nounced resonance structure due to autoionization
processes.

In Fig. 5, where the results obtained in the autoioni-
zation range of Xe are given, a comparison between the
experimental results (full curves, connecting the black
rectangles of error bars) and theoretical curves calcu-
lated by means of the MQDT (dashed2 and dotted11"12
curves) shows a discrepancy between theory and ex-
periment for the position of the resonances, although
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Fig. 4. Photoionization of kryp-
ton atoms in the autoionization
range: (top) cross section (pho-
toelectron intensity) measured;
data taken from Ref. 16 () and
Ref. 18 (-); (bottom) spin po-

larization of photoelectrons.'6
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atoms in the autoionization range:
(top) cross section, photoelectron
intensity; (bottom) spin polariza-
tion of photoelectrons. Full
curves: experimental results, 1 3

-; theoretical prediction,2 --- ;

calculation by Ref. 11 using data of
Ref. 12,.--

the shapes of the curves are very similar. This dis-
crepancy is also seen in the comparison of the calculated
photoionization cross section with all the measured
value of different authors.' 3"18"19

Figure 6 (bottom) shows, using. as an example N20,
that photoelectrons emerging from molecules can also
be spin polarized.'7 Similar to the case of CO2 the po-
larization occurs at the photoionization threshold the
total photoelectron intensity drops monotonically
there20 [see Fig. 6 (top)], if there is an ionic fine structure
splitting due to spin-orbit interaction [Fig. 6
(center)2'].

It is worth noting that polarized electrons have also
been found in the past months in Ag atoms 2 2 in an ex-

periment using a conventional radiation source and an
MgF2 circular polarizer23 in the wavelength range be-
tween 150 and 160 nm.

IV. Conclusion

As pointed out in Sec. I, spin polarization results are
needed in addition to the cross section values and the
angular distribution to reach a complete understanding
of the photoionization process. To show that it is
possible in, for example, Xe to determine experimen-
tally all matrix elements of the dipole operator as well
as the phase differences of the continuum wave func-
tions, in Fig. 7 the results for a certain bound-free
transition are given: A bound P1/2 electron is able to
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Fig. 6. Photoionization of N20 at the threshold: (top) measured
photoelectron intensity ( ,17 ..... ,20); (center) differential photo-
electron spectrum measured by Ref. 21; (bottom) measured spin po-

larization of photoelectrons.17
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go into an s 12 or d 3/2 continuum state, after the photon
has been absorbed by the Xe atom leaving behind a
2P1/2 ion.

The corresponding matrix elements (top and center
of Fig. 7 determined experimentally from the thresh-
olds up to 41-eV photon energy are compared with the
results obtained by other authorS2,12,24 in the discrete
spectral range, shown in Fig. 7 on the left-hand sides of
the two ionization thresholds. The very good agree-
ment in the cross-comparison between the data of
photoexcitation in the discrete range and photoioniza-
tion, also seen in the phase-difference of the wave
functions [shown in Fig. 7 (bottom) in units of 7r] pro-
vides new experimental evidence for the validity of the
MQDT.

Without going into more detail (for a detailed de-
scription see Ref. 11), it should also be noted that in the
determination of these matrix elements some new as-
pects of many electron correlations in Xe have been
found in the region of autoionization resonances.
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