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Experimental verification of a spin effect in photoemission: Polarized electrons due to phase-shift
differences in the normal emission from Pt(100) by unpolarized radiation
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A theoretical prediction of Tamura and Feder has been experimentally verified: Photoelectrons from
the fourfold-symmetric surface of a centrosymmetric crystal, Pt(100), can be polarized even if the in-
cident radiation is unpolarized and the electrons are emitted normal to the surface. For 21.2- and 16.9-
eV photon energies, a spin-polarization component P, perpendicular to the reaction plane is found. The
degree of polarization is up to 15% and does not change when the crystal is rotated about its surface
normal. This supports strongly the prediction that the effect is due to phase-shift differences.

This work reports on the experimental verification of
an effect in photoemission that produces spin-polarized
electrons without making use of magnetically ordered
electron spins (as in photoemission from magnetic ma-
terials') or of optical spin orientation by excitation with
circularly polarized light.2 It was predicted in a recent
theoretical work by Tamura and Feder® and yields spin-
polarized electrons with unpolarized light even in the
normal photoemission from the fourfold-symmetrical
Pt(100) surface, for which other earlier reported spin-
polarization effects with linearly and unpolarized radia-
tion from nonmagnetic crystals are forbidden by symme-
try (see below). The effect has its origin in a broken sym-
metry due to off-normal light incidence in combination
with hybridization [A}A? hybrids for (100) surfaces] and
yields spin-polarized electrons due to phase-shift
differences. The spin-polarization vector P is perpendicu-
lar to the reaction plane of the incident radiation and the
emitted electrons. The effect is only predicted for the
“one-step model” of photoemission, while it is absent in
the “three-step model.”® It is expected® to occur for
practically each crystal surface, which makes it widely
applicable. In photoemission from ferromagnetic sam-
ples, for example, it competes with exchange-induced
effects and might influence the interpretation of spin-
resolved photoemission spectra and conclusions concern-
ing ferromagnetic properties.*

There have been previous reports in the angle-resolved
photoemission from nonmagnetic materials with linearly
and unpolarized radiation but they all differ fundamental-
ly from the effect reported in this work: In Ref. 5 spin-
polarized electrons arise from spin-dependent photoelec-
tron diffraction or phase matching conditions at the solid
vacuum interface and are only obtained when the elec-
tron emission occurs off normal. Spin-polarized electron
emission with linearly and unpolarized light was also ob-
served in the photoionization of free unpolarized atoms
and molecules® where it is a consequence of a quantum-
mechanical interference between different photoelectron
partial waves. It was, however, until now not clear
whether a counterpart of this effect for solids can exist at
all.> Even for normal photoemission with linearly and
unpolarized light from nonmagnetic crystals spin-
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polarized electrons were found when the sample is non-
centrosymmetric.” Phase shifts do not, however, play any
role in this case and in contrast to the present one this
effect does not occur for photoelectron emission along the
[100] and [111] lines. Spin-polarized electrons have been
predicted® and experimentally verified® for the normal
photoemission from a nonmagnetic and centrosymmetric
surface, namely, the special case of normal incidence of
linearly polarized radiation from threefold-symmetric sur-
faces. This effect does not exist for the two-, four-, and
sixfold-symmetric surfaces. Recently it was also shown
to be suitable for a study of adsorbate systems.!® Hybridi-
zation is not needed for this effect and spin-polarized
electrons can only be obtained when bands with symme-
try Aj 5 are involved in the transitions.

The different physical mechanisms which are responsi-
ble for the three spin-polarization effects described in
Refs. 7, 8-10, and 3 are also reflected in the dependence
of the spin-polarization vector P on a rotation ¢ of the
crystal about the surface normal: In all cases P is parallel
to the crystal surface but in Ref. 7 P remains fixed with
respect to the crystal, in Refs. 8—10 P rotates by an angle
3¢, and in Ref. 3 P remains fixed in the laboratory sys-
tem, i.e., its direction is only determined by the direction
of the incident photon and the emitted electron but not
by crystal properties.

The experimental setup is given in Fig. 1. Unpolarized
radiation hits the Pt(100) surface at an angle of 62° with
respect to the surface normal. The normally emitted
electrons are energy analyzed electrostatically. Two
components of the spin-polarization vector are deter-
mined by Mott scattering.!! One is perpendicular to the
reaction plane (P,), the second one (P,) parallel to the
surface normal of Pt(100). P, turned out to be zero for all
measurements. The crystal preparation is done by
sputtering and heating in oxygen and the surface was
characterized by low-energy electron diffraction (LEED)
and Auger-electron spectroscopy (AES). The preparation
result was a clean reconstructed 5X 1 surface; a 1 X1 sur-
face was obtained by CO adsorption (as in Ref. 12).

For the 1 X1 surface and He I radiation incidence at an
angle of 62° we obtain the photoemission spectrum in the
upper part of Fig. 2 with two broad peaks. The total in-
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FIG. 1. Experimental setup.

tensity I (dots with solid line) is separated into the partial
intensities for spin up (+) and down (—)
1, =(I/2)(1£P,) by means of the spin-polarization com-
ponent P, perpendicular to the reaction plane. The elec-
trons from both peaks in the photoemission spectrum are
strongly spin polarized, the first one below E turns out
to be a peak in I _, the second one a peak in I, . In Ref.
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FIG. 2. Top: Photoemission spectrum obtained with unpo-
larized He I radiation for normal emission from a 1X 1 surface
of Pt(100). I denotes the total intensity, I, and I_ are the par-
tial intensities with spin up and down, respectively. Vertical
dashes in the I, and I_ intensities represent the total experi-
mental error including the statistical error of the count rates
and the uncertainty of the detector asymmetry function. The
arrow at —2.2 eV indicates the energetic position for which the
dependence of P, on ¢ was determined. Bottom: Dependence
of the spin-polarization component P, on the rotation ¢ of the
Pt(100) crystal about the surface normal. No variation is ob-
served within the experimental accuracy.
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3 it was predicted that P, should show no change during
a rotation ¢ of the crystal about the surface normal. For
a binding energy of 2.2 eV (indicated by an arrow in the
upper part of Fig. 2) the dependence of P, on ¢ has been
measured and is displayed in the lower part of Fig. 2.
Within the experimental error there is indeed no change
of P, with ¢.

A corresponding spectrum was also measured for the
reconstructed Pt(100) 5X 1 surface (upper left part of Fig.
3). Comparing it with the corresponding spectrum for
the 1X1 surface in Fig. 2 we note mainly a change in
peak shape of the peak between 0- and 3-eV binding ener-
gy which is due to surface states for the reconstructed
surface.!” The spin polarization is, however, not strongly
affected by these transitions. Studies have also been per-
formed at the other photon energies of 16.9 eV (Ne 1) and
11.8 eV (Ar D) in order to find out whether the occurrence
of spin-polarized electrons is a special effect for a certain
electronic transition at a certain photon energy (21.2 eV)
or a more general phenomenon. For 16.9-eV photon en-
ergy the photoemission spectrum is displayed in the mid-
dle left part of Fig. 3. For the main peak between E and
3 eV below E we find again (as for 21.2 eV) strongly neg-
atively spin-polarized electrons. The lower left part of
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FIG. 3. Left part: Spin-polarized photoemission spectra ob-
tained with unpolarized radiation for normal emission from a
5X 1 surface of Pt(100) and three different photon energies. The
meaning of the symbols is identical to that in the upper part of
Fig. 2. Right part: Band structure of Pt in the A direction. The
band structure has been calculated by Noffke and Eckardt (Ref.
13). Heavy solid lines (-) denote bands with A} symmetry, dots
(- -) those with A symmetry. Thin solid lines are bands with A,
symmetry. Arrows indicate the transitions which contribute to
two of the three spectra in the left column of Fig. 3.
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Fig. 3 shows the spectrum for 11.8 eV; the main peak in
the photoemission spectrum is considerably narrowed
compared to that at higher photon energies and the elec-
trons contributing to this peak are not spin polarized.

In order to reveal possible reasons for the dependence
of the spin-polarization structure on photon energy we
discuss the data together with a band structure. Of
course we have in mind the prediction of Tamura and
Feder that the mechanism that produces the spin polar-
ization needs spin-orbit-induced hybridization of A} and
A? bands.

The band structure shown in Fig. 3 is a calculation of
Noffke and Eckardt.!*> Bands with A} symmetry (i.e.,
bands with dominating A, spatial part) are represented by
the heavy lines, bands with A7 symmetry (i.e., dominating
As spatial part) by dots. Thin solid lines are bands with
symmetry A, which should only contribute to the spin
polarization,’ if the transitions occur into a A}A? hybrid.
The main bands under consideration, 3, 5, 8, and 9, are
hybridized for almost all k, values along A. The degree
of hybridization is a maximum close to avoided crossing
points. It seems strange that the spin polarization van-
ishes for 11.8 eV, where transitions occur between areas
of strongest hybridization close to the avoided crossing
points, while a considerable degree of spin polarization is
observed for hv=16.9 eV where the transitions occur be-
tween bands with a lower degree of hybridization. Thus
we do not see a simple correlation of the spin polarization
with the degree of band hybridization in this first work.

In order to gain a further understanding for the mecha-
nism that produces the spin-polarization effect we discuss
some striking similarities of this spin-polarization effect
with a well-known spin-polarization effect in photoioniza-
tion.® Tamura and Feder predicted® that

P, <sin(26) Im(m m?}) (1)

with m and m, being the transition matrix elements for
excitation with the components of the E vector of the in-
cident radiation parallel and perpendicular to the crystal
surface and 8 the incidence angle of the radiation with
respect to the surface normal. Spin-polarized electrons
can also be obtained by photoionization of free atoms and
molecules with unpolarized radiation, if the electron
emission occurs at a nonzero angle 6 with respect to the
direction of the incident radiation.®'* P is then also per-
pendicular to the reaction plane and

|P| < sin(26) Im(D, D% ) . 2

D, and D, denote the complex transition matrix ele-
ments for transitions from one initial state into two
different but energetically degenerated continuum
states.*!* Spin polarization is due to a quantum-
mechanical interference of these continuum waves and
yields only a nonzero value of Im(D ;D7) if a phase-shift
difference exists between the two waves.'* Furthermore
the photoionization spin polarizations from spin-orbit-
split initial states have opposite signs, showing the
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responsibility of the spin-orbit interaction for the photo-
electron polarization and the necessity to resolve its
influence by means of an electron spectrometer for photo-
electron spectroscopy. It seems to be obvious from rela-
tion (1) that the physical mechanism that produces the
spin polarization P, is closely related to that in photoion-
ization firstly because of the same formula description,
secondly because of the fact that phase-shift differences of
energy degenerated final states due to complex matrix ele-
ments can only exist in the one-step photoemission treat-
ment, and thirdly because of the necessity of spin-orbit-
induced hybridization in the ground state.

If phase differences determine the size and sign of the
spin polarization it is at once clear why an easy relation
between the spin polarization and degree of hybridization
as discussed in Fig. 3 cannot be expected. In turn the
data contain then, however, information about these
phase-shift differences. On the way to a “complete” ex-
periment,'! i.e., the complete characterization of the pho-
toelectron emission process by experimental determina-
tion of all individual matrix elements and phase-shift
differences, as it has been done in atomic and molecular
photoionization,'* the data presented in the letter com-
plement information of other photoemission types: off-
normal spin-resolved photoelectron emission using circu-
larly polarized radiation'® and circular dichroism in the
angular distribution of photoelectron intensities.'®
Whether this puzzle of different techniques to a “‘com-
plete” characterization also works for solid surfaces as
for free atoms and adsorbates is a question which requires
a further experimental and theoretical study and is
beyond the scope of this paper.

In conclusion this work has reported on the experimen-
tal verification of a spin-polarization effect for photoemis-
sion with off-normal incident unpolarized radiation from
the highly symmetrical fourfold-symmetric (100) surface
of Pt and normal electron emission. The experimental
findings agree with a recent theoretical prediction of
Tamura and Feder® who pointed out that the effect re-
quires spin-orbit-induced A}A} hybridization. Striking
similarities exist also with a similar effect in photoioniza-
tion of free atoms and molecules®'* where the spin polar-
ization arises from phase-shift differences of final-state
wave functions. In view of the high spin-polarization
values measured it seems worth mentioning that this
spin-orbit-induced effect is theoretically expected for any
surface symmetry and might thus also occur in photo-
emission of other nonmagnetic and ferromagnetic sam-
ples because of the general importance of hybridization in
electronic band structures.
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parts of the Pt band structure. Useful discussions with R.
Feder, E. Tamura, and J. Noffke are gratefully acknowl-
edged. The work was supported by the Deutsche
Forschungsgemeinschaft (Grant No. SFB 216).
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