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Experimental Verification of a New Spin-Polarization Effect in Photoemission:
Polarized Photoelectrons from Pt(111) with Linearly Polarized Radiation
in Normal Incidence and Normal Emission
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A theoretical prediction of a new spin effect by Tamura, Piepke, and Feder has been experimentally
verified: Photoelectrons can be polarized even if the photoemission is performed with linearly polarized
radiation and even if it is studied in the highly symmetrical setup of normal incidence and normal emis-
sion. Radiation with energies between 21 and 22.4 eV ejects photoelectrons from Pt(111) with a degree
of polarization between 10% and 40%. The spin direction coincides with a plane parallel to the surface
and changes its sign when the crystal is rotated by 60° about the surface normal.

PACS numbers: 79.60.Cn, 71.25.Pi

The existence of spin-polarized photoelectrons ob-
tained with circularly polarized radiation from unpolar-
ized targets (free atoms, molecules, adsorbates, and non-
ferromagnetic solids) has been proved to be a common
phenomenon rather than exceptional.! The spin-
polarization information is an important tool to charac-
terize the symmetry of the states and bands involved, i.e.,
to perform a symmetry-resolved band mapping of solids
or a characterization of quantum numbers, dipole matrix
elements, or phase-shift differences of wave functions in
the photoionization of free or adsorbed atoms. 2

That linearly or even unpolarized radiation is able to
eject polarized electrons in photoemission of ferromag-
netic solids, in which the photoelectron polarization is
primarily an effect of the initial states, is well known. In
photoionization of free unpolarized atoms and mole-
cules* or in photoemission of nonferromagnetic solids? it
has been found in angle-resolved off-normal photoelec-
tron emission as a final-state effect; in these cases it is a
consequence of a quantum-mechanical interference be-
tween different photoelectron partial waves in atomic
photoionization,® or due to spin-dependent photoelectron
diffraction or phase-matching conditions at the solid-
vacuum interface in photoemission.” In spin-resolved
photoemission from noncentrosymmetric crystals spin
polarization can arise from difference in spin-up and
spin-down conduction-band hydridization with valence p
states and from surface-transmission effects.®

Normal incidence of linearly polarized light along cen-
trosymmetric cubic crystals and normal photoelectron
emission was, however, commonly assumed to yield no
spin polarization at all.”® Very recently, Tamura,
Piepke, and Feder'® refuted this belief and predicted
normal-emission photoelectron spin polarization by line-
arly polarized light for (111) surfaces of centrosym-
metric cubic crystals. Their prediction is based upon a
one-step photoemission theory using a relativistic multi-
ple-scattering formalism and they identify the spin-orbit
interaction in the half-space initial states as its main

cause. In general, symmetry arguments show that for
this special geometry electron spin polarization P can be
nonzero. Because of the invariance of the total system
(semi-infinite crystal with surface, incident light, elec-
tron detection direction) under a symmetry operation,
photoelectrons can only be polarized perpendicular to a
mirror plane. This implies P=0 for surfaces with n-fold
rotation axes associated with the point groups Cy,, n=2,
4, and 6, because there are two or more mirror planes
perpendicular to one another. For n=3 there is not such
a restriction. For photoexcitation in the bulk of a cen-
trosymmetric crystal, however, space inversion and time
reversal imply P=0. A nonzero P appears to be possible
therefore in cases in which, for n=3, a three-step model
is not applicable [like emission from clean surface states
or via evanescent states (band-gap emission) from cen-
trosymmetric crystals]. The present Letter is the first
experimental evidence that such a spin-polarization
effect exists for normal incidence of linearly polarized
light and normal photoelectron emission. Along the A
direction of Pt(111) we find electron spin polarization
ranging up to more than 30% for photon energies be-
tween 21 and 22.4 eV.

The experiments were performed with linearly polar-
ized synchrotron radiation from the BESSY storage-ring
plane and with the 6.5-m normal-incidence monochroma-
tor'! in an apparatus described previously.!?'> The Pt-
crystal surface coincided within 0.5° with the (111)
direction and was aligned within 0.3° with the direction
of the incident light. Photoelectrons emitted normally to
the surface were collected by the electron spectrometer
within an angular cone of #+ 3°. Phonon effects'* were
minimized by our keeping the crystal at a temperature
below 50 K during the measurements. The target
preparation was performed as usual'>!* and included
Ne* bombardment, oxygen heating, and flashing. The
surface was characterized by Auger spectroscopy and
LEED. LEED was also applied to determine the mirror
planes of the Pt(111) crystal. Two spin-polarization
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components were measured simultaneously in the Mott
detector: one parallel to the surface normal (coinciding
with the photon momentum), and the other parallel to
the crystal surface but at 45° with respect to the
storage-ring plane (and thus to the E vector of the
linearly polarized radiation).'>!® Influences of experi-
mental asymmetries have been eliminated in the data
presented by the use of four additional detectors in for-
ward scattering directions in the Mott detector, %13 as
well as by the use of count rates in the Mott detector
when unpolarized electrons are spin analyzed there.

A photoemission spectrum of Pt(111) obtained with
linearly polarized radiation of photon energy Av =21 eV
is given in Fig. 1(a). Two peaks were obtained: The
first at 1.5 eV below Ef (peak 1) corresponds to transi-
tions from the upper initial bands of the bulk band struc-
ture close to I'; the second one at 4 eV below Ef (peak
2) is correlated with a transition from the lower Ajs
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FIG. 1. Photoelectron spectrum obtained from normal in-
cidence of linearly polarized light and normal photoelectron
emission. The partial intensities /+ and I - correspond to spin
directions parallel and antiparallel to a trace of a nonmirror
plane in the Pt(111) surface which is rotated by 30° with
respect to a trace of a mirror plane in the Pt(111) surface and
by 45° with respect to the E vector of the incident light. (a)
Experimental result (energy resolution AE =250 meV). (b)
Calculation of Tamura and Feder (Ref. 15).
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band (see, e.g., Eyers et al.'?; for the bulk band structure
see Fig. 3 of the present Letter). For both peaks a spin
analysis of the photoelectrons was made: The combina-
tion of photoelectron intensity / and polarization P ac-
cording to I + =I(1 & P)/2 yields the partial intensities
I+ — characterizing the number of photoelectrons with
spin parallel or antiparallel to the Mott-detector analyz-
ing axis. This procedure shows that the spin-polarization
component perpendicular to the Pt(111) surface vanishes
for both peaks within the experimental uncertainty (3%).
The same is true for the component in the Pt(111) sur-
face plane for peak 2 [I+=I_ in Fig. 1(a)l, whereas
peak 1 clearly demonstrates the existence of polarized
electrons (I+#=7-) (it corresponds to about 20% spin
polarization). All the findings are reproduced by a re-
cent calculation of Tamura and Feder's given in Fig.
1(b). The results can be compared despite the fact that
they were obtained for photon energies differing by 1 eV,
since the calculation neglects a self-energy correction of
about the same magnitude (0.75 eV, see Wern et al.'®).
While we find good qualitative agreement for the total
intensities (a convolution of the calculated spectra with
the experimental resolution of 250 meV will mainly
broaden peak 1), the polarization values in peak 1 and
peak 2 are in excellent agreement with the theoretical re-
sults.

Tamura, Piepke, and Feder predicted that the spin-
polarization vector is in a plane parallel to the (111) sur-
face and rotates by an angle —2a upon rotation of the
light polarization by a (see Fig. 1 of Ref. 10). In our ex-
perimental geometry the analyzing axis of our spin Mott
detector and the E vector of the synchrotron radiation
are fixed in space, and so the crystal surface is rotated
about the surface normal. For this geometry, the
Tamura-Piepke-Feder prediction means that the spin po-
larization reverses sign when the crystal is rotated by
60°.

For further elucidation of the effect, the dependence of
the spin polarization on the rotation angle o of the crys-
tal about the surface normal has been measured. The
upper part of Fig. 2 shows the angular dependence of the
ratios of count rates Ng/Np and N4/Nc directly mea-
sured by the detectors of the Mott detector. Ng/Np cor-
responds to the out-of-plane [Pt(111) planel polariza-
tion, and N ,4/N¢ to the in-plane polarization. The corre-
sponding detector setup is given in the schematic dia-
gram. While there is no angular dependence of Nz/Np
within the experimental uncertainty, N4/N¢ demon-
strates a clear sinusoidal shape as a function of the angle
o. Instrument-related asymmetries (due to different
detector efficiencies, scattering solid angles, etc.) are re-
sponsible for the fact that the w-averaged asymmetry is
different from 1, but they are independent of . From
the measured asymmetry data one obtains the spin-
polarization component Py, in the crystal plane. These
values are presented in the lower part of Fig. 2. For
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FIG. 2. Photoelectron spin polarization P, in the first peak
of the photoelectron spectrum (Fig. 1) obtained for normal in-
cidence of linearly polarized light and normal photoelectron
emission. Top: Ratios of the Mott-detector count rates N4/N¢
and Ng/Np vs the rotation angle w about the Pt(111) surface
normal. Inset: Relation of spin-polarization directions and
Mott-counter arrangement. The spin-polarization vector ro-
tates in a plane parallel to the surface and thus parallel to the
plane spanned by the Mott counters B and D. Bottom: Depen-
dence of Py, on the crystal rotation angle w.

® =0° the crystal mirror plane and the storage-ring
plane are parallel. The data show a periodicity of 120°
and can be well described by a sinusoidal behavior (con-
tinuous line in Fig. 2). We find maximum polarization
for w=15°, i.e., a spin rotation of 3w==45°, which
agrees with our experimental setup of the analyzing axis
of the Mott detector (45° with respect to E) as discussed
above.

In addition to these results the measurements were ex-
tended to photon energies hv between 20 and 22.4 eV.
Figure 3 (left-hand side) shows the spin polarization Py,
of a constant-initial-state spectrum obtained for the ini-
tial energy 1.5 eV below Efr. Below hv=20.8 eV we do
not find a spin polarization within the experimental accu-
racy, while the polarization seems to increase gradually
with increasing photon energy except for a breakdown at
21.8 eV. For a rough interpretation of the results we
compare the energy dependence of the spin polarization
with a bulk band structure of Tamura and Feder, which
is shifted by the self-energy correction value of 0.75 eV
(Ref. 16) towards higher energies. From the comparison
we find that the polarization onset at 20.8 eV is correlat-
ed with an onset of transitions into the narrow band gap
between 19.3- and 20.2-eV final energy. The breakdown
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FIG. 3. Comparison of experimental photoelectron spin-
polarization values Py, with a bulk band-structure calculation.
The polarization values Py, were obtained for normal incidence
of linearly polarized light and normal photoelectron emission
and correspond to transitions from the upper initial bands near
I (1.5 eV below Ef) to the final part of the band structure.
Left-hand side: Dependence of Py, on the photon energy hv
for the initial energy —1.5 eV. Right-hand side: Bulk band
structure (Ref. 15). Middle: Final bands at about 20 eV at T’
in an expanded energy scale. High polarization values occur
for transitions into band gaps.

of the polarization occurs at that point of the band struc-
ture where the A; bands meet the I' point. All these
findings are in agreement with the interpretation that
transitions into the band gap produce the spin polariza-
tion. The threefold symmetry of Pt(111) and the surface
are thus observed, because the electron emission occurs
via A¢ evanescent states. !’

Summarizing, we have reported experimental evidence
of a new spin-polarization effect. Spin-polarized photo-
electrons are obtained with linearly polarized light in the
highly symmetrical experimental setup of normal light
incidence and normal photoelectron emission from
Pt(111). The spin-polarization direction is parallel to
the surface. We observe polarization up to more than
30%, a sinusoidal behavior with the rotation angle
about the Pt(111) surface, and a 120° periodicity ac-
cording to the threefold symmetry of Pt(111) and the in-
clusion of the surface. The observed surface effect is ob-
viously of the same nature as that predicted by Tamura,
Piepke, and Feder.'°

653



VOLUME 60, NUMBER 7

PHYSICAL REVIEW LETTERS

15 FEBRUARY 1988

We thank E. Tamura and R. Feder for their theoreti-
cal data prior to publication. Intense discussions with
R. Feder, E. Tamura, N. Miiller, G. Schonhense, and
the helpful assistance of B. Kessler during the prepara-
tion of the experiment are gratefully acknowledged. The
work was supported by the Bundesministerium fir
Forschung und Technologie (05331 AX) and the
Deutsche Forschungsgemeinschaft (SFB 216).

'For a review see U. Heinzmann, Phys. Scr. T17, 77 (1987),
and references therein.

2U. Heinzmann and G. Schénhense, in Polarized Electrons
in Surface Physics, edited by R. Feder (World Scientific,
Singapore, 1985), p. 467; B. Kessler, A. Eyers, K. Horn,
N. Miiller, B. Schmiedeskamp, G. Schonhense, and U. Heinz-
mann, Phys. Rev. Lett. 59, 331 (1987); G. Schonhense,
Appl. Phys. A 41, 39 (1986); Ch. Heckenkamp, F. Schifers,
G. Schonhense, and U. Heinzmann, Z. Phys. D 2, 257 (1986).

3R. Feder, W. Gudat, E. Kisker, A. Rodriguez, and
K. Schroder, Solid State Commun. 46, 619 (1983), and refer-
ences therein.

4U. Heinzmann, G. Schénhense, and J. Kessler, Phys. Rev.
Lett. 42, 1603 (1979); G. Schonhense, Phys. Rev. Lett. 44, 640
(1980); G. Schonhense, V. Dzidzonou, S. Kaesdorf, and
U. Heinzmann, Phys. Rev. Lett. 52, 811 (1984).

5J. Kirschner, F. Feder, and J. F. Wendelken, Phys. Rev.
Lett. 47, 614 (1981).

6J. Kessler, Polarized Electrons (Springer-Verlag Berlin,

654

1985), 2nd Ed.

TR. Feder, in Polarized Electrons in Surface Physics, edited
by R. Feder (World Scientific, Singapore, 1985), p. 125.

8S. F. Alvardo, H. Riechert, and N. E. Christensen, Phys.
Rev. Lett. 55, 2716 (1985).

9M. Wahlecke and G. Borstel, in Optical Orientation, edited
by F. Meier and B. P. Zakharchenya, Modern Problems in
Condensed Matter Sciences Vol. 8 (North-Holland, Amster-
dam, 1984); G. Borstel, Solid State Commun. 53, 87 (1985);
B. Ginatempo, P. J. Durham, B. L. Gyorffy, and W. M. Tem-
merman, Phys. Rev. Lett. 54, 1581 (1985).

10E Tamura, W. Piepke, and R. Feder, Phys. Rev. Lett. 59,
934 (1987).

IIF Schifers, W. Peatman, A. Eyers, Ch. Heckenkamp,
G. Schonhense, and U. Heinzmann, Rev. Sci. Instrum. 57,
1032 (1986).

127, Eyers, F. Schifers, G. Schoénhense, U. Heinzmann, H. P.
Oepen, K. Hiinlich, J. Kirschner, and G. Borstel, Phys. Rev.
Lett. 52, 1559 (1984).

13G. Schénhense, A. Eyers, U. Friess, F. Schifers, and
U. Heinzmann, Phys. Rev. Lett. 54, 547 (1985).

14A. Eyers, G. Schonhense, U. Friess, F. Schifers, and
U. Heinzmann, Surf. Sci. 162, 96 (1985).

ISE. Tamura and R. Feder, private communication. The cal-
culations are numerical calculations based on a relativistic
“one-step” photoemission theory (see, e.g., Ref. 10).

16H. Wern, R. Courths, G. Leschik, and S. Hiifner, Z. Phys.
B 60, 293 (1985).

17B. Schmiedeskamp, B. Kessler, N. Miiller, G. Schonhense,
and U. Heinzmann, Solid State Commun. (to be published),
and references therein.



