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Role of Spin Exchange in Elastic Electron Scattering from Magnetic Surfaces
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The role of spin-exchange processes in (quasi)elastic electron scattering is investigated by measure-
ment of the changes in polarization of a spin-polarized electron beam scattered in specular geometry
from Ni(110) and Ni(110)O(2x1) over an energy range of 5 to 30 eV. Concurrently measuring the
scattered intensity as a function of primary spin polarization yields the spin-dependent reflection
coefficients. These reflection coefficients entirely account for the changes in polarization. Therefore, it is
concluded that spin-exchange processes are negligible (=< 3%) in the elastic channel.

PACS numbers: 75.25.+z, 61.14.Ki, 75.30.Pd

Spin-polarized-electron spectroscopies have been im-
mensely successful in the study of ferromagnetic solids
and surfaces in recent years. For instance, the addition
of spin analysis to energy and angle resolution in photo-
emission spectroscopy enables direct observation of
spin-split electronic states in itinerant-electron ferromag-
nets.! Spin-polarization analysis of low-energy secon-
dary electrons allows the determination of the magneti-
zation at the surface, in magnitude and direction.? In
these techniques, however, results must be interpreted in
light of possible changes of the electron spin polarization
due to spin-exchange (spin-flip) scattering during trans-
port and escape of the electrons. From the early days of
spin-resolved photoemission there has been a rather per-
sistent concern about the degree to which the electron
spin polarization is conserved during emission.® The
most clear-cut effect is seen as an enhancement by a fac-
tor of 2-3 of the spin polarization of very low-energy
secondary electrons.* This effect is attributed to inelas-
tic spin-flip scattering (Stoner excitations).

Also, the question of elastic (or quasielastic) spin-flip
scattering has been addressed in a variety of circum-
stances. The most striking are spin-polarized photoemis-
sion experiments where significant depolarizations have
been observed. For example, Hiifner et al. report large
depolarization of optically oriented electrons from Ge
upon transmission through thin magnetic overlayers (Gd,
Ce, Ni), but only slight effects were observed for Au
overlayers.5 Quite recently Schmitt, Kadmper, and
Giintherodt have observed structures in the spin-
polarized photoemission spectra from the Ni(110) oxy-
gen and sulfur adsorbate system,® and Carbone and
Kisker report on large depolarizations for the system of a
monolayer of Gd on Fe.” In all these studies it was sug-
gested that elastic spin flip might be responsible for the
observed depolarization. However, a difficulty with these
methods of characterizing the extent of spin-flip scatter-
ing is that the initial spin configuration is not well deter-
mined. For an unambiguous decomposition of scattering
probabilities, it is necessary to know the initial spin
configuration in addition to measuring the scattering in-

tensity and spin polarization.

In this Letter we report on the first direct measure-
ment of the spin-flip contribution to elastic electron
scattering from Ni(110) and Ni(110)0(2x 1) with high
accuracy. This complete experiment measures the spin
dependence of the reflection coefficients (asymmetries)
from intensity changes upon separate reversal of pri-
mary-beam polarization and crystal magnetization. In
addition, spin analysis of the scattered beam measures a
composite of all elastic (and quasielastic) scattering pro-
cesses, including spin flip. We find for both Ni(110) and
Ni(110)O(2x1) that the spin-orbit and exchange-
induced asymmetries account for the changes in mea-
sured polarization, without recourse to spin-flip scatter-
ing.

The experiments were performed in a UHV system
(base pressure < 10 ~'® Torr) designed for various spin-
polarized-electron spectroscopies. The Ni crystal was a
“picture frame” type, exposing the (110) surface. It was
cleaned by repeated cycles of heating in oxygen and
noble-gas-ion sputtering followed by high-temperature
flashes. The surface quality was monitored by LEED.
All of the measurements were performed in specular
geometry with a 45° angle of incidence and the sample
at room temperature. The scattering normal was chosen
to be the [110] direction so that the scattering plane
coincided with a mirror plane of the crystal. The details
of the apparatus will be described elsewhere,® so we re-
strict our discussion to essential aspects of these mea-
surements.

The spin-polarized primary beam was derived from a
GaAs source, producing a spin polarization of =+ 30%.
Spin polarization of the scattered beam was measured by
a high-energy (115 kV) Mott detector after passing
through a hemispherical energy analyzer (AE =300
meV). Primary polarization was measured accurately,
to within a few tenths of a percent, by electrostatic
deflection of the beam into the energy analyzer and Mott
detector. The Mott detector was calibrated to an uncer-
tainty of *2% (including systematic instrumental er-
rors),® and we maintained an overall uncertainty of
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=+ 3% (convoluted with statistics).

The primary-beam polarization and crystal magneti-
zation were oriented perpendicular to the scattering
plane. By reversing the direction of each one independ-
ently, we measured four intensities /# (u,0= %+ ) where
u is the crystal majority-spin direction, and o is the
incident-beam polarization either parallel or antiparal-
lel to the scattering normal. Concurrently, for each
configuration we measured the scattered-beam polariza-
tion P%.

The spin dependence of the reflection coefficients is
typically described by the experimentally derived asym-
metries® 41, 4 ~:
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It has been shown that for Ni, the exchange and spin-
orbit contributions may be described independently to a
very good approximation® by

Ago=3UT+A47), Au=3UT—47).

We show our results for the spin-orbit and exchange-
induced asymmetries in Fig. 1. For clean Ni, it is clear
that both spin-orbit and exchange contribute signifi-
cantly to the spin dependence. For the reconstructed
O(2x1) surface, the exchange contribution is suppressed
with respect to the spin-orbit. To the extent that the ex-
change asymmetry reflects the surface magnetization, '°
we see that the Ni-O(2x 1) magnetization is greatly re-
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FIG. 1. Spin-orbit and exchange contributions to the

scattering asymmetry as functions of kinetic energy. Top:
Ni(110); bottom: Ni(110)0(2x1).
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duced. This result is consistent with previous observa-
tions of the decrease of the spin polarization of secon-
dary electrons. !

The spin polarization as a function of kinetic energy
for the clean Ni(110) is shown in Fig. 2 for the four
beam/magnetization orientations. Since exchange scat-
tering is expected to be strongly energy dependent, we
carried out the measurements to as low primary energies
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FIG. 2. Polarization after scattering (top panel) from the
Ni(110) surface for primary beam polarizations, + Py (shown
with baselines at * 30%) and for magnetizations up (inverted
triangles) and down (triangles). Below it are the scattering
asymmetries for each magnetization (4 +,4 ) (the solid lines
are guides to the eye). With the polarization values are
smooth lines indicating the calculated values based on the
scattering asymmetries only, according to Eq. (1).
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as possible.'? The scattered-beam polarization shows

significant deviations from the incident polarization (in-
dicated here by baselines at +30%). Shown below it
are the scattering asymmetries 4* measured for each
magnetization (as opposed to the Ag,,A. of Fig. 1).
Not only are the deviations from P very striking; they
reflect the asymmetries quite closely. In the absence of
any spin flip, it is easily seen that with a primary beam
of polarization Pg [composed of I;= +(1+Py) and
I,=%(1—Py)] and spin-dependent reflection coeffi-
cients (which lead to asymmetries 4*), the polarization
of the scattered beam is given by '3

Pr=(Po+ A*)/(1+ PyA*). 6D

If we consider the possibility of spin-flip scattering rates
F4% FZ, in addition to the intensity asymmetries, as
causing the changes in polarization, the measured polar-
ization would be

PH=(Po+ A*)/(1+PoA*) —2(F4% —FL)/I¢,  (2)

where I¥ =14 +I“ is scattered intensity. For an unpo-
larized primary beam (Py=0) this leads to P=A, a
result which has been shown to be valid in spin-
orbit-induced scattering asymmetries from high-Z ma-
terials. '4

Shown with the polarization data are smooth lines in-
dicating the locus of calculated polarizations based on
the measured asymmetry only, i.e., according to Eq. (1).
Within experimental uncertainty, there are no systematic
deviations from the calculated values which would indi-
cate spin-flip scattering. It is apparent that over the en-
tire energy range considered, the elastic-scattering
asymmetry is sufficient to account for the polarization of
the scattered beam. Figure 3 shows the spin polarization
as a function of kinetic energy for the Ni(110)0(2x1)
surface. Since the exchange-induced asymmetry is a
small contribution, there is very little change when the
sample magnetization is reversed. For clarity, the data
for opposite magnetizations are shifted. We note the
same qualitative agreement between the deviations from
Py and the asymmetry. Furthermore, there is also no
evidence for spin-flip scattering on the basis of good
agreement between the calculated polarizations [again,
from Eq. (1)] and the directly measured polarization.

Our results seem to be at variance with the observa-
tions cited earlier.>~7 We consider the possibility that
with a suitably high energy bandwidth, some quasielastic
spin-flip processes may become significant; however, this
effect is not evident here. Extending our measurements
to off-specular directions may enhance the relative con-
tribution of any quasielastic flip processes already
present.'> Another natural extension of this technique is
to probe spin-dependent loss processes in Ni with high-
energy resolution, as has already been carried out for
Fe.'®

In summary, we have shown that elastic spin-flip pro-
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FIG. 3. Same as Fig. 1 for Ni(110)O(2x1). Heavy bars in-
dicate the incident polarization, Po= % 30%. Note here a shift
in scale between the two magnetizations, for clarity.

cesses at the Ni(110) and Ni(110)O(2x 1) surfaces are
negligible over the kinetic-energy range of 5 to 30 eV.
We arrive at this result by directly observing the spin-flip
rates with a complete spin-polarized electron-scattering
experiment. The spin polarization after scattering is ac-
counted for entirely by the intensity asymmetry.

The authors wish to thank Dr. W. Schmitt for helpful
discussions and Professor D. L. Mills for a critical read-
ing of the manuscript. This work was supported in part
by National Science Foundation Grant No. DMR-86-
00668.

IE. Kisker, K. Schroder, M. Campagna, and W. Gudat,
Phys. Rev. Lett. 52, 2285 (1984); R. Raue, H. Hopster, and
R. Clauberg, Phys. Rev. Lett. 50, 1623 (1983).

2R. J. Celotta and D. T. Pierce, Science 234, 249 (1986);
K. Koike and K. Hayakowa, J. Appl. Phys. 57, 4244 (1985).

3K. Sattler and H. C. Siegmann, Phys. Rev. Lett. 29, 1565
(1972); U. Binninger, G. Busch, M. Campagna, and H. C.
Siegmann, J. Phys. (Paris), Colloq. 32, C1-290 (1971).

4E. Kisker, W. Gudat, and K. Schrdder, Solid State Com-
mun. 44, 623 (1982); H. Hopster, R. Raue, E. Kisker,

2335



VOLUME 59, NUMBER 20

PHYSICAL REVIEW LETTERS

16 NOVEMBER 1987

G. Giintherodt, and M. Campagna, Phys. Rev. Lett. 50, 70
(1983).

5S. Hiifner, G. L. Bona, F. Meier, and D. Pescia, Solid State
Commun. 51, 163 (1984). The small effect seen for the non-
magnetic Au layers is in line with findings for the GaAs source,
where it was shown that polarizations close to the theoretical
50% limit can be obtained, so that depolarization in the O/Cs
layer must be small. S. F. Alvarado, F. Ciccacci, and M. Cam-
pagna, Z. Phys. B 44, 259 (1981).

6W. Schmitt, K.-P. Kidmper, and G. Giintherodt, Phys. Rev.
B 36, 3763 (1987); W. Schmitt, Ph.D. thesis, University of
Cologne, 1987 (unpublished). In a recent one-step photoemis-
sion calculation these structures could not be reproduced.
A. Rodriguez, J. W. Krewer, and R. Feder, Solid State Com-
mun. 63, 341 (1987).

7C. Carbone and E. Kisker, Phys. Rev. B 36, 1280 (1987).

8H. Hopster and D. L. Abraham, to be published; also in this
paper a new method for the accurate calibration of a spin po-
larimeter will be described.

9S. F. Alvarado, R. Feder, H. Hopster, F. Ciccacci, and
H. Pleyer, Z. Phys. B 49, 129 (1982).

10R. Feder and H. Pleyer, Surf. Sci. 117, 285 (1982).

11D, L. Abraham and H. Hopster, Phys. Rev. Lett. 58, 1352
(1987).

12The strong energy dependence of exchange-scattering pro-

2336

cesses was shown in spin-polarized electron-energy-loss spec-
troscopy by D. Mauri, R. Allenspach, and M. Landolt, Phys.
Rev. Lett. 52, 152 (1984), and by H. Hopster, R. Raue, and
R. Clauberg, Phys. Rev. Lett. 53, 695 (1984).

13). Kessler, Polarized Electrons (Springer-Verlag, Berlin,
1985), 2nd ed.

14M. Kalisvaart, M. R. O’Neill, T. W. Riddle, F. B. Dunning,
and G. K. Walters, Phys. Rev. B 17, 1570 (1978); G.-C.
Wang, B. F. Dunlap, R. J. Celotta, and D. T. Pierce, Phys.
Rev. Lett. 42, 1349 (1979). The relation P =A is found to be
satisfied quite well in these studies, even though discrepancies
of up to 15% are found. Since these measurements are ex-
tremely sensitive to sample alignment, surface conditions, etc.,
for a very quantitative comparison (at the percent level) these
two experiments have really to be done simultaneously under
the same conditions. In any case, the comparison between
these two types of separate experiments cannot detect spin flips
since, for an unpolarized beam, the flip rates in Eq. (2) cancel,
leading to P =A again.

153, Kirschner, D. Rebenstorff, and H. Ibach, Phys. Rev.
Lett. 53, 698 (1984).

16]. Kirschner, Phys. Rev. Lett. 55, 973 (1985). For Ni the
situation is much more favorable than for Fe since Ni is a
strong ferromagnet. Stoner excitations can appear only for one
incoming spin direction.



