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The spin polarization of photoelectrons emitted from polycrystalline Gd decreases linearly
with temperature between 20 and 300 K. Submonolayer coverages of hydrogen, chemisorbed at
20 K, drastically reduce the observed spin polarization. This indicates a very short probing
depth of spin-polarized photoemission, which arises from strong spin-exchange scattering. Hy-
drogen chemisorption is found to induce a canted or disordered spin structure at the Gd surface
with a much lower ordering temperature than that of the clean Gd surface.

The magnetization near the surface of a semi-
infinite ferromagnet is the subject of a large number
of theoretical studies,' but until recently it hardly was
investigated experimentally. New experiments utiliz-
ing electron-spin polarization in connection with pho-
toemission,? elastic electron scattering,® or secondary
electron emission,* now provide good tools for the
study of surface magnetism.

In this Communication we present the temperature
dependence of the spin polarization P of photoelec-
trons emitted from clean and hydrogen-covered ga-
dolinium. We find that the observed spin polariza-
tion strongly reflects magnetic properties of the sur-
face, as a consequence of strong spin-exchange
scattering of the outgoing electrons. We have ex-
ploited this circumstance to study the magnetic
behavior of the Gd surface and to follow the changes
occurring upon hydrogen chemisorption.

In the case of 3d-transition metals, on the other
hand, spin-polarized photoemission reflects bulk
features. In particular, the temperature dependence
of the polarization of photoelectrons from Ni closely
follows the bulk magnetization.” We will discuss
below the striking difference of spin-polarized pho-
toemission between Gd and Ni.

Apparatus and measurement of spin-polarized pho-
toemission were described earlier.® Gd was deposited
in situ on an iron substrate at room temperature with
a series of short cycles of evaporation in pressures
below 1 x 10~ Torr (base pressure 2 X 107'° Torr).
Photoyield and polarization were measured at dif-
ferent stages of the evaporation. Reproducible and
stable values of these parameters at the end of the
film deposition indicated that the films were thick
enough to be regarded as semi-infinite Gd polycrys-
tals. The cleanliness of the surface was checked with
Auger analysis: oxygen and carbon contaminations
were below 0.1 at.%. Hydrogen is out of control with
Auger analysis but strongly affects the spin polariza-
tion, as will be shown below. The polarization itself
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turned out to be the most sensitive monitor of hydro-
gen contamination. Good quality samples were
achieved after long oven heatings, followed by many
short cycles of evaporation, during which the 99.9%
pure Gd droplet had reduced its hydrogen outgas
rate, as was monitored with a quadrupole mass spec-
trometer and an ion gauge. We found that the
highest polarization corresponds to the best quality
sample, and a saturating polarization value was used
as a criterion for a hydrogen-free film.

The films were magnetized along their surface nor-
mal. Curves of P at constant photon energy versus
applied magnetic field showed that magnetic satura-
tion occurred in a field of 26.5 (£2) kOe at low tem-
peratures. We left this field unchanged during all the
measurements at varying temperatures. The internal
field therefore was not constant, since it is given by
the applied field corrected with a temperature-
dependent demagnetizing field. The internal field is
large, however, only in the vicinity of T¢, where it
can give rise to an induced magnetization.

Figure 1 shows the spin polarization P at constant
photon energy Av=3.4 eV close to the photothresh-
old of 3.2 £0.1 eV versus temperature. The spec-
trum of spin polarization, i.e., Pvs hv, at 220 K, is
described in a previous publication.” Now we meas-
ured the spectrum at 30 K and established that the
entire structure, in particular, the pronounced
minimum at ~— 6 eV, persists but is slightly reduced
in relative strength. This qualitatively is understood
with the scattering model presented below. The po-
larization at 3.4 eV linearly decreases from 20 to 300
K and does not vanish below 400 K.

The persistence of the polarization above the bulk
Curie temperature of 293 K may simply be attributed
to the magnetic field. We note that at 7¢ the inter-
nal field as well as the susceptibility are large. We
therefore, from the present data, cannot answer the
question as to whether surface ferromagnetic order
exists above T¢ of the bulk, as was observed with
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FIG. 1. Spin polarization P of the total photocurrent at
hv=3.4 eV and bulk magnetization M vs temperature of
polycrystalline gadolinium. 7T denotes the bulk Curie tem-
perature.

electron-capture experiments.! The exciting observa-
tion of surface ferromagnetism well above the bulk
Curie temperature of Gd might best be confirmed us-
ing the technique of electron scattering from a
single-magnetic-domain sample without applied field,
in the way it was successfully applied to Ni.?

Also shown in Fig. 1 is the bulk magnetization
(broken line) measured on a Gd sphere in the same
external field of 26.5 kOe with a moving-sample
magnetometer. The internal field in a sphere differs
from the one in a film because of different demag-
netizations. The difference, however, is considerable
only at low temperatures where its influence on the
magnetization is weak. Thus the two curves on Fig.
1 can be directly compared. We find that for Gd the
spin polarization of photoelectrons strongly deviates
from the bulk magnetization. In the case of Ni,
spin-polarized photoemission essentially reflects
bulk properties, but we will demonstrate that for Gd
photoemission is predominantly determined by the
surface magnetization. A direct experimental way to
show this is to perturb the surface magnetization and
observe how strong is the response of the spin polari-
zation. Adsorption of hydrogen gives such a possibil-
ity, since hydrogen influences the magnetism of Gd
and can be deposited on the surface. The surface of
Gd was exposed at 20 K to 0.5and 1 L (1 L=107°
Torr sec) of hydrogen. Submonolayer coverage of
hydrogen was found to strongly reduce the observed
spin polarization at 20 K from =70% for the clean
surface to 45% and 30%, respectively, as depicted in
Fig. 2. This drastic reduction upon a small hydrogen

FIG. 2. Spin polarization of polycrystalline Gd with chem-
isorbed hydrogen. The hydrogen was admitted at 20 K and
the data were taken with increasing temperature.

exposure is clearly only possible because spin-
polarized photoemission from Gd is strongly surface
sensitive. Why is spin-polarized photoemission
strongly surface sensitive in Gd and not so in Ni?
Our conclusion is that spin-exchange scattering of the
outgoing photoelectrons is strong enough in Gd so
that the observed polarization reflects the surface
magnetization.

As a first step in the discussion we must compare
the thickness ¢ of a magnetic surface sheet with the
escape depth A of the photoelectrons. The correla-
tion length ¢ below T¢ is, in mean-field theory, given
by &(T) =¢(1 —T/Tc)™2. & is of the order of one
lattice spacing, e.g., 2 A for iron.!° Calculation of the
surface magnetization in the mean-field approxima-
tion for a Heisenberg ferromagnet yields a correla-
tion length smaller than one layer spacing up to
~0.87¢c."! We estimate the escape depth A, on the
other hand, with the universal curve of the inelastic
mean free path of hot electrons.!? It is strongly ener-
gy dependent, A =40 layer spacings for hv=3.4 eV
and 6—8 layer spacings for 10 eV, respectively. As-
suming conservation of the polarization during the
emission process, the relative signal of the surface is
approximately given by &/A. This quantity, however,
at hv=3.4 eV and T <0.8T¢ is much too small to
account for the observed polarization. We note that
in the case of Fe;04, £/\ correctly describes the sur-
face sensitivity of spin-polarized photoemission. &/\
approaches unity, and the energy dependence of A
was observed to give rise to different P (7) for dif-
ferent hv2. We have to conclude that in Gd the po-
larization is not conserved during the emission pro-
cess, i.e., the mean free path for elastic spin-
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exchange processes is short compared to the escape
depth A.

Let the bulk photoelectrons scatter through a mag-
netic surface sheet of thickness ¢ and average mag-
netization M. Py is the polarization before scatter-
ing. We define ot as the inverse mean free path for
a process where a spin-down converts into a spin-up
(say a magnon creation), and o~ correspondingly. If
the number of photoelectrons is conserved one finds

P=(1—-a)Py+alct—0c7)/(cT+07)

with a=1—expl— (ot+07)]. The lack of quantita-
tive calculations of o% might justify the following
crude approximation: o~ Nyand ¢~ ~ N,

where Ny()) are the average numbers of up

(down) spins per atom in the surface sheet. Then
P(D=0—-a)Py(T) +am,(T), where my=M,(T)/
M;(0) is the reduced surface magnetization. This re-
lation illustrates how for large spin-flip scattering the
surface magnetization is observed in spin-polarized
photoemission. Without quantitative calculations the
exact relation between P(T) and the surface magnet-
ization cannot be given, although the linear behavior
of P(T) invites postulating a simple proportionality.
We recall that a linear surface magnetization is
predicted in some theories' and supported by spin-
polarized low-energy-electron diffraction experiments
on Ni.}

The 4f moments are responsible for the high spin-
flip probability. In a recent experiment depolarization
of initially spin-polarized photoelectrons was ob-
served in a paramagnetic Gd sheet deposited on Ge.!?
A very short mean free path (o*+07")"1=4 A was
found for paramagnetic Gd. This finding concurs
with the present interpretation. We emphasize, how-
ever, that (o*+ o) ! is expected to be smaller than
4 A and remains very small even in the ferromagnet-
ic regime far below T¢. The calculation of o¥ im-
plies the solution of a scattering problem involving
the exchange Hamiltonian H., ~ 3J(F—R,) -§-S,.
S and S, are the spins of the electron at T and the
ion at the lattice site fi,,, respectively. The resulting
cross sections are proportional to the square of the
Fourier transform of J and proportional to the spin S
of the ion at the scattering site.!* The large differ-
ences in Sand J between Gd and Ni explain the ab-
sence of strong spin-flip scattering in Ni.

Regardless of this scattering mechanism being
operative, the interpretation of the spectrum of spin
polarization’ remains valid. We note that the spectral

features are attenuated by the spin-exchange scatter-
ing. The one-electron 4 f~-5d decay therefore must be
considerably stronger than was estimated in Ref. 7.
More significant consequences are expected for
angle-resolved photoemission since the angular infor-
mation might be destroyed by the scattering.

Of particular interest is the temperature depen-
dence of the polarization for hydrogen-covered sur-
faces, shown in Fig. 2. Measured with increasing
temperature the polarization first decreases linearly,
shows-a minimum at 130 K, rises again, and runs at
~200 K into the curve of clean Gd. Gd and most of
the rare earth are known to rapidly absorb hydrogen
above ~ 195 K.'* The hydrogen, absorbed at low
temperatures, disappears from the surface when ap-
proaching 200 K; it is utterly diluted in the bulk, and
the spin polarization of clean Gd is restored at tem-
peratures above ~200 K. Indeed, subsequent cool-
ing of the sample showed the polarization to closely
follow the curve of the clean'® surface. Extrapolating
the low-temperature linear part of the curves we find
that chemisorbed hydrogen strongly reduces the or-
dering temperature at the surface. We report, as a
rough estimate, T#=160 and 120 K for a polycrystal-
line Gd surface exposed to 0.5 and 1 L, respectively,
of hydrogen. Owing to the strong spin-exchange
scattering the polarization is predominantly deter-
mined by the degree of alignment of the 4 f spins.
From the reduced polarizations at the lowest tem-
peratures we conclude that at 7 =0 the 4 f moments
are not fully aligned, i.e., hydrogen chemisorption in-
duces a canted or disordered spin structure at the Gd
surface.

The interplay of hydrogen chemisorption and sur-
face magnetism is an exciting issue in catalysis and,
consequently, hydrogen storage in a solid. Hydrogen
generally is difficult to detect with standard surface
physics techniques. The above example illustrates
how spin-polarized electron spectroscopy enables one
to study the kinetics of hydrogen absorption, since
surface magnetism most sensitively responds to the
chemical state of the surface.
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