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tern of copper clearly favors antiferromagnetism
but the question whether a transition occurs
above 50 nK must be decided by future investiga-
tions.
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We have found that the spin polarization of the photoyield from single crystal ¹(111)at
16.8- and 21.2-eV photon energy is (8.0+3.5)% and (8.1+2)%, respectively, which is sig-
nificantly larger than the bulk electron-spin polarization. The results of a theoretical
model calculation are in good agreement with the experiment. We interpret this as direct
evidence for spin-dependent electron-electron scattering in an itinerant strong ferromag-
net.

Almost ten years after the first observation of
electron spin polarization (ESP) in photoemission
from Gd thin films in the photon energy range
hv ~ 5.5 eV, ' we report the first observation of
ESP in photoemission from a ferromagnetic ma-
terial (Ni) using photon energies in the near vac-
uum ultraviolet (vuv), namely, at 16.8 and 21.2
eV. We find that the ESP of the photoyield at
these photon energies is positive (i.e. , magnetic
moment parallel to the magnetization) and signif-
icantly larger (- 8.1% at 21.2 eV) than the bulk
band contribution to the magnetization and giving
a spin polarization I'=ns/n = 0.51/10 = 5.1% of
bulk Ni at room temperature. These data are
the encouraging results of initial steps of a major
effort in our laboratory towards energy-resolved,
photon-energy-dependent ESP measurements us-
ing tunable vuv radiation.

The results on Gd have been interpreted within
the three-step model of the photoemission process
and a direct correlation of the photoelectron-spin
polarization with the spin polarization of the con-
duction electron has been suggested. ' Later,
De Wames and Vredevoe' pointed out that inelastic
scattering from magnons during escape could
significantly alter the initial ESP after photoexci-
tation. In subsequent experiments on Gd and Dy,
Banninger eta/. ' found evidence that effects of
electron-magnon scattering were negligible.
Since then most experimental results on ESP of
photoelectrons have been interpreted mithout
considering spin-flip processes, especially be-
cause of the small photon-energy range used in
the experiments done so far.

The first photoelectron-spin polarization data
on single-crystal 3d ferromagnets were obtained
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on Ni(001) surfaces. ' These experiments, which
test primarily bulk properties of Ni because of
the large escape depth of the photoelectrons near
threshold, show a change of the ESP from about
—30/g to+40/p with a crossover at about 50 meV
above threshold. These, and more recent angle-
resolved vuv photoemission studies' of single-
crystal Ni cannot be directly related to the most
complete ab initio, self-consistent band-structure
calculations of Ni, ' which predict, e.g. , a mag-
netic exchange splitting twice as large as the ob-
served one (b,E,„,&-0.35 eV).' The observation
of negative ESP near the Fermi energy EF solves
at least qualitatively a long-standing puzzle re-
garding the prediction of the photoelectron-spin
polarization within the band model for a strong
ferromagnet like Ni. '

A scheme of the source part of the novel appa-
ratus is shown in Fig. 1. A detailed report on

this novel setup optimized to meet the specific
requirements for an electron-spin and -energy
analysis will be presented elsewhere. " Photons
from a rare-gas resonance-line light source im-
pinge in normal direction onto the (111)face of

the cylindrically shaped Ni sample. The 5N-
purity (99.999% purity) Ni single crystal is spark
cut to a diameter of 3 mm, electrochemically
etched and cleaned by in situ successive argon-ion
sputtering and electron-bombardement heating
cycles at a base pressure of about 2 & 10 "Torr.
The cleanliness and the crystal structure of the
surface have been examined by Auger spectro-
scopy and low-energy electron diffraction (LEED),
respectively. In Fig. 1, the sample is shown in
front of the electron-extraction optics, in the

homogeneous part of the external field which is
generated by an iron-shielded electromagnet.
The field. defines the quantization axis, i.e. , it
serves to align the Weiss domains. For a com-
plete analysis of the photoelectron-spin polariza-
tion from ferromagnets, one has to know (1) the
trajectories of the photoelectrons in the inhomo-
geneous magnetic and electric fields, (2) the
magnitude of the electron-spin precession for
the various trajectories, and (3) the electron-
beam characteristics after extraction from the
magnetic field. We will discuss these effects,
which we have analyzed numerically for our de-
sign, separately. " Here, we orQy point out that
the size of the illuminated spot on the sample is
of crucial importance for an efficient extraction
of the photoelectrons from the magnetic field re-
gion. This because the photoelectrons generated
at a distance x, from the axis of the magnetic
field have a transverse energy E~ which is pro-
portional to the square of the magnetic field 8
and to the fourth power of x,. In the inhomogene-
ous magnetic field (basically the fringe field),
the electron spins rotate and precess with a Lar-
mor frequency proportional to the radial magnetic
field component, thus giving rise to depolariza-
tion effects. It can be shown numerically, "and

this is confirmed experimentally, that this effect
is minimized by passing the fringe fields with
sufficiently energetic electrons. Similar argu-
ments hold also for the magnetic stray field of
the cylindrically shaped Ni sample. After having
changed the longitudinal polarization of the pho-
toelectrons to a transverse one by means of a
90 spherical deflection analyser, the ESP is
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FIG. l. A scheme of the source part of the novel apparatus optimized for electron-spin and -energy analysis is
shown. For details, see text.
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determined by Mott scattering. '

The photoelectron-spin polarization data for
the Ni(111) surface at an applied magnetic field
of 2 kOe are given in Table I. The ESP value
at 21.2-eV photon energy as well as the one ob-
tained at 16.8 eV is larger than the one expected
by using the model of De %ames and Vredevoe, '
which predicts that the conduction-band polariza-
tion could be measured directly by polarization
measurement of high-energy photoelectrons. We
have furthermore observed that at a magnefic
field of 500 Oe the photoelectron-spin polariza-
tion is very small. At this field value, the Ni

sample is known to be magnetically saturated in

the bulk as it was deduced from magnetization
measurements. This observation implies that the
magnetization of the probed region is not yet sat-
urated at 500 Oe even if the bulk has already
reached saturation.

For the interpretation of the data of Table I,
we have to note that at 16.8 and 21.2 eV a con-
siderable amount of inelastically scattered elec-
trons contributes to the total photocurrent. Es-
timates based on energy distribution curves show

that about 70% at 21.2 eV and about 50% at 16.8
eV of the emitted yield is indeed due to scattered
electrons. For excitation energies below the

(bulk) plasmon threshold, the main loss mechan-
isms are electron-electron and electron-magnon
scattering (electron-phonon scattering being dis-
regarded as being weak). Electron-magnon scat-
tering is clearly spin dependent, but there is ev-
idence that the corresponding mean free path4

at an electron energy of about 20 eV above EF
exceeds by at least an order of magnitude the
mean free path for electron-electron scattering
(X„-5 A). The latter is thus the dominant inter-
action mechanism. " We show now that A.„is,
contrary to common belief in earlier work, 4 a
strongly spin-dependent quantity for low-energy
electrons in an itinerant ferromagnet.

The scattering of an excited electron at an en-
ergy below about 50 eV by a conduction-band
electron is (to a very good approximation) iso-
tropic in the center-of-mass system. " Anti-
symmetry of the total wave function then implies

TABLE I. Experimental and theoretical spin polari-
zation of the photoyield (for selected photon energies).
Legend: P p is theoretical spin polarization of the elas-
tically emitted (unscattered) electrons; P, is theoreti-
cal spin polarization of the photoelectrons which have
undergone one scattering event; P„,is theoretical spin
polarization of the photoelectrons obtained after 0 and

1 scattering event; snd P,„&, is experimental spin po-
larization of the photoyield.

kv

(eV)
Po
(Vo)

Pj
(%%uo)

P tot P expt
(Vo)

11.2
16.8
21.2

9.66
10.48
10.49

5.91
5.92
5.94

8.56
7.97
7.73

8.0 +6
8.0 +3.5
8.1+2

'Ref. 5.

that the triplet-scattering amplitude vanishes,
i.e. , scattering occurs only between electrons of
opposite spin orientation. In a ferromagnet, ex-
cited electrons with spin down are therefore
scattered only by majority-spin electrons (which
we label as with spin up. ) As a consequence the
mean free path X„& for spin-down electrons is
shorter than X„& for spin-up electrons. Since a
proper many-body calculation of X„' is yet not
available, we make for the purpose of a model
calculation the plausible assumptions:

X„&/X„k = n~t/n~i, 1/X„&+ 1/X, &= 2/X„, (1)

where n, & (n, &) is the number of the spin-up (spin-
down) electrons (per atom) and A,„is the mean
free path for the paramagnetic state of the sys-
tem. In order to study the spin polarization of
the photoyield, we use the previously mentioned
step model for the photoemission process and we
distinguish between electrons that undergo 0, 1,2,
etc. , scattering events with conduction electrons.
For photon energies up to 21 eV, the dominant
contribution to the secondary electron current
stems from singly scattered electrons. "Denot-
ing by N' the internal distribution of electrons
excited by the photon energy hv, by S,' and &y'

the external distribution of electrons unscattered
and scattered one time, respectively, we have"

S,'(Z, kv) =T'(Z)N, '(Z, hv), T'(E) = &(1 —[Vo/(Vo+E)]'~'}+X.„
S, (Z, a.)=-,T ( )g.f,""d

p(Z, E )~,"(Z,a, ) 1,'('), l. 1, '"(')
where V, is the inner potential (13.5 eV), E the kinetic energy (referred to the vacuum level), and

p(E,E') the probability for scattering an electron from E' to Z. We note that p(Z, Z') corresponds to

(2)
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pair production and is therefore normalized to 2. The spin splitting of &p is negligible in the present
context, since it is at most of the order of the exchange splitting. The corresponding spin polarization
distributions P„P„and P„, are then obtained as

P (E,hv) =[$,. & (E,hv) —S,.&(E,kv)] /[S; &(E,hv)+S, &(E, lIv)], i = 0, 1,

P„,(E,hv)=P [g S /(g S '+g S, )]+P,[g,S,'/(g $ 'yg $, ')]. (4)

From Eqs. (1)-(4), it is apparent that as a con-
sequence of the spin dependence of the mean free
path, P, is strongly enhanced compared to the
bulk spin polarization P, = (No&-NDI)/(No~+N, &),
while P, should attain a value not too far from P, .
In order to obtain a quantitative estimate for P„„
however, a numerical calculation is needed. The
excitation function No'(E, hv) depends on matrix
elements and joint density of states for optical
transitions. However, we are mainly interested
in the influence of the transport process of the
spin polarization of the outgoing electrons; there-
fore, we assume that the photon hv simply shifts
the initial density of states N,. in energy by A, v:
No'(E, kv) ~N, (E-hv+. cp). For¹,we choose a
simple analytical fit to the density of states given
by Moruzzi, Janak, and Williams, ' such that we
have a total band width of 6 eV and an exchange
splitting of 0.4 eV. For the work function, we
use y= 5 eV. The spin average A,(E) [Eq. (1)] was
obtained by least-squares fit to compiled experi-
mental data points. " Numerical results are
shown in Table I.

As expected, our numerical calculations show

a strongly enhanced P, contribution to the ESP
(with respect to the bulk ground-state polariza-
tion P, ) and a P, contribution close to P, , and a
total ESP of the photoyield slightly enhanced.
This is in encouraging agreement with the exper-
imental fundings at 21.2 and 16.8 eV and it clear-
ly demonstrates the importance of electron-
electron scattering in determining the ESP of
photoelectrons. In view of its strong effect on

P„electron-electron scattering should be im-
portant also at lower photon energies. In fact,
our calculation is in agreement with the experi-
ment at 11.2-eV photon energy. '

Now that there is evidence for the spin depen-
dence of electron-electron scattering, it is de-
sirable to compare accurate experimental results
over a wide spectral range with theoretical pre-
dictions. Obviously the latter should include ap-
propriate joint-density-of-states and matrix-
element effects, as well as contributions to (4)
from higher-order scattering processes. Work
along these lines is in progress and will provide-
detailed information on the spin dependence of

! the electron-electron scattering in ferromagnets
and thereby (eventually) also on the magnetization
in the surface region.

We would like to acknowledge the skillful tech-
nical assistance of D. Hofmann as well as the
help of B. Saftic with the magnetization measure-
ments on the Ni single crystal.
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