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The electron-spin polarization (ESP) of photoelectrons from cesiated Fe, Co, and Ni films
has been measured for photon energies hv(6 eV at 4. 2'K. The photo-ESP was positive
(magnetic moment parallel to the magnetization) independently of Cs coverage and photon
energy. For Ni and Co and coverage parameters 8 near to 1 (monoatomic layer) the photo-
ESP approaches 0 at photon energies near the photothreshold @. However with Fe, the photo-
ESP is rather independent of e, even for hv approaching 4. At higher photon energies a
common trend of the spectra is observed: The photo-ESP approaches the average polarization
P= nJ3/n with photon energies exceeding 4 only by 2 to 3 eV, which correlates with the d band-
width observed in recent ultraviolet photoemission and x-ray photoemission spectroscopy.

I. INTRODUCTION

In recent years photoemission spectroscopy is
increasingly used as a tool for studying the elec-
tronic structure of solids. The energy-distribution
curves (EDC) of photoelectrons emitted from thin
films of noble metals have been interpreted success-
fully on the basis of the joint density of states in-
cluding, in more refined calculations, the matrix
elements for the optical transitions. Eastman
found good agreement between experimental peak
location and predictions of the Hartree-Fock cal-
culations even for the ferromagnetic transition
metals Fe, Co, and Ni.

However, experiments testing crucial features
of the Stoner-Wohlfarth-Slater (SWS) band theory
of ferromagnetism have been performed recently
and have shown the following discrepancies with
theoretical predictions: (i) The electron-spin po-
larization (ESP) from polycrystalline Ni and Co
has the wrong sign and does not show the predicted
dependence on photon energy. (ii) The tempera-
ture dependence of the Ni d peak position is much
smaller than expected from band theory "(iii).The
sign and magnitude of the spin polarization of elec-
trons within 1 meV above E~ as determined by
spin-dependent tunneling into ferromagnetic Ni and
Co are in disagreement with the SWS theory. '

(iv) The widths of the d band peak obtained from
high-energy photoemission experiments (especial-
ly for Ni) are smaller than predicted. "

The discrepancies between the predictions of the
one-electron approximation for the photoemission
process based on the existing band-structure cal-
culations and ESP measurements have already been
discussed for Co. ' Since both the direct and non-
direct transition models for the optical process do
not seem to be able to explain the results, one
must question whether the available band structures
contain the essential characteristics necessary for

the understanding of ferromagnetism in Co, or in
neighboring Fe and Ni.

New theories including many-body effects during
the excitation process or assuming a many-body
ground state have been recently proposed by An-
derson, Baltensperger, Doniach, and Kim.
The present status of these approaches is such
that no quantitative statements can be made. It is
obvious that for a complete understanding of the
experimental situation one also needs the data for
Fe and Ni. These data are presented in this work
and they support the conclusions drawn from the
measurements on Co. The following information
is required: (a) What is the influence of cesiation
on the ESP of the photoemitted electrons, especially
for photon energies near threshold? (b) What is
the dependence of the ESP on photon energy? (c)
How large must the energetical excitation depth be
in order to observe the average polarization
8 =ne/n (ne is the number of Bohr magnetons per
atom and n is the number of s and d electrons per
atom)?

With this information it will then be possible to
make a detailed comparison between predictions of
the band theory and the photo-ESP data, especially
in the case of Ni, where calculations assuming both
direct'6 and nondirect optical transitions are available.

II. EXPERIMENTAL

The Fe, Co, and Ni films were obtained by elec-
tron-gun evaporation from 99.999%-pure material.
They were deposited onto a stainless-steel substrate
and covered with Cs from a zeolite source as shown
in Fig. 1. The distance between the crucible and
the substrate was 7. 5 cm. The heating elements
and the Pt thermometer were used to maintain the
temperature of the substrate around 500 'K during
evaporation or to anneal the films deposited onto
cold substrates. The pressure rose during evap-
oration to 1x10 Torr and immediately afterwards
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FIG. 1. Photocathode for the production of spin-po-
larized electrons from Cs-covered Fe, Co, and Ni films:
(1) iron shield, (2) superconducting coil, {3) sample
holder, (4) heating element, (5) Pt thermometer, (6) mag-
netic film {photocathode), (7) and (8) extraction electrodes,
and (9) zeolite source of Cs ions.

fell to 3&10 ' Torr. Cesiation and annealing were
performed in 10 ' -Torr range. The magnetic do-
mains of the films were aligned perpendicularly
to the surface by an external magnetic field gener-
ated by a superconducting coil. The light from a
Xe-Hg lamp was focused onto the magnetic film
after passing through a monochromator and the
photoemitted electrons were extracted from the
magnetic field in a way such as to form an elec-
tron beam. The photoelectrons mere then acceler-
ated in several stages to 100 keV. At this energy
Mott scattering was performed in order to mea-
sure (o,) of the beam. o', is the z component of the
Pauli spin operator O'. The measured right-left
asymmetry of the scattered intensities from a thin
gold foil is proportional to the spin polarization
(o,) of the incident beam. Further details of the
apparatus and of the experimental technique em-
ployed are given in Refs. 4 and 17.

III. RESULTS AND DISCUSSION

A. Cesiation

The work function 4 of the films could be varied
between 3. 8 and 2. 2 eV. The value 2. 0+0. 1 eV

corresponds to the 4 of pure-Cs metal as deduced
from Fowler plots. ' 0 is defined as the coverage
parameter: for e= 1 we have a fully packed, first
adsorbate layer and for 8= 0 the pure-metal sur-
face. A work function 4 of 2. 2 eV corresponds to
a nearly complete Cs monolayer.

In Fig. 2 me show the observed influence of the
annealing and Cs adsorption on the work function of
Ni films. Curve 1 represents the Fowler plot of
an amorphous Ni film evaporated onto a substrate

kept at 20 'K: 4 = 4. 4+ 0. 1 eV. Curve 2 is obtained
after annealing the same film at 300 K: C = 4. 2
+ 0. 1 eV. Curve 3 after cesiation at 300 K: C = 3. 7

+0. 1 eV, and curve 4 after annealing the cesiated
film at 500 K: 4= 3.0+0. 1 eV. One would expect
an increase of the value of 4 after annealing of the
amorphous film rather than a decrease. The de-
crease is likely due to presence of alkali atoms or
ions which remain in the region of the photocathode
after the first evaporation from the zeolite; during
the annealing process a small amount of these can
reach the photocathode.

The alkali atoms on the ferromagnetic substrate
might influence the observed photo-ESP in the fol-
lowing ways: (i) photoionization of the adatoms;
(ii) elastic and inelastic scattering of the photoelec-
trons originated in the substrate; (iii) spin-ex-
change collisions between adatoms and photoelec-
trons from the substrate; and (iv) alteration of
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FIG. 2. Dependence of the quantum yield on cesiation
and thermal treatment: (1) after evaporation onto a sub-
strate kept at 20'K, (2) after annealing at 300'K, (3) af-
ter cesiation at 300 K, and (4) after annealing the cesiated
film at 500 K.
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d-level position in the first atomic layer of the
ferromagnetic substrate (and, as a consequence,
of its magnetic state). We discuss briefly these
four points.

Because of the presence of the substrate, the
valence level of the adatoms becomes broadened
so that the atoms are never completely ionized.
The degree of occupancy of this level (and there-
fore the degree of neutralization of the positive
core) is determined by its relative position com-
pared to the Fermi level E„of the substrate. Using
a self-consistent treatment of a jellium model for
the metallic substrate-adsorbate system (an ap-
proach valid especially for 8»0, where the inter-
action of the adatoms can no longer be neglected)
Lang' showed that the density of negative charges
lying outside the metal surface increases with 8.
Since in photoemission the spatial excitation depth

x, is relatively small (approximately 20-30 A for
an excitation energy of 4-6 eV above Ez), the photo-

excitation of the negative charge may have a decisive
influence on the observed photo-ESP, especially for
photon energies hv near threshold 4. The yield of
the transition metals goes to zero approximately as
(hv —4)' for hv- 4. The total photoionization cross
section o» of the Cs atoms is, on the other hand.
essentially different from 0 especially for hv- C.
On increasing hv, &» goes through a minimum for
photon energies exceeding the first ionization ener-
gy by about 1 eV. Thus, the photoemission from
the Cs is especially important near C. The polar-
ization of the Cs levels due to the presence of the
ferromagnetic background cannot be assumed
a priori to be negligible, at least not for small-8
values. However, at higher-8 values, when forma-
tion of Cs molecules is conceivable, the spin po-
larization of the adsorbed layer may be neglected.

As Penn pointed out, the influence of the ad-
atoms on the yield Y, from the substrate may have

the form of an antiresonance, i.e. , at given photon

energies Y, may be reduced by an extra scattering
from the adatoms. The antiresonant contribution

may then enhance the role of the photocurrent orig-
inating from the adsorbate layer in the ESP mea-
surement.

Elastic and inelastic spin-exch' ge interactions
between the photoelectrons from the ferromagnetic
substrate and the Cs adatoms could completely de-
termine the polarization of the electrons emitted
into vacuum, especially for those electrons having
small kinetic energies. The total cross section for
the spin-exchange collisions of free electrons with

Cs atoms increases to values much larger than
1&10 ' cm for kinetic energies smaller than
0 5 V 22

Regarding point (iv) of this discussion, we re-
member that in increasing 8 from 0 the density of
conduction electrons in the first atomic layer of

the substrate decreases. It has been suggested by
Liebsch et al. that if the s-electron density n,'
at the surface is lower than the one in the bulk
(n,

' &n,'), then the d bands of the first atomic layer
shift downward in energy leading to a decrease of
the magnetization value in the case of Ni. But the
basic underlying assumption is that the interaction
of the d electrons with the nucleus is more strongly
affected by a variation of n, than the intra-atomic
d-d interaction. An enhancement of this interaction
will probably generate an energy shift which goes in
the opposite direction.

Independently of these open questions, one would
expect qualitatively quite different effects from the
cesiation of Fe and Co and Ni, since the first is a
weak ferromagnet while Co and Ni are strong fer-
romagnets. With these remarks in mind we now

analyze the experimental data.

B. Fe

In Fig. 3 we compare the dependence of the
photo-ESP on the external magnetic field strength,
for (a) a pure polycrystalline Fe film with work
function 4 = 4. 7+ 0. 1 eV and (b) for a cesiated Fe
film with work function 4 = 3. 2+ 0. 1 eV. Curve
(a) is obtained using the full spectrum of the Xe-Hg
lamp, corresponding therefore to an energetical
excitation depth r, of about 0.8-1 eV below E~.
Curve (b) is obtained using monochromatic light
with wavelength 316 nm (3. 92 eV); in this case
a, ~0. 8 eV and therefore comparable to c,. Curves
(a) and (b) correspond to the magnetization curve
of an Fe film magnetized perpendicularly to the
surface. We observe saturation of the ESP for
B-20 kG. The saturation values are P,"=54%
and P, '=4+p. Since &,~c, to a good approxima-
tion, the measured decrease P,~ '/P, ~"= 0. 83 re-
mains a question. Using the simple approximation
that the photocurrent from the Cs adatoms is neg-

ligibly polarized, one obtains

P= (Pr, iv, +Pc,Ic )/(Ir +Ic )=P /(r1+c),

with c =IcJIv„Pv, and Pc, are the ESP of the
photoelectrons emitted from the Fe and from the
adsorbate layer, and Ip, and I~, the corresponding
photocurrents. The c value corresponding to curve
(b) of Fig. 3 is - 0. 2.

It is known that cesiation can generate patch ef-
fects at a metal surface and that with photoemis-
sion one determines the lowest value of the work
function rather than an average as given by the
Kelvin contact-potential method. Closer compari-
son between curves 3(a) and 3(b) shows that even
in the case of Cs-covered surfaces the deviations
of the experimental points from an ideal (dashed)
magnetization curve are relatively small. The
patch effects may contribute to deviations having
electron optical origin, but with the present ap-
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about 0. 2 eV compared to the freshly cesiated film.
The dependence of the ESP on kv is similar in
every case: monotonically decreasing for increas-
ing hv. The value of the ESP near photothreshold
is not strongly dependent on 8. We do not observe
any relevant decrease of ESP for increasing 8. On

going from 4 = 3. 2 eV to 4 = 2. 35 eV the ESP
changes from 42 to 40% for e-0. 4 eV. Aging the
film generates a higher value of the ESP near
threshold [curve (c)]. Although the influence of
the Cs might be important for hv- 4, at higher
hv (e &0. 5 eV) one should observe the properties
of the Fe substrate. The ESP reaches the average
saturation value of -26% expected for the Fe con-
duction band for energetical excitation depths e of
only 2. 5-3 eV. In comparing these results with
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FIG. 3. Dependence of the photo-ESP on the magnetic
field strength for (a) a pure polycrystalline Fe film and

(b) a cesiated Fe film at 4.2 K. Vertical bars indicate
the statistical uncertainty.
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paratus and measurement technique these effects
can be controlled and maintained within an ac-
ceptable range.

The main conclusion that we draw from curve
(b) is that the electric dipole field generated by the
adsorbed atoms does not strongly influence the
ESP of the photoelectrons emitted from the ferro-
magnetic substrate when the photon energies are
slightly higher than the threshold 4.

Curves (a) and (b) of Fig. 4 show the dependence
of the photo-ESP on photon energy for two repre-
sentative Fe films with work functions 4(a) = 3. 2
a 0. 1 eV and 4(b) = 2. 35+ 0. 1 eV- indicated by the
arrows —at a constant magnetic field B= 13. '? kG.
Curve (c) in Fig. 4 is the result of an ESP mea-
surement of the Fe film (b) after it remained 4
days in ultrahigh vacuum (1x10 Torr). The work
function of the film, 4=2. 55+0. 1 eV, increased by

(bI

2
PHOTON ENERGY (eI/j

FIG. 4. Photon energy dependence of the ESP for two
cesiated Fe films with work functions (marked by the ar-
rows) C(p)=3. 2+ 0. 1 eV and 4(b) =2. 35+ 0. 1 eV. Curve
(c) has been obtained from film (b) 4 days after film prep-
aration, 4 (c) = 2. 55 + 0. 1 eV. The horizontal dimension
of the dashed fields corresponds to the resolution of the
monochromator; the vertical dimension corresponds to
the statistical uncertainty.
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the predictions of the existing Fe band-structure
calculations, we can say that the ESP value near
threshold shows some agreement, but we do not
observe the predicted structure in the spectrum,
and the energetical window z= c*for which the ESP
approaches the value 26% is much smaller than
expected (by a factor of the order of 2 ~~~). e*
is even smaller than the estimated width 8' of the
d band of ferromagnetic Fe using high-resolution
ultraviolet photoemission spectroscopy (UPS)
(W= 3.8 eV) or x-ray photoemission spectroscopy~~
(XPS) (W=4. 2 eV).
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In Fig. 5 we present the observed photon energy
dependence of the ESP for Co. These data have
been considered as a crucial test for the inapplic-
ability of the simple SWS band theory for the in-
terpretation of photoemission data. ' The influence
of the cesiation on the ESP is different from the
Fe case for photon energies near threshold. On
increasing 8 the ESP goes to 0 as hv approaches
4; in this case for e-0. 2 eV the photocurrent
mainly originates from the adsorbed Cs layer. This
means that with Co the polarization of the occupied
broadened Cs valence level goes to 0 at higher 8
values. As in Fe, the ESP reaches the expected
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FIG. 6. Dependence of the photo-ESP on magnetic
field strength for (a) a pure polycrystalline Ni film with
4Q) = 4. 9 + 0. 1 eV and two cesiated Ni films with 4 (b)
=3.4+ 0. 1 eV and 4(c) =2.4+ 0. 1 eV. Temperature of
the substrate 4.2'K.
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FIG. 5. Photon energy

~

dependence of the ESP for
cesiated Co films. Meaning
of the symbols as in Fig. 4.

average value of the conduction band, 17% for
c*-2. 5 eV, which is much smaller than expected
from band- structure calculations, ' or from the
3. 6 and 4. 0 eV d bandwidth determined by UPS'
and XPS, ~7 respectively.

D. Ni

In Fig. 6 we compare the dependence of the ESP
on the external magnetic field strength for a poly-
crystalline Ni film [4(a)= 5. 0+ 0. 1 eV] measured
using the full spectrum of the Xe-Hg lamp, and for
two cesiated films [4(b) = 3. 4+ 0. 1 eV and 4 (c)
= 2. 4a 0. 1 eV] using photon energies hv = 3. 92 eV
[curve (b)] and hv= 3. 35 eV [curve (c)]. The aim
of these curves is again to show that the ESP
reaches saturation at B-6-7 kG as expected and
that the electron optical effects remain within an
acceptable range. The ESP values of Fig. 6 are
consistent with the representative spectra reported
in Fig. 7, curves (a)-(d), measured at a constant
magnetic field B= 8. 4 kG; the thresholds are 4(a)
= 3.8 eV, 4'(b)= 3. 3 eV, 4(c)=2. 5 eV, and 4(d)
= 2. 2 eV as indicated by the arrows. On increas-
ing 8, Ni, as Co, exhibits a drastic decrease of
the ESP near threshold and of the maximum occur-
ringatabout0. 6-0. 8 eV below threshold. From
Fig. 7 it follows that the ESP again reaches the
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fluence of the cesiation on the photo-ESP, we should
observe ESP values of the order of 60-70%%uz for
& ~0. 7 eV and 4 = 3. 8-4 eV [co."responding to curve
(a) of Fig. 7] and of the order of 40-50%%uo for & —= 0. 6
eV and 4 = 3. 3 eV [corresponding to curve (b) of
Fig. 7]. For appropriate 4 values and e ranges,
where the properties of the Ni substrate should be
dominant, the measured Ni photo-ESP is there-
fore approximately three times smaller than the
predicted one.

E. Photo-ESP, Density of States, and Many-Body Effects
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FIG. 7. Photon energy dependence of the ESP for four
cesiated Ni films, with work functions C (a) = 3.8 + 0. 1 eV
4 (b) = 3.2 + 0. 1 eV, 4 (c) = 2. 8 + 0. 1 eV, and 4 (d) = 2. 2
+ 0. 1 eV.

In order to have a survey and find out possible
relations between the photo-ESP data from Fe, Co,
and Ni, we have plotted in Fig. 8 experimental
photo-ESP curves corresponding to a common work
function 4=3. 2-3. 3 eV for Fe, Co, md Ni. At the
present status of the photo-ESP studies of the cesi-
ated ferromagnetic transition metals one has to
look for the general trend of the curves, rather than
at finer details. The mostsurprisingrelation is the
common tyPe of dependence of the photo-ESP curves
as a function of photon energy. We remember that
Fe, Co, and Ni have different crystal structures,
and if the character of the optical transition alone
were so important as to determine completely the
structure of the photo-ESP spectra, we would not
expect such a close similarity. It seems that an-
other mechanism is responsible for this behavior.
In UPS studies and therefore also in photo-ESP

P (%)

40—

average value expected for the conduction band of
Ni, 5. 5%), within 2-2. 5 eV. This value of E* is
much smaller than the calculated bandwidth W of
the Ni d band (- 5 eV)' "and also smaller than the
experimentally estimated one (UPS: 3. 3 eV, '
XPS: 2. 7 eV ). The ESP is always positive for
both Co and Ni over the whole photon-energy range,
even for 8- 1. The inadequacy of the SWS band

theory for the interpretation of photoemission data
has been demonstrated in the case of Co and the
Ni data offer a further support o.' this thesis. For
fcc Ni, Smith and Traum' have calculated the de-
pendence of the ESP on photon energy using the
direct transition model for the optical excitationand
constant matrix elements. The same authors cal-
culated the photo-ESP curves assuming different
work functions ranging from 2 to 5 eV using the
Ni band structure of Hodges, Ehrenreich, and Lang.
It does not make much sense to compare directly
the calculated and the experimental curves, espe-
cially because the width of the d band observed in
photoemission is not in agreement with the calcu-
lated one. We mention only that, assuming no in-

Co

20—
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l
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FIG. 8. Photon energy dependence of the ESP for
representative cesiated Fe, Co, and Ni films with work
function 4=3.25+ 0. 1 eV.
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experiments the final state reached in the mea-
surement involves a hole in the conduction band:
This fact may be of decisive importance as pointed
out by Fadley and Wohlfarth. The questionwhether
the measurements then test band properties of the
electrons is pertinent. If the hole is strongly
localized the single-atom behavior would be domi-
nant and to try to find out any relation between the
predictions of the SWS band theory and the photo-
ESP data does not make much sense. In this case
the interaction of the hole with the surrounding
electrons is the most important process and what
one observes is then the energy spectrum of the
hole state left behind. "

There is no doubt about the existence of the
many-body effects, but it is difficult at present
to assess quantitatively their imPortance, although
the discrepancies between experimental results and

existing Hartree- Fock calculations suggest they may
be large. If the changes induced in the one-elec-
tron spectrum by the many-body interactions are
such that the density of states differs appreciably
from the one-electron approximation, then the role
played by the different excitations generated by the
suddenly photoemitted electron must be clarified
on the basis of realistic models for the transition
metals. As pointed out by Anderson, ' if the re-
normalization is of a certain magnitude, then the
itinerant theory of ferromagnetism is purely aca-
demic and for fundamental numerical calculations
the approach of Hubbard, Kanamori, Gutzwiller,
and Brandt ' would be more adequate. Following
this proposal, Edwards and Hertz obtained a first
qualitative result consisting of an intermediate
coupling theory which should be applicable to Ni.
Unfortunately, no quantitative estimates of the
distortions of the majority spin band induced by
the electron-magnon interactions is available at
present. The role of the many-body effects may
also be relevant for the interpretation of the con-
ventional photoemission data on the basis of the
direct transition model; even if the corrections
to the one-electron spectrum were not large, it is
possible that the small degree of localization of
the hole state left behind could prevent K con-
servation from being an important selection rule.
But then it remains to explain why on going to high-
er photon energies (up to 40 eV) one observes
variations in amplitudes and shape of the energy
distribution curves. It is difficult to attribute this
fact either to an energy dependence of the matrix
elements for the optical transition from the d band
or to variations of the escape depth x, of the hot
electrons.

IV. CONCLUSIONS

It has been shown by the present work that it is
possible to obtain polarized photoelectrons from

cesiated ferromagnetic photocathodes. The degree
of photo-ESP depends both on the photon energy
and on the Cs coverage parameter 8. For low val-
ues of 8 and hv values slightly higher than threshold
4, the observed photo-ESP can be related to the
one measured for pure polycrystalline samples.
For higher-8 values the influence of the cesiation
on the photo-ESP for photon energies near thresh-
old is different in the case of Fe, Co, and Ni; the
photo-ESP is not strongly sensitive to variations
of 8 in the case of Fe, but goes to 0 for 8- 1 and
hv- 4 with the two strong ferromagnets, Co and
Ni. We have discussed this behavior and shown
that one must be careful in identifying this effect
with properties of the electrons in the ground state
in both the metallic substrate or adsorbate sys-
tem: spin exchange collisions, for instance, are
known to be very important at low kinetic ener-
gies of the electrons.

The dependence of the photo-ESP on photon
energy is similar for Fe, Co, and Ni; the ener-
getical depth &* below the Fermi level for which
one expects to observe the average polarization of
the conduction band of Fe (26%), Co (1'l%), and
Ni (5. 5/g) is much smaller than the d bandwidth
predicted by the existing band- structure calcula-
tions. We find 2 & e* & 3 eV, decreasing in going
from Fe to Ni. If all the d electrons contribute
to the magnetic moment of these metals, we would
expect &* to be approximately equal to the band-
width. But the general trend of the photo-ESP
curves shows that the most important contribution
to the magnetic moment is generated by the elec-
tron states lying in a small energy range near the
Fermi level. Furthermore, the incompatibility of
the experimental data with the existing Hartree-
Fock calculations support the suggestions concern-
ing the importance of many-body effects in ferro-
magnetic transition metals as the ones proposed
by Anderson, ' Baltensperger, ' Brandt, ' Doni-
ach, Edwards and Hertz, a.nd Kim. If the
single-atom behavior is dominant in the photo-
emission process then the photo-ESP data are not
sensitive to the long-range exchange interactions
postulated by the SWS band theory of ferromag-
netism. The present stage of the many-body
theories does not permit any numerical estimates
of the importance of the many-body interactions.
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