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Photon Energy Dependence of Spin Polarization of Photoelectrons from Cesiated Co
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Photoelectrons from cesiated Co films with different vmrk functions exhibit a positive
spin polarization edith magnetic moments preferentially parallel to the magnetization at
photon energies from 2.8 to 5.5 eV. The photoelectron polarization spectra show that the
exfi.sting band-structure calculations rvith either a direct or nondirect transition interpre-
tation of the photoemission process are inadequate.

In the Stoner-WoMfarth-Slater (SWS) band theo-
I'y of ferromagnet18IQ, the electrons move in Rn

average Hartree-Pock fieM that is different for
electrons of opposite spin. The advantage of the
SWS band theory is that it can make distinct pre-
dictions such as the sign of the electron spin po-
larization (ESP) as a function of energy and the
temperatuxe dependence of the d-band peak posi-
tion in photoemission, For the strong ferromag-
nets Ni and Co, a predominance of minority spins
is predicted at the Fermi level EF, so that the
measured spin polarization of photoelectrons
from these states should be negative (preferential
direction of the magnetic moment antiparallel to
the direction of magnetization). However, the
polarization of photoelectx'Gns eIQitted fx'OIQ stRtes
within 0.4-0.8 eV of E was found to be positive
even for Co and Ni." Tunneling experiments
also showed a positive polarization of electrons
from states within I meV of EF for Ni. ' Futher-
more, the temperature dependence of the Ni d-
band peak position did not show the expected be-
havior, "and the d-band widths of Fe, Co, and
Ni obtained from high-energy photoemission ex-
periments' are narrower than the widths obtained
from band calculations. These discrepancies be-
tween the experimental findings and the predic-
tions of the SWS band theory have been vari. ously
attributed to the need for more refined band cal-
culations, to the method of intexpreting the data,
and to the inadequacy of the one-electron approx-
iIQation,

%e present here measurements of the photo-
electron spin polarization from cesiated Co with
the aim of specifying more clearly the discrep-
ancies with the band theory, which may then in
turn lead to a better understanding of photoemis-
sion and ferromagnetisIQ in 3d metals. A crucial
test of the band theory is the occurrence of nega-
tive ESP. Fox' Ni, the expected photoelectxon
spin polarization was calculated by Smith and
Traumv and by %ohlfarth. s The negative ESP ap-
pears for electrons from an energy range near

E ~ thRt is difficult to detect by photoemission
techniques because it is so narrow. Futhermore,
the predictions x'ely on fine details of the calcula-
ted Ni band structux'es which have d-band widths
which may be too wide. ' Therefore, Ni is not
favorable for this type of test of the SWS band
theory.

Co was then chosen because the negative polar-
ization is expected over a wider energy range as
a result of the laxger magnetic moment compared
to that of¹.In contrast to the previous ESP
measurement on Co,a this work shows the photon
energy dependence of the ESP for a series of dif-
ferent work functions. These new data enable us
to conclude that the SWS band theory with the
present band calculations is inadequate. Many-
body effects, such as have been suggested by An-
derson~ Baltensperger~ Rnd Doniach~ RppeRX'

to be important to understand the experimental
results.

The Co films were evaporated by electron gun
from 99.999%-pure Co onto substrates held at ap-
proximately 150'C or onto substrates at liquid-
nitrogen temperatures, which were subsequently
heated to 150-200 C. During evaporation the
pressure rose to 1x10 ~ Torr and returned to a
pressuxe of &3~10 '0 Torr a few minutes after
evaporation. The work function of the sample
was varied from 2.5 to 3.4 eV with Cs from a
zeolite source. The apparatus has been described
previously. '3 A superconducting coil produced
the saturation magnetic field~s of 17 kG perpen-
diculax' to the sample surface. The photoelec-
trons are accelerated to 100 keV and the spin
asymmetry is detected by Mott scattering fx'om R

gold foil."
The IneRsured spin polarlzatlon + j.s defined R8

where ft (Iy) represents the photoelectron current
due to majority (minority) spine. At a high enough
photon energy so that the band density of states
is observed, one expects to measure a polariza-
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tion I' =ns/n =17.8% for Co since ns =1.56pII/atom
and n =9 electrons/atom.

Figure 1 shows I' as a function of photon ener-
gy hv for four representative Co films with work
functions 2.5, 2.7, 2.95, and 3.30+0.1 eV that
were determined from Fowler plots of the photo-
electric yield. The initial-state energies of the
photoemitted electrons range from E F to a maxi-
mum of 3 eV below EF. The striking feature of
these spectra is that I', even as near as 0.1 eV
from threshold (curve a), is not negative, in con-
trRst to the expeetRtlons for Co in the Hartree-
Fock approximation. It is interesting to note the
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FIG. 1. The spin polarization of photoelectrons from
four cesiated Co films is shown as a function of photon
energy, The photoelectric thresholds (marked by ar-
rows) are curve a, 3.3; curve 5, 2.95; curve o, 2.7;
and curve d, 2.5 eV. The polarization scale of each
successive curve is shifted 10% for clarity. The verti-
cal dimension of the fields corresponds to a polariza-
tion uncertRinty of + 1 standard deviations Rnd the hori-
zontal dimension to the maximum spectral uncertainty.
The t%'0 points on curve a %vere measured 6~ h after
film preparation.

maximum which occurs at the photon energy of
approximately 3.7 eV, independent of the work
function; this indicates an influence of unoccupied
electron states on the transition strength for the
majority electrons. Surface contamination may
lower the ESP near threshoM as indicated by the
two points of curve a' which were measured 6& h
after film deposition.

The possibility of understanding experimental
ESP spectra in terms of the 8%8 band theory has
been examined by Smith and Traum. ' Their cal-
culation showed that the positive polarization ob-
served in the early experiments' on ¹ican be ex-
plained if k conservation (direct transitions) is
important in the optical excitation process. But
the magnitude of the polarization and the fact that
it remained unchanged on varying the optical
excitation depth from 0.4 to 0.8 eV are not ex-
plained. Depending on photon energy and work
function, the calculation' predicts an ESP for ¹i
of up to + 1009o,' similar effects are expected for
Co in the framework of the 8%8 band theory.
There is R predominance of minority spins near
E F over an energy interval of the ground state
that ean be inferred from the various band calcu-
lations. "" While this energy interval is not
known accurately, it is approximately 3 times
larger in Co than in Ni. It is extremely unlikely
that A conservation wouM produce positive ESP
near threshoM over the 0.8-eV range of work
functions covered by the experimental spectra in
Fig. 1.

Wohlfartha has suggested that the positive ESP
of ¹ could be explRined ln terms of R density of
states model (nondirect optical transition) if the
energy difference 4 between the top of the major-
ity spin d bands and E „ is very small. Figure 2
shows the ESP predicted by the SWS theory for
two model Co band structures, assuming that the
polarized electron currents are given by

Ij $ g @+/ f +gf fdEp

where ni (n)) is the density of majority (minority)
spin electrons, T,qf is the semiclassical escape
function, "and 4 is the work function. Curve a
of Fig. 2 is calculated using the density-of-states
curve of Wong, Wohlfarth, and Hum, "which has
an exchange splitting ~,„=1.35 eV and 4 =0.46
eV. Curve b results from the same density of
states but with ~,„=1.05 eV and 6 =0.15 eV,
which have been suggested by Wohlfarth'6 as the
best values for a consistent picture of Co and ¹i
Rnd Fe. Comparison with the experimental spec-
tra shows that there is no way to understand the
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FIG. 2. The photoelectron spin polarization of Co
predicted using the density-of-states model: curve a,
the Co band structure calculated by Kong, %ohlfarth,
and Hum {Ref. 15); curve 5, with the best values of 4
and AE~ suggested by Wohlfarth {Ref. 16). Curve a of
Fig. 1 is also shown as an example of the experimental
results.

measurements within this framework.
Various processes which might explain the pos-

itive ESP, such as inelastic electron-magnon
scattering, were considered previously'" and
found to be negligible. The difference between
the present experiment and the previous work' is
the Cs on the surface of the Co film. The Cs is
present as an ion and, at lower work functions,
also as an atom. In principle, both can alter the
photoelectron spin polarization. The Coulomb
field of the Cs ions will attract mainly s elec-
trons and reduce the s-electron screening at the
Co sites. This in turn mill shift the energy of the
d states and might reduce the magnetization in
the first two 1ayers of the Co film. '9

There can be spin exchange between the photo-
electrons from the metal and the Cs atoms; little
can be said about the details since the Cs atoms
may themselves be polarized through exchange
interactions or may form molecules on the sur-
face. The Cs atoms can also be photoionized.
The yield is comparable to the yield from Co
metal at photon energies near threshold, but
should be negligible at s1ightly higher photon en-

ergies. Unpolarized light was used to rule out
any possibility of obtaining polarized electrons
from the Cs atoms as is known to be possible
when free Cs atoms or Cs metal js irradiated
with circularly polarized light (Fano effect").

The ESP of +21% obtained with clean Co and
with polychromatic light exciting electrons up to
0.8 eV below EF is consistent with the present re-
sults on cesiated Co shown in Fig. l. It is also
reassuring to note that the spectra do not show a
strong dependence on the amount of Cs and that
the asymptotic value at higher photon energies is
consistent with the ultimate saturation value of
17.3%. Therefore, our conclusions about the in-
applicability of the SWS band theory remain unaf-
fected.

Anderson' has suggested many-body correc-
tions to the Hartree-Pock approximation which
may explain the photoemission results. In this
picture, strong interparticle interactions require
a renormalization which reduces the density of
spin-down quasiparticles at EF; moreover, a
spin-down quasiparticle is equally likely to be a
bare spin-down electron or a spin-up electron
plus a "spin wave. " Baltensperger' has shown
that because of the correlation of electrons with
opposite spin, it is energetically favorable for
electron pairs to form a coherent state in such a
way that it costs more energy to excite a spin-
down electron that a spin-up electron. This the-
ory qualitatively explains the positive polariza-
tion, the small temperature dependence of the d-
band peak, and the narrow d-band width observed
in photoemission. In the model of Doniach, " the
Hartree-Fock ground state is not altered, but it
is impossible to see the ground state in photo-
emission because of the spin-dependent relaxed
orbital correction around the resulting hole. The
relaxed orbital correction conteracts the ex-
change splitting, and one can obtain a positive
ESP near E „and little temperature dependence
of the d-band peak.

At present it is not possible to decide which of
the many-body theories is appropriate.
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A form for the relaxation shape function for a Heisenberg paramagnet is proposed
which has the mex'it of satisfying certain sum rules and limits. It is shown by compari-
son with exact infinite-temperature calculations by Carboni and Richards, and inelastic
neutron scRtterlng measurements by Hutchlngs &t +E. on (CDg)4NMQClg, to plov1de R very
good description of an. antiferromagnetic linear chain at all temperatures.

Various measurements on one-dimensional
magnetic systems" have created renewed inter-
est in the static and dynamic properties of a
Heisenberg linear-chain magnet. Most previous
theories have been for either zero or infinite tem-
perature. Exceptions are the exact calculation
by Fisher' of static two-spin correlation func-
tions for a classical Heisenberg chain, and Mc-
Clean and Blume's4 study of dynamic properties,
which is based on an integro-differential equation
for the relaxation function jof Eg. (4), see below]
discussed previously by several authors' for
simple-cubic Heisenberg magnets. Numerical
calculations have been performed for finite-
length spin--,' chains by Carboni and Richards'
and for long classical Heinsenberg chains by
Blume, %atson, and Vineyard. ' Also, Richards'
has recently found a spectrum for the collective
mode by linearizing the equations of motion in

second order. Here we propose a new, simple
theory which gives both good agreement with the
calculations of Carboni and Richards and with
neutron scattering measurements by Hutehings
et al. ' on the linear-chain antiferromagnet (CD,),—

NMnCl, at temperatures between 1.9 and 40'K.
Apart from a multiplicative factor of P„Rich--
ards's dispersion relation is found to compliment
our calculation.

The magnetic energy of the system is described
by the Heisenberg exchange HamQtonian

where J is the exchange parameter between ad-
jacent splns,

The inelastic partial-differential neutron cross
section for scattering from a paramagnet with
wave-vector change k and energy change & is


