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Our experiment and its interpretation can con-
tribute to the explanation of the puzzling result
of the combined ESR and F-luminescence experi-
ment by Ruedin and Porret.'* They observed a
decrease of the F luminescence (linear with the
irradiated microwave power) when the system
was tuned with the magnetic field into the reso-
nance condition with g=1.984. So far this effect
could be ascribed only phenomenologically to the
excitation of spin transitions in the F-center
ground and/or relaxed excited state. The physi-
cal origin of this effect can now be understood
to be the same as in our experiment: the pres-
ence of interacting F centers with reduced lum-
inescence efficiency. As we showed that spin
polarization increases the F luminescence, any
microwave-induced spin flips —in the ground or
excited F state—will decrvease it. ESR experi-
ments detecting microwave-induced luminescence
decrease should be most promising for large
magnetic fields (K-band) and F-center systems
with strongly concentration-quenched lumines-
cence,

A more detailed account of the experimental
details, the derivation of the equations for the
electron kinetics, and further experiments in-
volving the magnetic-field—induced F-lumines-
cence change will be published soon.
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Energy-Dependent Photoemission Intensities of ““f ” States in EuS, GdS, and US{
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Photoemission measurements of f states and valence-band energies of EuS, GdS, and
US for photon energies from 5 to 41 eV show characteristic energy~dependent emission
strengths of “p;” “d,” and “f” states. These energy dependences permit the “I” charac-
ter of various levels to be identified in many cases. For example, the emission strength
of the 4f " Jevel in EuS increases about 100-fold relative to the 3-eV wide valence “p”
band which lies just below the 477 level. GdS shows a deep 4f 7 level at about 9 eV below
the Fermi level Eg, and US shows an “f-d” band at Er.

We report the extension of ultraviolet photo-
emission spectroscopy measurements of ‘f”-
state energy levels in several NaCl-type rare-
earth and uranium compounds (EuS, GdS, and
US) up to photon energies of fiw =41 eV. Previ-
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ously, measurements were limited to 11.6 eV
(LiF window cutoff) and 4f-state emission was
found to be weak for such energies.? The avail-
ability of a wide range of photon energies (fw
=16.8, 21,2, 26.9, and 40.8 eV as well as fw
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<11,6 eV) permits a determination of valence-
band energy levels and bandwidths over a large
energy range, i.e., in practice 20 eV or more
below the Fermi level Ef. Also, in many cases
this wide range of energies permits the determin-
ation of the angular-momentum character (i.e.,
“p?-, “d”-, or “f7-like) of the occupied energy
levels. In EuS, the emission strength of the 477
level is observed to increase about 100-fold rela-
tive to the valence “p” band as %Zw increases from
10 to 41 eV. Photoemission measurements for
US show 5f conduction-band electrons at Ez. To
our knowledge, these are the first photoemission
or optical measurements for actinide compounds.

The increase in absorption strength of 4f elec-
trons at high energies has been reported in x-ray
photoemission studies of Eu® and Yb* with %w
=~ 1500 eV and for Yb with Zw=21.2 eV.® How-
ever, the energy dependence of the 4f absorption
strength could not be determined because of the
lack of a range of photon energies. Our wide
range of photon energies has permitted the first
study of the energy dependence of 4f- and 5/~
valence-electron absorption strengths.

EuS is a ferromagnetic semiconductor (Tc
=16.8°K), GdS is an antiferromagnetic metal (T
=~50°K), and US is a ferromagnetic metal (T
=180°K). Polycrystalline films of EuS, GdS, and
US were evaporated onto heated substrates (7
=~ 200-300°C) using an electron beam gun. Start-
ing material was stoichiometric bulk-sintered
polycrystalline material. Sample chamber pres-
sures rose from ~10 ™ to 10”7 Torr during evap-
oration (=3 A/sec) and rapidly recovered to the
10® Torr range. The crystal structures of the
films were confirmed by x-ray diffraction and the
compositions were checked by comparison with
the bulk material via electron-microprobe analy-
ses.

Photoemission measurements for energies be-
low 11.6 eV (LiF cutoff) were made using con-
ventional techniques.! Measurements at 16.8,
21.2, 26.9, and 40.8 eV were made using a win-
dowless photoemission spectrometer.® Radiation
at 21.2 and 40.8 eV, and at 16.8 and 26.9 eV, re-
spectively, is provided by the He I, He II, Ne I,
and Ne II lines of cold-cathode He- and Ne- reso-
nance lamps.

Photoemission-energy distribution curves
(EDC) for EuS, GdS, and US are shown in Fig. 1.
All curves are plotted versus the initial energy
E;=E*-~Fw+¢, where E* is the measured kinetic
energy and ¢ is the work function. This energy
scale corresponds to the occupied energy levels
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FIG. 1. Energy distributions for EuS, GdS, and US.

measured relative to the Fermi level Ey. All
curves are plotted in arbitrary intensity units,
i.e., quantum yields were not measured.
Previous photoemission studies? of EuS below
11.6 eV and spin-polarized photoemission stud-
ies” have concluded that the 4f7 level lies in the
gap above the valence “p” band. As shown in
Fig. 1(a), the rapid increase of the 4f-level emis-
sion relative to the “p”-band emission in EuS
with increasing photon energy provides a confir-
mation of this conclusion. The 4f"-multiplet
binding energy is centered at ~1.8 eV below E
and the filled valence band extends from ~2.3 to
5.2 eV below Ey. For fiw<11.6 eV, the 4f emis-
sion is much weaker than the valence “p”-band
emission; for kw=10.2 eV in Fig. 1(a), the emis-
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sion strength (or absorption cross section o) of
the 4f level is only o;/0, =0.03 that of the “p”
band. Here we assume for each EDC that absorp-
tion cross sections of the various electron states
are proportional to the areas of their emission
peaks., That is, we neglect the energy depen-
dence of the electron-transport and -escape pro-
cesses, which are small at the high energies in-
volved. As the photon energy increases, the 4f-
level intensity increases very rapidly; o,/0,

has increased to ~0.14 at kw=21.2 eV, to =0.32
at fiw=26.9 eV, and to ~3.0 at Fw=40.8 eV.

At 40.8 eV, the 47" - 4f°® ("F,;) multiplet excita-
tion' is seen to have a full width of 1.3 eV at half-
maximum. This width is expected to be only
slightly affected by experimental broadening (res-
olution =0.25 eV at 40.8 eV). The structure in
Fig. 1(a) at 6.5 eV below E ; was found to be sen-
sitive to surface conditions and is believed to be
due to impurity emission.

It is instructive at this point to summarize sev-
eral experimental and theoretical studies of the
energy-dependent optical-absorption cross sec-
tions of valence “p” states, valence “d” states,
and 4f states and compare these results with our
photoemission measurements. Since we are in-
terested in the optical-absorption strengths (pro-
portional to emission strengths) of different elec-
tron states in the same material, it is convenient
to use the absorption cross section per electron
state, which is defined by o(w) = a(w)/(N 21 Z a),
where a(w) is the optical absorption coefficient
[ow) =47k /7, x=wavelength, k =extinction coef-
ficient, o '=absorption depth], N,, is the num-
ber of atoms per unit volume, and Z,, is the
number of electrons per atom of the type consid-
ered.

A summary of absorption cross sections for
several valence “p” states and valence “d” states
and a calculation for 4f states in Ce is given in
Fig. 2 for photon energies up to 70 eV. The
cross sections are given in units of 10°'® cm?,
i.e., 107 ¢cm?=1 Mb. The solid lines show the
measured cross sections per “p”-type electron
for Ge® and MgO® and a calculation for the 4p°
level in Rb.1® The dashed lines show the mea-
sured cross section per “d” electron for Pd u
and a calculation for the 4d™° level of Sn.’® The
broken line shows the calculated cross section
for a 4f electron in Ce (Ref. 10). The absorption

cross sections for Ge, MgO, and Pd were de-
rived from measured optical constants. The
absorption cross sections for Rb, Sn, and Ce
were calculated by Combet-Farnoux using a one-
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FIG. 2. Summary of the optical-absorption cross
section o(w) versus photon energy for valence “p,”
“d,” and 4f states. 1 MB=10"1® cm?. Here %w-Awyyeshord
is the energy measured relative to the bottom of the
empty conduction band or vacuum continuum (for
atoms). The asterisks for Rb, Sn, and Ce denote cal-
culated curves (see text).

electron model with a central potential.’® Such
calculations should be moderately accurate for
well-localized orbitals such as the 4f orbitals,

Several qualitive trends in the absorption cross
sections are shown in Fig. 2. The maximum
cross section decreases with increasing / char-
acter, i.e., 0, >0, " >0, ™™, At low photon
energies (Aw = 20 eV) valence “p”-type electrons
have the largest cross sections. Valence “d”-
like electrons have maximum cross sections at
higher energies, and 4f electrons have maximum
cross sections at still higher energies. This
trend is understandable in terms of a partial-
wave expansion in spherical harmonics of a free-
electron wave function exp(é&+¥). The higher
angular-momentum components increase with in-
creasing energy, and electric-dipole selection
rules require Al =x1. Thus for f electrons only
f—d and f - g transitions are allowed (f— g tran-
sitions dominate for %w>8 eV),'® and one must go
to high energies to get appreciable g character
in the “free-electron” wave functions.

A word of caution—the absorption cross sec-
tions shown in Fig. 2 are qualitatively valid for
transitions into “free-electron-like” conduction
bands and are not valid for resonance transitions.
Thus resonance transitions such as 4f - 5d exci-
tations are not described by Fig. 2. In general,
such excitations are expected to occur at low en-
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FIG. 3. Energy dependence of the “f”’- to “p”’- band
absorption cross section g, /0, for EuS, GdS, and US.
The dashed theoretical curve is taken from Fig. 2.

ergies (%w <5-10 eV) in the rare-earth and uran-
ium compounds.

Returning to our data, in Fig. 3 we compare
the ratio of the calculated 4f- and “p”’-band cross
sections shown in Fig. 2 with our measurements
for EuS. The measured cross-section ratio orf/
o, for EuS increases by a factor of about 100
from 10 to 40 eV, and the energy dependence of
the calculated curve (dashed line) agrees to with-
in a factor of about 2 over this energy range.
The magnitude of the calculated curve o;/0, was
scaled by 0.2 to facilitate comparison of the ener-
gy dependence.

EDC’s for metallic GdS are shown in Fig. 1(b).
In contrast to EuS, which is a semiconductor,
the EDC’s of GdS show emission from states
within ~1.5 eV of Ey. We associate this emission
with a partially filled conduction band. The oc-
cupied valence “p” band is identified by the
strong emission from 2.7 to 7 eV below E  for
Fw=10.2 and 21.2 eV. It is the absorption edge
of the “p” band -~ E y transition which gives GdS
its characteristic golden color. The conduction
band at Ey is seen to have at least partial “d”-
band character since its emission intensity rela-
tive to the valence “p” band increases from 21.2
to 40.8 eV (see Fig. 2). If the conduction band
were only “s”-like, its relative intensity would
decrease with increasing fw.

The 417 level of GdS is observed in the EDC
for #w=40.8 eV and is centered at an energy 8.9
eV below E ; with a full width at half-maximum
of 1.2 eV, This 4f7 peak is seen as a strong
peak in the EDC for fw =40.8 eV but is at best
only a very weak shoulder for Zw=21.2 eV. Its

width is similar to that observed for EuS [Fig.
1(a)] and its relative intensity o, /0, for %w =40.8
eV is in agreement with the data for EuS. This
4f" peak for hw =40.8 eV is weaker than for EuS.
at 40.8 eV because of its 9-eV binding energy,
i.e., the f electron in GdS is excited 40.8-9.0

=~ 31,8 eV above threshold (see Fig. 3). Weak
structure was previously observed for fiw<11.6
eV at ~2.2 eV below E which was tentatively
identified as the 4f7 level.! Our present mea-
surements indicate that this previous assignment
was incorrect.

EDC’s for US are shown in Fig. 1(c). The val-
ence “p” band is identified by its strong emission
at low-photon énergies and is seen to extend from
2.3 to 7.0 eV below E. The observed “p”-band
width (~4.7 eV) and position (center at 4.7 eV be-
low E ) is consistent with the Korringa-Kohn-
Rostaker energy-band calculations of Davis,2
who determined a “p”’-bandwidth of ~4.4 eV cen-
tered at ~5.5 eV below E;.

For US, emission from the conduction band
within ~2 eV of E is observed for all photon en-
ergies above the work function ¢ =4.6 eV as de-
termined from a Fowler plot. However, for hw
<11.6 eV this emission is very weak [e.g., see
11.2 eV curve in Fig. 1(c)]. At higher energies,
the relative emission intensity of these states in-
creases rapidly with increasing photon energy.
As with EuS, this indicates a higher ! character
for these conduction-band states than for the val-
ence ‘“p” band. The ratio of the measured con-
duction-band absorption cross section (states
within 1.5 eV of Ef) and the “p”-band cross sec-
tion is plotted in Fig. 3. This energy dependence
is very similar to that observed in EuS and is
consistent with substantial “/”’ character in the
“f-d” conduction band of US.

Since the shape of the EDC’s in Fig. 1(c) for
conduction-band emission within 2 eV of E ; does
not significantly change for 16.8 <hw <26.9 eV,
we expect this shape to resemble qualitatively
the band density of states. This experimental
conduction-band “optical density of states” within
2 eV of E is quite narrow, with a full width at
half-maximum of about 1 eV, If we normalize
this conduction band to contain 4 electrons, we
obtain a density of states of 2.5 electron eV ™!

(U atom) "* at Ep. This value, which at best is
only accurate to a factor of about 2, is qualita-
tively consistent with the very large electronic
specific heat of US, y=23.3 mJ K2 mole "!=9.9
electrons eV ™' (U atom) "}, reported by Westrum
et al.”® The band calculation of Davis!? also in-
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dicates a large density of states at Ef due to oc-
cupied “/-d” conduction bands.

Thus in summary, US has a broad “p”-band
centered at ~4.7 eV below Ey and appears to have
conduction bands of “/-d” character near Ey
which are responsible for the observed large
electronic specific heat and the magnetic order-
ing.

As we have demonstrated, the use of photo-
emission spectroscopy with a wide range of pho-
ton energies permits the character of “p,” “d,”
and “f” states to be identified in many cases.
The “/” states in EuS, GdS, and US are identified
by their energy-dependent emission intensities
for energies up to 40.8 eV. Our results clarify
why 4f electrons are not observed in optical stud-
ies'* and photoemission studies’ of the rare-
earth metals for Zw<11.6 eV. For such low en-
ergies, optical transitions from “s,” “p,” and
“d” states dominate the “f” states (see Fig. 2).
Our results also show that care must be taken
when translating observed emission intensities
into a “density of states” since the emission -
strengths of “s,” “p,” “d,” and “f” states are in
general different at any given photon energy.'®

We wish to thank M. A. Kanter for providing
the US, F. Holtzberg for the GdS, M. W. Shafter
for the EuS and for x-ray diffraction measure-
ments, J. D. Kuptsis for electron microprobe
analyses, and J. J. Donelon for his assistance
with the measurements.
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