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Resonant enhancement of rare-earth valence-band photoemission at 3d absorption edges.
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We report the first observation of resonant enhancement of rare-earth 4/ photoemission for photon en-
ergies at the rare-earth 3d absorption edge. The 3d edge resonance is intrinsically weaker than that at the
4d edge, but has a larger on- to off-resonance ratio. This and other properties of the 3d resonance open up

new possibilities for spectroscopic applications.

The large resonant enhancement of rare-earth valence-
band photoemission for photon energies near the 4d absorp-
tion edge is a phenomenon that has been intensely studied
and developed as a spectroscopic technique by many work-
ers since it was first observed! ~3 five years ago. The reso-
nance can be thought of as the photon absorption process
4494 fn— 44% fn+1  followed by the Auger decay
44%fn+1— 4494 fn=14 photoelectron. It has been specu-
lated both privately and in the literature* that similar effects
would occur at the absorption edges of deeper core levels,
such as the 34 edges, and a 3d resonance of 4f inverse pho-
toemission has been reported.’ Here we report the first ob-
servation of such resonant enhancement of valence-band
photoemission for the photon energy near the 3d absorption
edge, and for comparison, 4d resonance data on the same
samples. The ratio of on-resonance to off-resonance inten-
sity is very much greater for the 3d resonance than for the
4d resonance, although we give an analysis showing that the
3d resonance is intrinsically weaker, as might be expected
since the 3d resonance is of Koster-Kronig type while the 4d
resonance is of the super-Koster-Kronig type.5 We set forth
below some exciting advantages of the 3d resonance over
the 4d resonance for spectroscopic applications, especially to
cerium and other mixed-valent rare-earth materials. These
results suggest the merits of including improved photon
fluxes in this energy range, 800-1600 eV, in existing syn-
chrotron radiation facilities and in the planning for future
beam lines.

The experiment was performed at the Stanford Synchro-
tron Radiation Laboratory. Polycrystalline. samples of
TbCo, and CeAl having 5x 5 mm? cross sections were frac-
tured and measured under a vacuum of 1x 10~ Torr in a
vacuum chamber equipped with a commerical cylindrical
mirror electron-energy analyzer (CMA). Photons with en-
ergies near the rare-earth 44 edges were obtained using the
grasshopper monochromator’ on beam I-1, and the com-
bined monochromator-CMA resolution was 0.8 eV. Pho-
tons with energies near the rare-earth 3d edges were ob-
tained using beryl crystals in the double-crystal (JUMBO)
monochromator® on beam line III-3, which yields a photon
resolution of 0.5 €V at 890 eV and 0.7 eV at 1250 eV, the
Ce and Tb 3d core-level regions, respectively. The beam
size from this monochromator is 2xX4 mm?2 Calibration
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was performed at the Cu 2pj, edge energy, taken as 931.1
eV, and the energy uncertainty may- be as large at 1 eV at
the Tb 3d edges where crystal angle is much larger. The
JUMBO throughput is maximum at the Tb 3d edge and
nearly minimum at the Ce 3d edge, so that the signal-to-
noise ratio of the data obtained for CeAl is adequate only to
show that the resonance occurs. The photon flux available
dictated operating the CMA so that the total mono-
chromator-CMA resolution was 3.25 eV for the CeAl pho-
toemission spectra and 1.75 eV for the TbCo, spectra. The
actual count rates obtained for all the photoemission data
reported here are stated in the captions for Figs. 1, 3, and 5.

Figure 1 shows the valence-band photoemission of TbCo,
for photon energies below and at the Tb 4d edge. The Tb
4£8— 47 spectral weight is the small peak labeled B, which
is the 47 (8S7,) ground state, and the large peaks centered
around 10 eV, which are excited multiplets of 4f7. The
emission beginning at the Fermi level Er, is from hybrid-
ized Co and Tb conduction band states. The Tb 4f emis-
sion is a broadened version of that observed® in Tb metal
and the broadening is intrinsic, not instrumental, as tested
by taking spectra with higher CMA resolution. Such
broadening is known in some cases to be inhomogeneous,
associated with surface shifts, although we have not investi-
gated this possibility for TbCo,. The Co 3d states tend to
dominate the 120-eV spectrum, while the two spectra at the
4d edge show great enhancement of Tb 4f and 54 states.
For the 4/ emission at 10 eV, the ratio of intensity in the
on-resonance 156-eV spectrum to that of the off-resonance
120-eV spectrum is ~5. Figure 2 shows, in the energy
range of the 4d edge, the photon-energy dependence of
emission intensity at two points of the valence-band spec-
trum [constant-initial-state (CIS) spectra] and of the emis-
sion intensity at a low kinetic energy fixed in the inelastic
tail [constant-final-state (CFS) spectrum], which is generally
taken to be proportional to the absorption constant.* These
spectra show a rich structure due to multiplets of the
4d%4 £ configuration, and as commonly occurs, different in-
termediate states resonate different parts of the photoemis-
sion spectrum with differing intensities. It is apparent that a
photon energy of 120 eV is sufficiently below the rather
broad resonance region to yield a spectrum typical of being
off resonance.
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FIG. 1. Valence-band emission of TbCo, for several photon en-
ergies below and at the Tb 4d absorption edge. The labels A and B
mark the initial states of the CIS spectra shown in Fig. 2. Curves
have vertical zeros, defined by their portions above Ep, displaced
upward from the figure boundary by 0.5, 3.5, and 6 units, but all
have the same vertical scale, for which one unit is 2000 counts/sec.

The basic aspects of the 3d resonance appear in Fig. 3,
which shows the valence-band photoemission of TbCo, for
photon energies below and at the Tb 3d edge, and in Fig. 4,
which shows CFS and CIS spectra for this photon-energy
range. Comparing Figs. 1 and 3 shows the differing resolu-
tions mentioned above, and comparing Figs. 2 and 4 shows
that for the 3d edge the structure of the CIS and CFS spec-
tra is dominated by the Tb 3d spin-orbit splitting, while mul-
tiplets of 3d%f° are a small perturbation. It is apparent
that a photon energy of 1229 eV yields an off-resonance
spectrum. Two other aspects of the data stand out. First,
for the 4f emission at 10 eV, the ratio of intensity in the
on-resonance 1236-eV spectrum to that in the off-resonance
1229-eV spectrum is 72, considerably larger than the
equivalent value of 5 for the 4d resonance. Second, the
higher energy set of intermediate states is much less effi-
cient in the resonance than is the lower-energy set, especial-
ly for valence-band states near Ep. These valence-band
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FIG. 2. CFS and CIS spectra for TbCo, for photon energies in
the 4d absorption region. The CIS spectra (a) and (b) are taken for
the initial states labeled A and B, respectively, in Fig. 1.

states are either the 3S part of the 4f emission, or the Tb 5d
emission, which tend to be mixed for the experimental reso-
lution. It is not obvious what effect or selection rule is
operating to produce this result, but it may be useful spec-
troscopically, as described below. For the Tb 4d, Ss, and Sp
levels, we have also observed resonant photoemission for
this photon-energy range, but the spectra are too greatly
complicated by Auger emission to describe in detail here.
Figure 4 shows a CIS spectrum for the 4d region.

Figure 5 shows CFS and CIS spectra for CeAl for the
photon-energy range around the Ce 3d edge. For this ma-
terial it is known!? that all the cerium 4f and 5d emission
occurs in the first 2 eV below Ep, and since the low-photon
intensity limited the experimental resolution to 3.25 eV, no
detailed features of the valence band could be resolved. In
contrast to the 4d CIS spectrum, the CIS spectrum for the
broadened valence band is seen to resonate at the lower-
energy 3d absorption, but hardly at all at the upper-energy
absorption, similar to the finding for Tb. The photon flux
was too low to obtain a valence-band spectrum off-
resonance, and so a value of the on- to- off-resonance in-
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FIG. 3. Valence-band emission of TbCo, for several photon en-
ergies below and at the Tb 3d absorption edges. Curves have verti-
cal zeros, defined by their portions above Ep, displaced upward
from the figure boundary by 1, 3, and 8.5 units, but all have same
vertical scale, for which one unit is 200 counts/sec, except as la-
beled.

tensity ratio is not known. Because of the enormous in-
terest in the valence-band emission of cerium com-
pounds,!!:12 and because it is now clear that 3d edge reso-
nance effects can be observed, it is an important future goal
to obtain such data with sufficient resolution and signal-to-
noise ratio to be spectroscopically useful.

A numerical comparison of the 3d and 4d resonances at
particular photon energies can be made for TbCo, as fol-
lows. The 4f photoemission cross section for photon ener-
gies hv, near the nd edge o(hv,) is the sum of normal
[o%(hv,)] and resonance [o™s(hv,)] parts, and we define
the resonance contrast £(hv,)=o(hv,)/o% hv,). It fol-
lows that the ratio a of the 4d to 3d resonance parts at two
particular photon energies is

[o%Chvs)/ o Chva) HIE(hvy) — 11/ 1€ (hv;3) — 11}

We now estimate a at the photon energies of maximal reso-
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FIG. 4. CFS and CIS spectra for TbCo, for photon energies in
the 3d absorption region. The initial states of the CIS spectra (a)
and (b) are the same as in Fig. 2, and Ey denotes the Fermi level.

nance, hvy=156 eV and hv;=1236 eV, for the valence-
band 4 emission 10 eV below Er. From calculated!? values
of Ce 4f cross sections we estimate o%(156eV)/
0%(1236 eV) = 09(160 eV)/a%(1253.6 eV)=906. Taking
0%(1236 eV) = ¢%(1229 eV) we have £(1236 eV) =72 ob-
tained, as stated above, from the data of Fig. 3 and for
£(156 eV) we use the calculated!® Ce 4f cross sections to
correct the value of 5, obtained, as stated above, from the
data of Fig. 1, by the factor ¢9(120eV)/a%(156 eV)
=¢g9%(120 eV)/0%(160 eV) =1.47 to give £(156 eV)=17.4.
From these numbers we then find that a«=82. Thus
o'$(156 eV) > 0™5(1236 eV) and the reason that the 3d
contrast exceeds the 4d contrast is that the 3d background
part is so much weaker. Presumably, the 4d resonance is
larger than for 3d because the 4d and 4f wave functions are
in the same atomic shell.

There are three important potential advantages to using
the 3d resonance in addition to the 4d resonance as a spec-
troscopic technique. The first is the very large contrast &34
obtained. The second is that the increased photon energy
yields photoelectrons from the valence band with Kinetic en-
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FIG. 5. CFS and CIS spectra for CeAl for photon energies in the
3d absorption region. VB denotes the entire unresolved valence-
band region. The peaks at ~— 883 eV have 3 counts/sec above a
base line of 0 counts/sec, and 10 counts/sec above a base line of 3
counts/sec, respectively, for the VB and 4d curves.
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ergies considerably higher than that of the elastic escape
depth minimum,!* so that the extent of surface effects in
the spectra taken using the 4d resonance can be gauged.
This has been a pressing issue in the case of studies of ceri-
um 4f emission.!! The third arises from the much smaller
spectral spreading due to multiplets in the 3d spectrum. As
noted above the two spin-orbit components of the 3d spec-
trum appear to differ in their resonance efficiency and when
this effect is understood it may be useful for sorting differ-
ing angular momentum components of the valence-band
emission, of great interest in the case of 4/ and 54 emission
in cerium materials.!> Even more exciting is the fact that
the absorption peaks associated with different 4f valences
have been shown!® to be well separated in 3d spectra, which
should enable separating 4f emission from different
valences much more easily than when using the 44 absorp-
tion edges, where multiplet spreading is often larger than
the separation of different valence components.2 Again,
this is of great importance for the case of cerium,!? where it
is not known if the valence-band emission all arises from a
single-valence state, and in mixed-valent rare-earth materi-
als generally.

In summary, we have reported the first observation of
resonant enhancement of rare-earth 4f photoemission for
photon energies near the rare-earth 3d edge and have point-
ed out exciting possibilities for employing this phenomena
as a spectroscopic technique if sufficient photon flux in the
relevant photon-energy range can be obtained.
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