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Observation of strong resonant behavior in the inverse photoelectron spectroscopy of Ce oxide

J. G. Tobin,"" S. W. Yu,' B. W. Chung,! G. D. Waddill,” L. Duda,® and J. Nordgren?
'Lawrence Livermore National Laboratory, Livermore, California 94550, USA
2Missouri University of Science and Technology, Rolla, Missouri 65401, USA
3Uppsala University, Uppsala, Sweden
(Received 23 February 2010; revised manuscript received 10 November 2010; published 11 February 2011)

X-ray emission spectroscopy and resonant inverse photoelectron spectroscopy (RIPES) have been used to
investigate the photon emission associated with the Ce 3ds/, and Ce 3dj3/, thresholds. Strong resonant behavior
has been observed in the RIPES of a Ce oxide near the 5/2 and 3/2 edges.

DOI: 10.1103/PhysRevB.83.085104

I. INTRODUCTION

Inverse photoelectron spectroscopy (IPES) and its
high-energy variant, bremsstrahlung isochromat spectroscopy
(BIS), are powerful techniques that permit a direct interro-
gation of the low-lying unoccupied electronic structure of a
variety of materials. Despite being handicapped by counting
rates that are approximately four orders of magnitude less
that the corresponding electron spectroscopies [photoelectron
spectroscopy (PES) and x-ray photoelectron spectroscopy
(XPS)] both IPES (Refs. 1-5) and BIS (Refs. 6-8) have a long
history of important contributions. Over time, an additional
variant of this technique has appeared, where the kinetic energy
(KE) of the incoming electron and photon energy (hv) of
the emitted electron are roughly the same magnitude as the
binding energy of a core level of the material in question. Under
these circumstances and in analogy to resonant photoelectron
spectroscopy, a Cross-section resonance can occur, giving rise
to resonant inverse photoelectron spectroscopy (RIPES).”!3
Here, we report the observation of RIPES in an f-electron
system, specifically at the 3ds;; and 3d3/, thresholds of a Ce
oxide. (See Fig. 1.)

The resonant behavior of the Ce 4f structure at the 3d
thresholds has been addressed before, including studies of the
utilization of the technique as a probe of electron correlation
in a variety of Ce compounds.'? Interestingly, the first RIPES
work on rare earths dates back to 1974, albeit under conditions
that left the state of the surface and near-surface regions
undefined. Although they did not use the more modern
terminology of “RIPES,” it is clear that RIPES was actually
first performed in 1974 by Liefeld, Burr, and Chamberlain
on both La- and Ce-based materials.” In these experiments,
the La and Ce metallic samples were attached to the anode
of an x-ray tube and the x-ray emission (XES) characteristics
were measured by using a two-crystal monochromator. The
pressure in the x-ray tube was quoted as being below 2 x
1078 Torr. They did indeed observe resonant behavior at the
Ma (3ds;,) and MB (3ds)) thresholds. In fact, our results
here will confirm the measurements made upon the Ce-based
sample used by Liefeld et al. However, the state of the Ce
sample surface and near-surface regions are quite undefined in
the study in Ref. 9. For example, the authors suggest that they
are probing Ce metal, because they cannot see any evidence of
an O Ko (15) XES line. However, they do report the observation
of a F Ko (1s) line, possibly owing to the utilization of cerium
fluoride in the sample preparation. Later, they tried to address
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these issues in a new ultrahigh vacuum system.'3 Based upon
our results, it is clear that their original sample surface was
oxidized, using the word here in its more general context
as in having lost electrons to the oxidizing agent, although
whether the structure is an oxide or fluoride remains unclear.
In any case, the primacy of Liefeld and co-workers in these
measurements should be noted.

Cerium and cerium oxide have been studied with a
variety of spectroscopic techniques under UHV conditions.
This includes BIS,® PES,%!'%"!® x-ray absorption spectroscopy
(XAS),'7?! electron energy loss spectroscopy (EELS),520-22.23
and resonant XES,?*?> to name just a few. We will compare our
results to those of other spectroscopies, as will be discussed
below.

The remainder of this paper will be as follows. In
Sec. 11, the experimental details will be described. In Sec. III,
the determination of sample quality with XES and the RIPES
results will each be presented and discussed, within the context
of the mechanisms of RIPES and XES, as shown in Fig. 2.
Finally, Sec. IV will contain a summary and conclusions.

II. EXPERIMENTAL

The experiments were carried out on site at Lawrence
Livermore National Laboratory, using a spectrometer’® with
capabilities for performing spin-resolved Fano spectroscopy,?’
IPES, or BIS,?® sample cleaning with argon-ion bombardment,
and sample heating and cooling in an UHV environment.

The polycrystalline Ce sample was oxidized by exposure
to air at ambient pressures. After introduction to the UHV
system, the oxidized sample was bombarded with Ar ions to
clean the topmost surface regions. The specific details are as
follows. The polycrystalline Ce foil (99.9% of purity, 0.1 mm
of thickness, from Alfa Aesar) was cut into a piece with the
size of 7 x 10 mm?. One side of the Ce foil was polished
with a very fine sandpaper (400 grit), then the sample was
oxidized by exposure to air at ambient pressures for ~40 min.
After introduction to the UHYV, the oxidized sample underwent
one set of Ar-ion treatment, where it was bombarded with Ar
ions (1.7 kV/20 mA, p ~ 1 x 1073 Torr in the chamber),
typically for a period of 30 min, for multiple times and at
nominal room temperature. The sample was not annealed.
During these experiments, the XPS capability was unavailable,
thus no XPS data were collected on this specific Ce sample.
However, based upon previous experience, it is very likely that
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FIG. 1. (Color online) XES and RIPES of the Ce oxide.

the sample contained only Ce and O after sputtering with the
Ar ions. Therefore, the assertion of cleanliness of the Ce oxide
sample was indirectly supported by XPS. One set of XES
measurements was performed as a test of sample composition
and quality, as will be discussed below. Sample stability was
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addressed via the internal consistency of the sequential BIS
and RIPES scans at different kinetic energies.

The XES and IPES and BIS spectra were collected using a
Specs electron gun for the excitation and a XES 350 grating
monochromator and channel-plate system from Scienta as the
photon detection. Spectra were collected in “normal mode,”
where the electron gun KE and the energy position of the
center of the channel plate were both fixed and the energy
distribution in the photon (hv) spectrum was derived from the
intensities distributed across the channel-plate detector in the
energy dispersal direction. XES and RIPES data collection
occurred with the sample at or near room temperature. In our
experiments, the XES spectra play two critical roles: (1) the
definition of the location of the resonance in energy space for
RIPES and (2) the confirmation of the sample quality. Topic (2)
will be discussed below. However, the definition of the absolute
energy scale was made with IPES, as will be discussed next.

Energy scale calibration in PES and IPES is best performed
by direct measurement of the location of the Fermi edge over
a wide series of photon energies. As shown in Fig. 2, the
underlying energy conservation relationship for IPES and BIS
is when hv + HT is equal to KE + ¢, where hv is the photon
energy, H' is the energy of the empty state (hole) filled,
relative to the Fermi energy (Er), KE is the kinetic energy
of the incoming electron, and ¢ is some sort of work function.
Because the KE used here is from the output of the electron
gun system, ¢ is a spectrometer work function and can contain
contact potentials and other offsets. By looking at the Fermi
edge, H” is set to zero. Unfortunately for the Ce oxide, the
only IPES observed was RIPES, at or near the resonance,
as will be discussed below. However, by using the IPES of
another material, UQO,, it was possible to observe Fermi edges
over a wide range and thus calibrate the spectrometer exactly.
Initial calibrations of the energy scale, based upon assigning
the literature values® for the peaks at the Ce Ma (3ds,») and

RIPES-Direct RIPES-Indirect XES Ce3d,, XES Ce3d,, XES Ce3d,,
— e VB Decay VB Decay 3d,,, Decay
One
hv Possibility
., Through
KE Ny Ce3ds,
3 w¥ Y w CB
VB
hv - ZW3KeV L hv . 3KeV fthv . [\3KeV hva
Ce3dg, \ 4 \ 4
Ce3d,, v+ V*
hv+HF=KE+¢ | KE + ¢ = BF3d;, | hv = BF(3dg,) hv=BF(3d;,) | hv=BF(3dg;,)

FIG. 2. (Color online) Schematic models for the processes of XES and RIPES.
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MB (3ds;) thresholds, lead to too large of a spectrometer
work function. Using the UO, data and a type of linear
regression analysis upon the data, a photon monochromator
shift, AL = 0.35 A, was determined, which then gave rise to
an instrumental work function value of ~2 eV. (See KE =
881 eV in Fig. 1.) The same shift of AX = (0.35 was applied to
the O 1s spectra, with the appropriate scaling with the photon
energy squared.

Data collection was performed under UHV conditions. The
base pressure of the system was 3 x 10~'° Torr, but the pressure
changed depending on the energy and current of the electron
gun. For example, with the XES measurements at KE =
3 keV, the pressure was ~8-9 x 10~'° Torr and the excitation
current to the sample was typically 0.01 mA, but for RIPES
at a KE of ~900 eV, it was ~5 x 10719 Torr and 0.003 mA.
XES data collection required many hours for each spectrum
and RIPES spectra took substantially longer.

As will be discussed below, our sample consisted of a thin
layer of Ce oxide lying above Ce metal. Under conditions
such as these, thin layers composed of materials that would
normally be insulating in the bulk can continue to exhibit a
Fermi edge, owing to the thinness of the film and the underlying
conductor.®® It is for this reason that we will refer to the
sample as a Ce oxide. Although thermodynamic arguments
under oxidizing conditions point to CeO,, it can be argued that
“tetravalent” CeQ, is unstable and not obtained under these
preparation conditions, but only by annealing the sample in an
O, atmosphere. It is very likely that our Ar-ion treatment drove
the sample into a stable configuration dominated by Ce, O3, as
reported earlier by Allen.” Below, spectroscopic evidence will
be presented to support this hypothesis. Next, energy bandpass
and broadening effects will be considered.

In general, the observed energy widths in the RIPES and
XES experiments follow (1):

AEpu = [(AEex)” + (AEger)* + (AEjice)
+(AEchem/mult)2]1/2~ (1)

Here, AE. is the energy broadening from the excitation
source, the electron gun. A E 4, is the broadening from the pho-
ton detection, i.e., the monochromator and the multichannel
detection of the XES. A Ej is the intrinsic broadening owing
to lifetime and other such effects and A Ecpem/mu Would be
the broadening from the presence of different chemical sites
or an underlying multiplet structure.

Let us first consider the case of the RIPES experiments,
using Fig. 1 as a guide. In Fig. 1, there is a fairly sharp Fermi
edge just below hv = 885 eV. The 10%—90% width of a Fermi
edge provides a direct measure of the total energy broadening,
AFEa. Our measurements indicate that AFEya = 2 €V,
regardless of whether the monochromator entrance slit width
was 20 or 60 um. For our monochromator system, it is known
that the energy broadening from the photon detection, A Eget,
should be 0.35 eV for a 20-um slit width and 1.1 eV for
a 60-um slit width. It is also well known that the intrinsic
room-temperature width of a Fermi edge is on the scale of
0.1 eV. Finally, as will be discussed below, this Fermi edge lines
up with the higher-energy peak in the Ce 3ds,, XES manifold,
indicating that it arises solely from oxide and not metallic Ce.
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This suggests that here AEcpem/muie = 0 €V. Taken together,
this indicates the following for the RIPES experiments.
AERPES = AERIPES — 2 eV, 2

total

Despite the apparent lack of dependence upon slit size, for
some measurements slit sizes were varied, as a test of data set
consistency. It is also useful to note that the RIPES spectra
exhibit a Fermi edge that is substantially sharper than any
features in the XES spectra, as can be seen in Fig. 1.

Now, let us consider the XES experiments, again using
Fig. 1 as a guide. As can be seen easily in the Ce 3d3),

peak, AE t)ég?%/ 24 eV, based upon the full width at half max
(FWHM) of the Ce 3d3,, peak. Here, AE., =0 eV, because, at
energies well above the threshold, the excitation energy width
used to generate the initial core hole does not affect the decay
event energetics. From the RIPES energy analysis above, it is
known that A E4; < 1 eV. This suggests the following, for the
XES-3/2 experiment:

XES-3/2 XES-3/2y2 XES-3/2 \271/2
AEtotal = [(AElife ) + (AEchem/mult) ] ~4eV.
(3)

For the XES-5/2 experiment, it is less clear, so a more
general equation is required. The impact of these equations
will be discussed below:

XES-5/2 XES-5/2)2 XES-5/22
AEgy " = [(AE / )"+ (AE, ! )

total det

+ (AEXES-S/Z )2]1/2. (4)

chem/mult

III. SPECTRAL RESULTS AND DISCUSSION

A. Resonance processes

Consider the individual excitation and decay channels
for nonresonant XES, IPES, and RIPES, shown below in
Egs. (5)—(8). The Ce-derived valence bands (VBs) will include
both the 4f and spd states, where the spd states are derived
from the 6s, 6p, and 5d states. The Ce-derived conduction
bands (CBs), normally empty, will have a 4f character as well
as an spd character. To begin our discussion, let us define
the initial-state electronic configuration as follows: VB"CB?
with n < 4. The different cases discussed below are also
schematically illustrated in Fig. 2.

(1) Off-resonance XES: High-energy excitation and decay:

e~ +3d''VB" — 3d°VB" + 2¢, (5a)
3d°VB" — 3d'VB"! + hv. (5b)

(2) On-resonance XES: Excitation and decay at the thresh-
old:

e~ +3d"°VB" — 3d°VB"? — 34''VB"! + hu.  (6)
(3) Off-resonance IPES and RIPES direct channel:
e” +3d'°VB" — 3d'°VB"™! + hv. )
(4) RIPES indirect channel:
e” +3d""VB" — 3d°VB"*? — 3d'°VB""! + hv.  (8)

It is appropriate to begin with XES. When the incoming
excitation is at high energies, substantially above the core-level
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binding energy of the 3d levels, then it is expected that the Ce
atom will lose a single electron, with a +1 change in net charge,
with both the excitation electron and 3d core-level electron
leaving the atom. For example, this occurs when the excitation
energy is 3 or 1.5 keV and the core-level binding energy is near
900 eV. The appropriate relations for this case are shown in
Eq. (5). However, as the excitation energy is decreased, until
it is just above threshold, a different regime is encountered.
Here, the excitation electron has only enough energy to lift the
3d core-level electron into the previously empty CBs, with
itself also in the CBs. The Ce atom has gained an electron,
with the net charge on the atom decreased by —1. Very quickly,
a decay process can occur, giving rise to the filling of the
3d core hole and the emission of an electron, with a net increase
of the occupancy of the VBs by 1, with a retention of the net
charge change of —1. This situation is illustrated in Eq. (6).
In both limits, the photon emitted in the decay processes,
shown in Egs. (5b) and (6), will have an energy near that of the
3d core level, adjusted for effects such as screening, relaxation,
and charge.

In IPES, the situation is as follows. Off-resonance or regular
IPES involves an electron dropping into the CB and the
emission of a photon. The net charge decreases, by — 1, with the
emission of a photon, as summarized in Eq. (7). The photon is
emitted with an energy that roughly corresponds to the energy
of the incoming electron, as shown in Fig. 2. (¢ and H” are
both small.)

Finally, the case of RIPES is considered here. In RIPES,
there are two channels, referred to as direct and indirect. The
direct channel, in Eq. (7), is the same as the lone channel of
off-resonance IPES. The indirect channel, shown in Eq. (8),
is the same as the near-threshold XES of Eq. (6). Here, the
final state will have a net decrease in charge of —1, associated
with the increase of electron occupancy by 1. The emitted
photon energy, 3d core-level energy, and incoming electron
excitation energy must all be approximately equal, as shown
in Fig. 2.

In the present study, the process of resonant inverse
photoemission is being invoked to explain the experimental
observations. However, the corresponding resonant process in
the photoemission of Ce has been studied for many years. In
fact, resonant photoelectron spectroscopy (RES-PES) at the Ce
4d and 3d thresholds was performed decades ago by Allen,’
Laubschat et al.,’' and Suga’s group.’? Here, the interference
of the direct photoemission channel and an indirect channel,
using a d-4f dipole excitation followed by a decay that ends
up in the same final state as the direct process, can give
rise to an interference that leads on resonance to a strong
enhancement of the Ce 4f emission. In this study, the inverse
process is considered, specifically the interference of the direct
IPES direct channel and an IPES indirect channel, driven by
an electron-induced 3d excitation and followed by a dipole
transition. As in the case of the PES process resonance,
the IPES process resonance will hinge upon the f-d dipolar
transition. The indirect IPES channel will be dominated by a
4f-to-3d transition, following electric dipole selection rules and
generating the emission of a photon. Similarly, it is reasonable
to expect that the excitation will be dominated by 3d-to-4f
transitions, driven by the large density of empty 4f states
and their spatial localization close to the 3d orbitals, despite
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the lessened selectivity of the Coulombic matrix elements
associated with excitation by kilovolt range electrons. Thus,
the key to resonance is the d-f dipolar transitions.

Now, let us return to a consideration of the nature of the
Ce oxide VBs and CBs. In metallic Ce, something such as
4 f1(spd)>CB° would be expected, reflecting the notion that
Ce metal is “trivalent.” If the Ce oxide were CeO, and were
completely ionized, then 4 f°(spd)’CB® would be expected.
This is the so-called “formal charge,” which assumes complete
success by the oxidizing agent in the ionization process. If the
Ce oxide were Ce;O3 and were completely ionized, again a
“formal charge,” then 4 f I-x (spd)* CB would be expected,
with x near or at zero. However, the Ce oxide is probably
only partially oxidized and partially ionized, with a possible
component of covalency and partial occupation. Thus, whether
the Ce oxide is either CeO, or Ce, O3, it is not unreasonable
to expect the Ce VBs and CBs to be something such as
414 (spd* P CB®, with0 <a<land0 < bh<3anda+
b < 4 for CeO, and a + b < 3 for Ce,O5. It is also reasonable
to expect the spd states to ionize more easily that the 4f states.
Hence, one would expect the following: 3 —b <1 —a. In
any case, there will be no shortage of unoccupied 4f states
for the excitation process: There will be a minimum of 13
and a maximum of 14. However, while it is possible that the
4f electron generated by the excitation will also participate in
the decay, any additional original occupation of the Ce 4f states
would probably strongly enhance the decay process. Thus, the
observation of a resonant effect in the RIPES of the Ce oxide
strongly favors the assignment of the Ce oxide as Ce,0O3, and
not CeO,. Lastly, the interpretation of the resonance as arising
from Ce, O3 is consistent with the earlier observations by Allen
of a strong 4d RES-PES effect in Ce,03.”

B. Confirmation of sample quality

XES of the Ce 3ds/2, Ce 3d3/,, and O 1s levels was used
to characterize the Ce oxide sample. As shown in Fig. 1, there
are two components to the Mo (3ds;) peak but only one
for the MB (3d3;,) peak. This is not surprising: The larger
lifetime broadening associated with the Mg (3d5,) threshold
can smear out fine structure. Some of the processes involved in
the production of these spectral features can be seen in Fig. 2.
Because 3d3,, states are at a higher binding energy relative to
the Fermi level (B) than the 3ds /2 states, a fast, nonradiative
decay through the 3ds,, states is possible, contributing to
the broadening. Furthermore, decay channels such as this
can also explain the divergence of the peak intensities from
the “statistical” limit, where intensity should scale with the
number of states. In this limit, the ratio of the intensities, 3ds />
vs 3d3,,, should be 3 :2. The observed intensity ratio is quite
a bit larger, as can be seen in Fig. 1. Next, we will use the KE
dependence of the excitation to probe the origin of the splitting
in the 3ds/, peak and relate that to the sample structure.

As shown in Fig. 3, it is possible to induce changes in
the relative intensities of the two components in the Ce 3ds,»
spectral feature. These two components will be assigned to
the underlying Ce metal and the near-surface Ce oxide thin
film. There are two data sets shown in Fig. 3, corresponding
to two different slit sizes for the monochromator. Temporally,
these four spectra were taken one after the other, contiguously.
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FIG. 3. (Color online) Plots of the XES of the Ce 3d states,
including their dependences upon KE and the monochromator
entrance slit width. The spectra were normalized to the Ce 3d3),
peak heights. See text for details.

In both cases, lowering the KE from 3 to 1.5 keV enhances
the second component of the Ce 3ds,, spectral feature. Under
these conditions, the escape depths of the photons should not
be a factor, but the penetration depths of the electrons should.
By lowering the KE, the surface sensitivity is increased. This
argues for the material associated with the subpeak at the lower
photon energy to be underneath the material associated with
the subpeak at the higher photon energy. It is reasonable to
assume that the underlying material is metallic Ce and that the
layer above itis oxidized Ce. This assignment is confirmed by a
consideration of the literature and previous experiments. It was
shown earlier by Baer and co-workers® that CeO, exhibited
additional spectral structures in XPS and EELS at higher
binding energies, relative to Ce metal. This result has been
confirmed by others, using XPS (Ref. 18) and EELS.?? Similar
intensity shifts to higher energies has been observed in XAS as
well.!'” In fact, as part of a previous collaboration,” we have
observed this shift before, utilizing XAS on Beamline 8 at the
Advanced Light Source.?! Using oxidized bulk Ce samples,
it was possible to see a strong, shifted spectral structure that
could be removed by scraping, giving rise to a final XAS result
that approximated the evaporated samples utilized in our other
study.? Thus, there is very strong evidence to support the
assignment of the lower photon energy subpeak in the Ce
3ds;, manifold to the underlying bulk metallic Ce and the
higher photon energy subpeak to a near-surface layer of the
Ce oxide. Additionally, it should be noted that there appears
to be a very weak enhancement of a low /v shoulder on the
Ce 3d3,, peak, as the KE is increased from 1.5 to 3 keV. This
lower hv shoulder would correspond to the Ce metal Ce 3d3»
contribution. However, the enhancement of the shoulder in
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the Ce 3d;3,, peak is very weak and should be regarded with
caution. The larger lifetime broadening expected for the lower
j component of the spin-orbit split doublet appears to smear
out any underlying fine structure.

Now, let us consider the changes in peak shape as a function
of slit width. In both cases, for KE = 1.5 keV and KE =
3.0 keV, in going from a slit width of 20-60 pum, the peak
height of the Ce metal 3ds,, peak increases noticeably, with a
corresponding change in peak shape. The rest of the spectra
remain essentially the same: the Ce 3d3,, peak and the Ce oxide
3ds, subpeak. We believe these observations are a function of
the interplay of lifetime broadening and the monochromator
energy resolution bandpass. Consider Eq. (3) above. For the
Ce 3d3,, peak, we concluded that the peak width was driven
by lifetime broadening and underlying structure owing to
chemical shifts and a multiplet structure. However, we also
note above that the high iv shoulder in the Ce 3d5; peak is very
weak. Furthermore, the triangular peak shape is consistent with
the Lorentzian function associated with lifetime broadening.
Thus, the energy width in the Ce 3d3,, peak is dominated by
lifetime effects. This result is shown in Eq. (9):

AENT? = (AER ) ~ 4 eV. )

Equation (9) implies that the Ce 3d3,, peak should
be independent of the slit width. The spectra in Fig. 3 are
consistent with this assertion. Thus, it is justified to use the
height of the Ce 3d3,, peak as a type of normalization.

Next, the subpeaks in the Ce 3ds,, peak will be considered.
Because the two subpeaks overlap, the analysis will need
to couched in terms of the half widths at half maximum
(HWHM), using the outside halves of each subpeak for the
analysis. Also, because the subpeaks are being separated upon
the basis of their chemical origin, it will be assumes that the
A E chem/muit can be neglected. For the case of the Ce oxide Ce
3ds ;> peak, it can be seen that the peak is essentially constant,
regardless of slit width and KE, relative to the Ce 3d3,, peak.
The peak height remains fairly uniform and the triangular and
Lorentzian peak shape is robustly retained, witha HWHM also
on the same scale as that of the Ce 3d3,, peak. This strongly
suggests that the Ce oxide Ce 3ds;, peak is also dominated
by lifetime effects, with no dependence up the any internal
structure or the monochromator resolution:

A EXES5/2

total-Ce oxide

= AELC oide (10)

Interestingly, both the XAS work by Kaindl et al.'® and
our unpublished work®*?! suggest that the Ce oxide Ce 3ds
peak has a line shape and linewidth quite similar to that of
the Ce oxide Ce 3d3/, peak, while the Ce metal Ce 3ds,, peak
has a more internal fine structure and a more sharply rising
line shape than the corresponding Ce metal Ce 3d3/, peak.
This would be consistent with a lifetime broadening limit in
the Ce oxide Ce 3ds;, peak but a possible dependence upon
both lifetime broadening and instrumental broadening in the
Ce metal Ce 3ds,, peak. Thus, for the Ce metal Ce 3ds,, peak,
the following is appropriate:

XES-5/2 XES-5/2\2 XES-5/2 2q1/2
AEtotal—Ce metal — [(AEdet ) + (AElife-Ce metal) ] .
(1D
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FIG. 4. (Color online) XES of the O 1s.

From Eq. (11), a lifetime broadening of ~1-2 eV can be
obtained. This has been done using: (1) a simple line-shape
model that assumes an inverse proportionality between peak
height and peak width, for constant peak area; (2) the
experimentally observed peak height increase of ~}t between
the 20- and 60-um spectra of Fig. 3; and (3) the values of
AE4(20 um) ~ 0.35 eV and A E4(60 um) ~ 1.1 eV. This
result is shown in Eq. (12):

| eV < AEXESS2

life-Ce metal

< 2eV. (12)

The total linewidths from this model would be on the scale
of 2-3eV, in accord with the spectra in Fig. 3. This result in
Eq. (12) is consistent with the earlier XAS results and explains
the increase in the peak height of the Ce metal Ce 3ds,, peak
relative to the other constant spectral features.

The above interpretation is further supported by the O s
XES data plotted in Fig. 4. First, there can be no doubt that this
sample is an oxide of some sort: A strong O 1s spectral feature
is clearly evident. Second, the result is independent of electron
excitation energy, for both data sets with different slit sizes,
indicating that all of the oxygen is at or near the surface, not
in the bulk. Third, most of the intensity is in the main feature
at a photon energy of 524 eV. This main feature is assigned
to the near-surface thin film of Ce oxide. The second, smaller
feature near 526 eV, is associated with true surface oxygen,
possibly physically or chemically attached to the top of the
Ce oxide layer. It is reasonable to expect that the physically or
chemically attached oxygen may be in a higher oxidation state,
i.e., without the oxidized electrons from Ce, and would thus
be at a higher photon energy. (Because oxygen is the oxidizing
agent, it is the Ce that gets oxidized and the oxygen that gets
reduced. A reduced atom may have less of a tight hold upon its
electrons, thus giving rise to a lower binding energy. Hence,
the oxygen in the Ce oxide is expected to have a lower O
1s binding energy than the physically or chemically absorbed
oxygen species.)

Thus, supported by the XES results, our picture is the
following. The bulk Ce is coated with a thin film of Ce oxide,
but thin enough that we see the retention of a Fermi edge in
the RIPES spectra.

PHYSICAL REVIEW B 83, 085104 (2011)

Finally, before going on to a discussion of the RIPES results,
there is one last feature to discuss in the XES spectra in Figs. 1
and 3. In the XES spectra there are also weak features near
865 and 905 eV. Because our data collection is performed in
normal mode, it is possible that weak features such as these are
artifacts of the monochromator and/or channel-plate signature.
Because of their weakness, a further analysis was not pursued.
Next, the RIPES spectra will be described and discussed.

C. RIPES of the Ce 3d states

A strong resonance in the RIPES of the Ce oxide has been
observed. Here, we will present the experimental XES and
RIPES data and discuss them within the framework of previous
results.

As shown in Fig. 1, the RIPES and XES are coincident
in energy space. This coincidence is independent of any
energy-scale calibration, because the same monochromator
settings were used in each data collection. Only the energy of
the incoming excitation electrons was changed. The difference
in the spectra is owing to the change in the energy of
the incoming beam. For the XES, the excitation beam is
at an energy of 3 keV, well above the Ce Ma (3ds))
and MB (3d3,>) thresholds. As illustrated in Fig. 2, the
electron beam serves only to scatter off of the core-level
electrons and generate a core hole, beginning the process that
ultimately gives rise to the photon emission at the characteristic
energies associate with XES. Using the XES as a guide,
a photon energy window was thus chosen for the RIPES
experiments. As can be seen in Fig. 1, the RIPES spectrum at
KE =881 eV is much sharper than the XES spectrum.
Consistent with the picture shown in Fig. 2, there is no
intensity at the higher photon energies, above Ep. This is
because the transitions in this regime would correspond to the
incoming electron dropping into an occupied state, which is
forbidden. The intensity jump occurs at Er and continues into
the regime where H is greater than zero, where the incoming
electron is dropping into the unoccupied conduction band. The
defining characteristic of IPES is that KE ~ hv. For RIPES to
occur, a second, indirect channel must open up, providing
an additional path into the final state associated with IPES.
There are further, quantum-mechanically-driven aspects to a
resonance, but that discussion can be found elsewhere.”1-33
Energetically, the defining characteristic of being on resonance
is that KE ~ BF, the core-level binding energy relative to
the Fermi level, Er. Thus for RIPES, hv ~ KE = BT as
presented schematically in Fig. 2. As the photon energy is
diminished further, the RIPES intensity drops, with the final
state moving out of the higher-density CBs and into the less
dense, more-free-electron-like states.

Spectral summaries of the RIPES and XES are shown in
Figs. 5 and 6 for the Ce 3ds;, and Ce 3d3,, thresholds. In
both cases, it is clear that the resonance occurs only within the
confines of the energy regime defined by the XES spectrum.
Each time, the resonance begins to turn on as the excitation
KE approaches the photon energy associated with the XES
peak. The maxima are obtained when the KE reaches an
approximate equivalence with the photon energy associated
with the corresponding XES peak. As mentioned before, in
the Ce 3ds,, regime, the resonance is associated with only the
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FIG. 5. (Color online) A plot of both the XES and RIPES near
the Ce 3ds,, threshold, including the photon energy dependence of
the Ce 3ds;, RIPES resonance.

Ce oxide XES peak, not the Ce metal XES peak at lower photon
energies. In the case of the Ce 3d3, regime, the separation of
the metal and oxide contributions is lost, presumably owing to
the increased lifetime broadening of the 3/2 feature.

It is of interest to look carefully at the photon energy
dependence of the IPES. For the Ce 3ds,,, there appear to
be weak intensities at KE = 877, 878, 886, and 887 eV,
which suggest off-resonance spectral structure, shifting with
KE. This would be the spectral dispersion of the IPES Fermi
edge, driven by the linear relationship between Av and KE,
as shown in Fig. 2. In the intervening KEs, the resonance
is dominant and the intensity reflects not so much the Fermi
edge dispersion with the changing KE but instead the onset and
subsequent diminishment of a peak with a fixed high-energy
cutoff, as it moves through resonance with a maximum at
KE = 881 eV. In the regime of KE = 879-885 eV in Fig. 5, it
is clear that the leading edge of the peak does not move. This
leading edge is the Fermi edge at the resonant energy, KE =
881 eV, which is directly below the peak in the Ce oxide XES
feature, as shown in Figs. 1 and 5. At lower KEs, 879-881 eV,
the width of the main feature diminishes with increasing
KE. This suggests that a regular IPES peak is walking up

PHYSICAL REVIEW B 83, 085104 (2011)
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FIG. 6. (Color online) A plot of both the XES and RIPES near
the Ce 3dj3), threshold, including the photon energy dependence of
the Ce 3ds;, RIPES resonance.

to the resonance and then becoming energy coincident and
integrally part of the resonance at 881 eV. At energies above
the resonance, 883-885 eV, the width of the spectra feature
again diminishes, suggesting that the resonance is persisting
as the tail of the IPES peak but with a cutoff corresponding to
the KE = 881 eV Fermi edge. Finally, at KE = 886 and 887 eV,
there may actually be a shift in the Fermi edge position with
increasing KE, although with much weaker intensity. A similar
process occurs for the Ce 3d3,, resonance, with a maximum of
the higher photon energy peak occurring at KE near 900 eV.
Again, in the regime of KE = 897-903 eV, as the main peak
walks up in photon energy and the resonance occurs, the peak
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FIG. 7. The RIPES and XES of the Ce metal (Refs. 34 and 35).

width narrows as the peak position moves toward the cutoff
at the Fermi edge associated with the resonance maximum
at KE = 900 eV. The Ce 3d3,, RIPES is complicated by the
presence of a Ce 3ds,, peak. This is the RIPES manifestation
of the nonradiative decay process shown in Fig. 2. Thus,
some of the Ce 3d3,, RIPES intensity is lost to this XES-like
feature. It is interesting that at the KEs below the threshold for
resonance in the Ce 3d3/, regime, e.g., KE = 895 and 896 eV,
the XES-like feature associated with the Ce 3ds;, energy
dominates the spectra. As the Ce 3d3,, resonance turns on,
the feature at the Ce 3d3,, energy becomes dominant, but the
Ce 3ds/, peak persists. Above the resonance, at KE = 905 eV,
the envelope of the spectrum becomes similar to that observed
at much higher excitation energies, i.e., KE = 1.5 and 3 keV.
(Fig. 3) Again, there is some evidence of weak dispersion
of the Fermi edge, at kinetic energies below (KE = 895 and
896 eV) and above (KE = 904 and 905 eV) the resonant
regime.
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As described above, the resonance is associated with the Ce
oxide and not the metallic Ce. This interpretation is confirmed
by a consideration of the spectra shown in Fig. 7. Here, the
results of measurements of metallic Ce, carried out in a similar
spectrometer, are presented.>*3 The resonance appears to be
far weaker in the metallic Ce than in the Ce oxide. The picture
of resonance enhancement with the transition from delocalized
to localized behavior is not new, and this interpretation is
consistent with a picture put forward earlier by Dowben.*® In
Dowben’s picture, delocalization serves to provide alternate,
interatomic decay channels that tend to subtract from the
resonant enhancement. Localization maximizes the resonance
by restricting access to these additional channels, instead
optimizing the decay via the indirect, intra-atomic channel
(Fig. 2) that is energy coincident with the IPES direct channel.

Finally, it is useful to compare our results to those of
Liefeld, Burr, and Chamberlain.” Our RIPES spectroscopic
results essentially are in complete agreement with theirs. The
photon energy dependences at both the Ce M« (3ds,>) and M B
(3d3,») thresholds are the same. Thus it seems very unlikely
that the source of their RIPES was Ce metal, but rather is
some sort of oxidized Ce, although the exact nature of the
oxidation, either cerium oxide or cerium fluoride, remains
unknown.

IV. SUMMARY AND CONCLUSIONS

Strong resonant behavior in the IPES of a thin layer of Ce
oxide, near the Ce 3d edges, has been observed. It confirms
the picture of resonance enhancement with localization and
explains the observations of Liefeld, Burr and Chamberlain
from 35 years ago.
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