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Photon-excited yttriumM IV,V , and electron-excited oxygenK x-ray emission spectra for yttrium oxide are
presented. It is shown that, as in the case of yttrium metal, the decay ofM IV vacancies does not contribute
substantially to the oxideM IV,V emission. The valence emission is interpreted in a one-electron picture as a
measure of the localp-type partial density of states. The yttrium and oxygen valence emission bands are very
similar and strongly resemble published photoelectron spectra. Using local-density approximation electronic
structure calculations, we show that the broadening of the Y-4p signal in yttrium oxide relative to Y metal are
due to two inequivalent yttrium sites in Y2O3. Features present in the oxide, but not the metal spectrum, are the
result of overlap~hybridization! between the Y-4p wave function and states in the oxygen 2s subband.
@S0163-1829~96!07245-1#

INTRODUCTION

The electronic structure of yttria, Y2O3, has recently been
examined by a first-principles self-consistent band-structure
calculation1 as well as via x-ray photoelectron
spectroscopy.2,3 The first-principles treatment1 describes the
electronic partial density of states in the valence and conduc-
tion region. We have extended these calculations to include
contributions to the density of states from the shallow Y-4p
and O-2s core levels. Soft x-ray emission spectroscopy pro-
vides a bulk-sensitive measure of the occupied electronic
partial density of states which is complementary to the total
density of state information provided by photoelectron spec-
troscopy. YttriumMV and oxygenK emission measure-
ments, which are sensitive to thep-type partial density of
states at the yttrium and oxygen sites, shall be presented.
Previous measurements of the YMV emission spectrum of
Y2O3 have been reported,4 however, overlapping transitions
into Y 3p vacancies contributed to the measured intensity in
the valence region. The present measurement avoids this
problem through selective excitation of the emission spec-
trum via a monochromatized photon beam.

In x-ray emission spectroscopy an electron or a photon
beam is used to generate vacancies in the core levels of at-
oms within a specimen. The energy distribution of the x-rays
emitted as electrons drop into core-level vacancies from oc-
cupied valence states depends upon the product of the matrix
element connecting the initial core vacancy with the valence
states and upon the local density of electronic states at the
site of the initial core vacancy. The x-ray emission process
obeys the dipole selection rule; consequently an x-ray emis-
sion spectrum also resolves the angular momentum of elec-
tronic states. Aside from a factor of photon energy cubed
~which arises from the photon density of states and the di-

pole approximation! the matrix element connecting the initial
and final states is often only weakly energy dependent over
the limited energy extent of the valence band; particularly
when the measurement is sensitive to valence levels of only
one angular momentum symmetry.

Soft x-ray emission is insensitive to sample charging, be-
cause photons rather than low energy electrons are detected,
which complicates photoelectron studies of insulating
samples. In addition, photons have an absorption length in
solids greater than the mean free path of low energy elec-
trons which renders x-ray emission spectroscopy less surface
sensitive than photoelectron spectroscopy. At the soft x-ray
energies examined in this study atomic absorption data5 may
be used to estimate the average depth of sample probed:
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Heremi andm0 are the absorption coefficients of the ingoing
and outgoing radiation whileui and u0 are the angles the
incident and outgoing photon beams make with respect to the
surface normal. The yttrium oxideMV emission spectra pre-
sented below originate within the Y2O3 from an average
depth of;500 Å.

EXPERIMENT

The soft x-ray emission experiments were performed on
beamline U-10A at the National Synchrotron Light Source at
Brookhaven National Laboratory. The apparatus installed
there incorporates facilities to generate core vacancies within
a sample employing either an incident electron beam~0.5–5
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keV!, white light, or monochromatized synchrotron radia-
tion. The monochromator is based on a variable-line-spaced
grating design,6 and is tunable in the range from 40 to 280
eV. For typical operating conditions yield a photon flux of
;231013 photons/sec on a 2 mm2 spot on the sample.

Light emitted from the sample was energy analyzed by a
grating spectrometer and a computer-interfaced multichannel
detector. The instrumentation has been described in more
detail elsewhere.7–9 The spectrometer resolution employed
while measuring the spectra was 0.3 eV. The pressure in the
sample chamber was below 10211 Pa during the measure-
ments.

The Y2O3 samples were pressed pellets of commercially
available high-purity powder~99.99%!. Emission from
yttrium metal ~99.9%! was also examined for comparison.
The vacuum chamber was baked at a temperature of 450 K
for 12 h prior to the measurements. This procedure is not
expected to modify the sample stoichiometry as vacuum an-
nealing at temperatures near 2000 K is required to decom-
pose Y2O3 in vacuum.2 The experiments were conducted
with the samples at room temperature. There was no evi-
dence of sample decomposition induced by the incident pho-
ton or electron beams. The samples were white when in-
serted into the vacuum chamber and remained white
throughout the experiment. The energy calibration of the
spectrometer was verified by examining the position of the
Fermi edge inL II,III emission spectra~Fermi edge toL III
transition energy: 72.8 eV! from a piece of aluminum foil
mounted on the sample manipulator. Multiple order diffrac-
tion features were used to verify that the spectrometer cali-
bration uncertainty was less than 0.2 eV over the entire en-
ergy range~50–200 eV! of the 600 line/mm grating. The
4p→3d transition in yttrium metal was observed at 132.2
60.2 eV ~93.860.2 Å! in agreement with the precise mea-
surements by Crisp~93.5560.03 Å!.10

Several phenomena can alter or complicate the interpreta-
tion of x-ray emission spectra. Among these are the energy
dependence of the spectrometer response, reabsorption of ra-
diation emitted within the sample~self-absorption!, and sat-
ellite emission features.

All data presented below have been corrected for the en-
ergy dependence of the spectrometer sensitivity which was
determined by comparing the Bremsstrahlung profile in
electron-beam excited spectra from Al and Cu samples with
literature reports11 of these profiles obtained with incident
electrons of the same energy as those employed here. In any
event the sensitivity of the spectrometer response does not
vary significantly~,7%! over the relatively narrow energy
range of the valence emission band. The valence emission is
consequently insensitive to slight errors in our knowledge of
the spectrometer response.

The emission spectra presented below have not been cor-
rected for sample self-absorption. An energy-dependent esti-
mate of the absorption coefficient within the compound can
be made using atomic photoionization cross section data5

and the sample density.12 A correction factor to take into
account the reabsorption of soft x rays within the sample can
be expressed in terms of the absorption coefficients of the
ingoing and emitted radiation and geometrical factors:

I corrected5Imeasured$11@m0sec~u0!/m isec~u i !#%,

whereui is the angle between the sample’s surface normal
and the incident radiation beam andu0 is the angle between
the normal and the detector. The quantitiesmi andm0 are,
respectively, the absorption coefficients for the incoming and
outgoing radiation beams. Over the energy range of the Y
3d5/2→valence transitions this correction factor varies by ap-
proximately 3%. Due to uncertainty in the absorption data
and the small magnitude of the effect no correction for self-
absorption was applied.

Short-wavelength satellite contributions to emission spec-
tra are known to arise from transitions in multiply excited
atoms.13 ~Long wavelength satellites are generally rather
weak.14! These multiply excited atoms may be formed
through Auger decay of deeply bound core levels into a
spectator vacancy and a vacancy in a level that is subse-
quently involved in radiative decay.12,15Use of a monochro-
matized photon beam to generate the core vacancies facili-
tates excitation at energies below those required to excite
more tightly bound core levels, thereby eliminating the Au-
ger mechanism of spectator vacancy generation. Excitation
near threshold can also eliminate the possibility that direct
multiple excitation or overlapping features from transitions
involving more tightly bound states contribute to the emis-
sion spectra. TheMV threshold in Y metal is 155.8 eV. Pho-
ton energies near 170 eV were used to excite the yttrium
spectra presented below. The bandwidth of the incident syn-
chrotron radiation employed was 1.4 eV~full width at half
maximum!. Under these excitation conditions both overlap-
ping emission features due to 3p→3d transitions and
spectator-vacancy satellite contributions to the emission
spectra are eliminated.

COMPUTATIONAL METHOD

For the calculation of the electronic structure of yttria the
linear muffin tin orbital~LMTO! method within the atomic
sphere approximation was used.16 The sphere radii for the
different species in the crystal were taken to be equal. Ex-
change and correlation effects for the electron gas were
treated within the local density approximation of density
functional theory, employing the exchange correlation poten-
tial as parametrized by Hedin and Lundquist.17 Yttria crys-
tallizes in the bixbyite structure18 which is a body-centered-
cubic structure~space group number 206,Th

7!. The Y atoms
occupy positions 8a and 24d, the oxygen atoms are at 48e,
and empty spheres were placed at 16c in order to improve
the packing of the crystal. In total, the primitive cell contains
48 sites.

All electrons in the system were treated self-consistently.
Since the Y-4p states and the O-2s states form narrow
bands, these states were treated in a separate linearization
panel. Thus the lower panel describes the Y-4p and O-2s
derived bands, while the upper panel pertains to Y-5s, 5p,
4d, and O-2p states. The basis for the Y atoms includess, p,
andd-type functions in each panel. Oxygen atoms and empty
spheres are described withs and p-type functions in each
panel. Since the spin-orbit effect greatly affects the Y 4p
states, the spin orbit interaction was included in the Hamil-
tonian variationally.19 Solutions for the low lying core states
were obtained from the Dirac equation. The irreducible
1/48th part of the Brillouin zone was sampled with a tetra-
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hedron method based on 220k points. The total energy was
converged to better than 0.1 meV in the self-consistent pro-
cedure. A similar calculation was performed for hexagonal-
close-packed Y metal, at the experimental lattice constant
andc/a ratio.

Yttria was found to be an insulator with a band gap of
about 4.5 eV. The valence band is strongly dominated by the
contribution of the O-2p states. About 15 eV below the top
of the valence band an O 2s subband with a width of ap-
proximately 1 eV is found, and around 19 eV below the top
of the valence band the Y-4p states produce a strongly
peaked manifold, as shown in Fig. 1. The spin-orbit splitting
between the 4p1/2 and 4p3/2 levels is about 1.2 eV, and the
broadening of the manifold due to the inequivalent Y atoms
is estimated to be 0.5 eV.

Yttrium metal is characterized by a 4.3 eV wide, 5s/4d
dominated valence band, although right at the Fermi level
the p-type density of states is significant. Around 23 eV
below the Fermi level the 4p1/2 and 4p3/2-derived bands are
split by about 1.2 eV.

The results found in Ref. 1 compare well with the calcu-
lated density of states~DOS! presented here, albeit that the
band gap in Ref. 1 is only 2 eV wide. The width of the
valence band~3.6 eV! and the atom resolved DOS in Ref. 1
agree very well with the present data.

RESULTS AND DISCUSSION

Figure 1 illustrates the measured emission spectra~the
dotted curves in the upper half of the figure! and the calcu-
lated total density of states~the two curves in the lower half
of the figure! from the valence region into a Y 3d5/2 core

vacancy in yttria and in yttrium metal. The sharp edge in the
yttrium metal soft-x-ray emission spectrum for an emitted
photon energy of 155.960.2 eV corresponds to the Fermi
level and is in good agreement with our calculation. The
peak at 132.360.2 eV is due to photons emitted as electrons
from the yttrium 4p3/2 level drop into an initial 3d5/2 va-
cancy. Photoemission measurements place the binding en-
ergy of the yttrium 3d5/2 level with respect to the Fermi level
of the metal at 155.8 eV.20 Transitions from the 4p1/2 to the
3d3/2 core states are allowed, but not observed in the experi-
ment. Our calculation does include both the 4p1/2 and the
4p3/2-derived DOS, as can be seen in Fig. 1. The difference
between the photoelectron binding energies of the 4p3/2 and
3d5/2 yttrium core states is 132.7 eV, which is consistent
with the feature energies measured by x-ray emission. The
measurements may also be subject to different relaxation
shifts due to the response of other electrons in the sample to
the creation and annihilation of vacancies.

In the soft-x-ray spectrum we might also expect to ob-
serve a second Fermi edge and a second core-core feature
arising from transitions into 3d3/2 vacancies. However, nei-
ther a second Fermi edge at the binding energy of the 3d3/2
level ~157.7 eV!,20 nor a second core-core transition
(3d3/2→4p1/2) is observed. This observation is consistent
with previous reports that the 3d3/2→4p1/2 transition appears
with approximately 2% the intensity of the corresponding
3d5/2→4p3/2 transition for all the early 4d transition
metals.10

The valence band in yttrium metal is derived largely from
yttrium 5s and 4d states. TheMV spectra presented here are
sensitive to states ofp-type symmetry. The observed valence
emission likely arises as a consequence of hybridization be-
tween the dominant valence states with the yttrium 5p lev-
els, as observed in the calculated DOS for Y metal.

In the lower half of Fig. 1 the calculated total densities of
states for the 4p shallow core states and the valence bands of
the metal and the oxide is compared to the soft-x-ray emis-
sion from yttria and yttrium metal. The yttrium oxide x-ray
spectrum exhibits a valence emission band centered near a
transition energy of 152 eV. Furthermore, the 3d5/2→4p3/2
core-core transition is broadened in the oxide with respect to
its profile for yttrium metal because the yttrium in the oxide
is distributed over two non-equivalent sites which results in
slightly different 4p binding energies~about 0.5 eV!. The
DOS associated with the oxygen 2s subband in the oxide is
also shown in the density of states and its presence in the
x-ray emission spectrum is due to the interaction of Y-4p
electrons with oxygen atoms. This idea is reinforced by the
experimental observations presented in the following para-
graphs.

The chemical shift in core-level binding energy that ac-
companies compound formation is nearly the same for all
core levels and it is observed that the core-core transition for
the oxide is not shifted in energy with respect to the transi-
tion in the metallic sample. Note also that no additional
emission peak due to the 3d3/2→4p1/2 transition appears
near the expected transition energy of 133.3 eV. This sug-
gests that transitions into 3d3/2 vacancies do not contribute to
the oxide emission spectrum either.

To verify this hypothesis, measurements were conducted
for several values of the excitation photon energy, including

FIG. 1. Soft x-ray emission spectra for transitions into yttrium
3d vacancies in yttrium metal and in yttrium oxide shown as dotted
curves in the upper half of the figure. For clarity the yttrium oxide
data has been offset along the vertical axis as indicated. The yttrium
metal data has been multiplied by a factor of ten in the valence
region. The calculated total density of states for yttria and yttrium
metal are shown as solid lines in the lower half of the figure. The
doublet structure at photon energies of 131.5 and 134 eV is the
DOS associated with the Y-4p1/2 and 4p3/2 levels, respectively.
States at energies greater than the Fermi energy,EF , are unoccu-
pied.
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170.1, 159.6, and 157.4 eV. Based on photoelectron spec-
troscopy the binding energy of the Y 3d5/2 level in Y2O3 is
158.6 eV, while the Y 3d3/2 level is characterized by a bind-
ing energy of 160.6 eV.18–21The incident beam energy was
tuned to photon energies near the core-level threshold. For
each excitation energy the core-core emission spectrum was
observed. For an excitation energy of 159.6 eV the 3d3/2
threshold lies above while the 3d5/2 threshold lies below the
center of the excitation-source energy distribution~FWHM
51.4 eV! and the excitation probability for the 3d3/2 level is
greatly reduced~by approximately a factor of 9! relative to
that of the 3d5/2 level. As illustrated in Fig. 2, no excitation-
energy-dependent change in the profile of the emission spec-
trum was observed. This lack of change demonstrates that
transitions into 3d3/2 vacancies do not contribute substan-
tially to the oxide emission spectrum.~Note that the distinc-
tion between photoelectron binding energy and absorption
threshold is unimportant for the case of yttrium oxide since
the absorption edge chemical shift and the XPS chemical
shift between the metal and the oxide are nearly the same.2!

The emission spectrum induced by 157.4 eV incident ra-
diation was also unaltered in appearance, although the total
emission intensity was of course significantly reduced. For
clarity the spectra presented in the figure were scaled so that
the peak would appear with the same intensity.

The spectrum for yttria exhibits a feature near the
3d→4p core-core transition that does not appear in the me-
tallic emission spectrum. The feature is centered approxi-
mately 15 eV below the valence band. Photoemission from
yttrium oxide ~Ref. 3, Fig. 6! also shows the oxygen-2s de-
rived band;15 eV below the valence band. In our calcula-
tions the Y-4p and O-2s levels were treated as band states.
A look at the DOS~Fig. 1! clearly shows that the feature 15
eV below the valence band is due to the presence of the
oxygen 2s band. From the angular momentum decomposed
DOS it is seen that Y-4p states contribute to the DOS at
216.5 eV, indicating significant overlap of Y-4p states at
the O site. In view of the bixbyite structure, this can be
understood from the fourfold coordination of Y by oxygen
atoms~distance;2 A!. Inspection of the Y-4p partial wave
function as calculated with the LMTO method revealed that

there is considerable overlap of the 4p states with the nearest
neighbor oxygen sites.

For comparison Fig. 3 shows the emission spectrum of
Nb2O5. The spectrum was obtained employing an incident 3
keV electron beam at a current density of;5 mA/mm2. The
niobium oxide spectrum also shows an emission peak ap-
proximately 15 eV below the upper valence emission band.
Again the position of this feature is coincident with the rela-
tive location of the oxygen 2s peak and the valence band in
photoemission data for Nb2O5 grown on an Nb surface.22

The binding energy of the 4p level is greater for Nb than Y.
This is reflected by the greater separation between the nio-
bium 3d5/2→4p3/2 core-core transition and the hybridized
oxygen 2s band. Comparison of electron and photon excited
spectra indicate that for the case of yttriumMV emission
short-wavelength satellite contributions to the spectrum ap-
pear only through slight broadening of the emission features
and added intensity in the transition energy range between
the valence emission band and the 3d→4p core-core transi-
tion. It is likely that satellite emission features do not con-
tribute substantially to niobiumMV spectra either, particu-
larly in light of the Lorentzian shape of the 3d→4p
transition.

The data presented in Fig. 1 and Fig. 2 demonstrate that
only transitions into Y 3d5/2 ~MV! vacancies contribute sig-
nificantly to the yttrium emission spectra presented here.
This is convenient for determination of valence partial den-
sity of state information in that it implies that deconvolution
of the valence emission data intoM IV andMV contributions
is not required. In Fig. 4 we present the YMV and oxygenK
valence emission data. The YMV emission was excited by
an incident beam of 170 eV photons. The oxygen x-ray emis-
sion spectrum was measured in the fifth order of diffraction
from the spectrometer grating and was excited by a 20mA, 3
keV electron beam. The measured spectra have been divided
by the cube of the photon energy to correct for the depen-
dence of transition rate on the photon density of states in the
final state within the dipole approximation. If the transition
rate between the initial and final electronic states is otherwise
not dependent on energy, the spectra are proportional to the
yttrium p-type and oxygenp-type partial density of states.
The oxygenK emission has been scaled to have the same

FIG. 2. The excitation-energy dependence of the yttrium oxide
soft-x-ray emission spectrum in the region of the 3d→4p core-core
transition.

FIG. 3. NiobiumMV emission in Nb2O5. Note the weak emis-
sion feature near 185 eV.
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intensity as the yttrium data. It has been displayed in the
same graph as the yttrium emission to facilitate comparison
of the two profiles. Also displayed is our calculated O-2p-
and Y-5p-derived DOS. The photoelectron spectroscopy
data from Ref. 3 is shown as the solid line, and has been
scaled in intensity and displaced in energy to align the peak
of the photoelectron spectrum with that of the x-ray emis-
sion. The calculated curves have also been aligned so that
they are centered at the emission peak. The calculated Y-5p
partial density of states is similar to the O-2p DOS, except
that the Y-5p DOS is much less intense. Therefore, the va-
lence band has a small contribution from Y-5p states, be-
sides Y-5s, Y-4d, and O-2p. The similarity of the experi-
mental spectra at the oxygen and yttrium sites indicates that
the band structure is indeed pervasive, i.e., Y-5p states par-
ticipate in the formation of the valence band of Y2O3.

Note that the high energy side of the oxygen emission
spectrum probably includes satellite emission contributions,
since it was excited with an electron beam substantially more
energetic than the oxygenK threshold.

If the relaxation shifts due to screening of the electronic
vacancies involved in x-ray emission and photoemission
were the same, it would be possible to reference the x-ray
emission data to the Fermi level via the binding energy of the
Y 3d5/2 and O 1s levels. For metals, good agreement be-
tween the energy of features measured via photoemission
and x-ray emission is usually obtained. This was the case for
the yttrium metal data presented in Fig. 1. For insulators
relaxation energies may displace x-ray emission and photo-
electron spectra with respect to each other by several eV. In
the absence of a Fermi edge that may be directly observed in
the x-ray emission spectra we are thus unable to refer the
spectra to an absolute binding energy scale. On the basis of
the similarity in the shape of the oxygen and yttrium emis-

sion spectra we have aligned them to peak at the same loca-
tion in Fig. 4.

The x-ray emission spectra are rather similar to the low
binding energy~high transition energy! portion of the va-
lence photoemission spectrum. At higher binding energies
the valence photoemission exhibits a ‘‘tail’’ that is not repro-
duced in the x-ray emission. This difference may reflect a
contribution to the photoelectron spectrum from states of
other thanp-type local symmetry; it may arise from a satel-
lite in the photoelectron spectrum; or, as has been
suggested,1 it may reflect defect related electronic structure,
particularly if the defects are localized at the surface~where
the defect contribution would be unobserved in x-ray emis-
sion due to the difference in probe depth!. There is also good
agreement between theMV x-ray emission spectra reported
here and energy difference of the valence band emission
peak and the yttrium 4p emission feature in photoelectron
spectra~Ref. 2, Fig. 6!.

The measured spectra are of course broadened with re-
spect to the calculations presented in Ref. 1 both as a conse-
quence of vacancy lifetime and instrumental response. The
Lorentzian profile of the 3d5/2→4p3/2 core-core transition
and the sharp Fermi edge observed for the yttrium metal
spectra imply that the broadening is mainly intrinsic. Con-
sidering experimental broadening the calculated Y-5p @Ref.
1, Fig. 2~c!# partial density of states is similar in overall
width to the measured emission spectrum; however, the
sharp change in the slope of the YMV spectrum at 149 eV
implies that the experimental broadening is smaller than that
required to smooth structure in the calculated Y-5p partial
density of states to the level required for it to be unobserved
in the experimental profile. The experiment implies a larger
contribution to the density of states near the center of the
valence band.

In a comparison between spectrographic results and
ground state electronic structural calculations it must be un-
derstood that both photoemission and x-ray emission spectra
measure transitions into or between excited states. The re-
sponse of other electrons in the system to the creation and
annihilation of vacancies could in principle change the mea-
sured distribution of emitted photons by other than a uniform
relaxation shift. This however seems unlikely in light of the
level of agreement between the oxygen and yttrium x-ray
emission spectra as well as the photoelectron results. The
agreement between the spectra requires that any such redis-
tribution of the electronic states be the same at the yttrium
and oxygen sites and in the description of the photoemission
process.

SUMMARY

The x rays emitted during electronic transitions from the
valence band into YMV and oxygenK level vacancies have
been energy analyzed. The x-ray energy distributions so ob-
tained were interpreted using yttriump-type and oxygen
p-type partial density of states information generated from a
one-electron density functional calculation. The yttrium and
oxygen valence spectra are very similar in shape and also
conform closely to the x-ray photoelectron spectrum. Com-
parison of photoelectron data and our calculations with the
yttrium x-ray emission spectrum in the region of the

FIG. 4. The yttriumMV valence emission band~crosses! com-
pared with the oxygenK emission band~diamonds!. The spectra
have been divided by the cube of the photon energy to obtain the
p-type local partial density of states. Also reproduced are photo-
electron data and the calculated oxygen-2p partial density of states,
as well as the yttrium-5p density of states.
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3d5/2→4p3/2 transition reveals significant overlap of the
Y-4p wave functions at the oxygen site, thereby hybridizing
with the oxygen 2s subband. In view of the bixbyite struc-
ture for Y2O3 this points toward a strong interaction between
Y atoms and the four oxygen atoms that are closest. As a
result a signal is detected in the experimental spectrum at
binding energies where the O-2s subband is located. Broad-
ening of the 3d5/2→4p3/2 transition with respect to Y metal is
due to the two nonequivalent types of Y atoms in Y2O3. This
inequivalence gives rise to a 0.5 eV difference in the position
of the contributions to the 4p3/2-derived band. NiobiumMV
emission data in Nb2O5 supports this interpretation.
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