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Photon-excited yttriunMy,\, , and electron-excited oxygef x-ray emission spectra for yttrium oxide are
presented. It is shown that, as in the case of yttrium metal, the decklyof/acancies does not contribute
substantially to the oxid#,,,, emission. The valence emission is interpreted in a one-electron picture as a
measure of the locg-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 thgignal in yttrium oxide relative to Y metal are
due to two inequivalent yttrium sites in,®5. Features present in the oxide, but not the metal spectrum, are the
result of overlap(hybridization between the Y-p wave function and states in the oxyges &ubband.
[S0163-182896)07245-1

INTRODUCTION pole approximationthe matrix element connecting the initial
and final states is often only weakly energy dependent over
The electronic structure of yttria, 05, has recently been the limited energy extent of the valence band; particularly
examined by a first-principles self-consistent band-structur&vhen the measurement is sensitive to valence levels of only
calculatiod as well as via x-ray photoelectron one angular momentum symmetry.
spectroscopy:> The first-principles treatmehtlescribes the Soft x-ray emission is insensitive to sample charging, be-
electronic partial density of states in the valence and condugause photons rather than low energy electrons are detected,
tion region. We have extended these calculations to includwhich complicates photoelectron studies of insulating
contributions to the density of states from the shallow fY-4 samples. In addition, photons have an absorption length in
and O-Z core levels. Soft x-ray emission spectroscopy pro-solids greater than the mean free path of low energy elec-
vides a bulk-sensitive measure of the occupied electronitrons which renders x-ray emission spectroscopy less surface
partial density of states which is complementary to the totabensitive than photoelectron spectroscopy. At the soft x-ray
density of state information provided by photoelectron specenergies examined in this study atomic absorption°datay
troscopy. Yttrium M, and oxygenK emission measure- be used to estimate the average depth of sample probed:
ments, which are sensitive to thetype partial density of

states at the yttrium and oxygen sites, _shall be presented. z exg (— i — po)z]dz

Previous measurements of theM,, emission spectrum of

Y05 have been reportéthowever, overlapping transitions Zay= 09 6;)c0g bp) — -

into Y 3p vacancies contributed to the measured intensity in f exfd (— ui—pmo)zldz
0

the valence region. The present measurement avoids this

problem through selective excitation of the emission specHere 1, and u, are the absorption coefficients of the ingoing
trum via a monochromatized photon beam. and outgoing radiation whil@, and ¢, are the angles the

In x-ray emission spectroscopy an electron or a photofincident and outgoing photon beams make with respect to the
beam is used to generate vacancies in the core levels of ajyrface normal. The yttrium oxidd,, emission spectra pre-

oms within a specimen. The energy distribution of the x-rayssented below originate within the ,®; from an average
emitted as electrons drop into core-level vacancies from ocdepth of~500 A.

cupied valence states depends upon the product of the matrix

element connecting the initial core vacancy wi.th the valence EXPERIMENT

states and upon the local density of electronic states at the

site of the initial core vacancy. The x-ray emission process The soft x-ray emission experiments were performed on
obeys the dipole selection rule; consequently an x-ray emisdeamline U-10A at the National Synchrotron Light Source at
sion spectrum also resolves the angular momentum of ele®rookhaven National Laboratory. The apparatus installed
tronic states. Aside from a factor of photon energy cubedhere incorporates facilities to generate core vacancies within
(which arises from the photon density of states and the dia sample employing either an incident electron béars—5
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keV), white light, or monochromatized synchrotron radia- where 8 is the angle between the sample’s surface normal
tion. The monochromator is based on a variable-line-spacednd the incident radiation beam a#glis the angle between
grating desigrf, and is tunable in the range from 40 to 280 the normal and the detector. The quantitigsand u, are,
eV. For typical operating conditions yield a photon flux of respectively, the absorption coefficients for the incoming and
~2x10" photons/secma 2 mnt spot on the sample. outgoing radiation beams. Over the energy range of the Y
Light emitted from the sample was energy analyzed by é8ds,—Vvalence transitions this correction factor varies by ap-
grating spectrometer and a computer-interfaced multichanngroximately 3%. Due to uncertainty in the absorption data
detector. The instrumentation has been described in mor@nd the small magnitude of the effect no correction for self-
detail elsewheré-® The spectrometer resolution employed absorption was applied.
while measuring the spectra was 0.3 eV. The pressure in the Short-wavelength satellite contributions to emission spec-
sample chamber was below 10 Pa during the measure- tra are known to arise from transitions in multiply excited
ments. atoms™® (Long wavelength satellites are generally rather
The Y,0, samples were pressed pellets of commerciallyweak!®) These multiply excited atoms may be formed
available high-purity powder(99.99%. Emission from through Auger decay of deeply bound core levels into a
yttrium metal (99.9% was also examined for comparison. spectator vacancy and a vacancy in a level that is subse-
The vacuum chamber was baked at a temperature of 450 Huently involved in radiative decdy:'°Use of a monochro-
for 12 h prior to the measurements. This procedure is nomatized photon beam to generate the core vacancies facili-
expected to modify the sample stoichiometry as vacuum artates excitation at energies below those required to excite
nealing at temperatures near 2000 K is required to deconmore tightly bound core levels, thereby eliminating the Au-
pose Y0, in vacuum? The experiments were conducted ger mechanism of spectator vacancy generation. Excitation
with the samples at room temperature. There was no eviRear threshold can also eliminate the possibility that direct
dence of sample decomposition induced by the incident phanultiple excitation or overlapping features from transitions
ton or electron beams. The samples were white when innvolving more tightly bound states contribute to the emis-
serted into the vacuum chamber and remained whitsion spectra. Th#l,, threshold in Y metal is 155.8 eV. Pho-
throughout the experiment. The energy calibration of theon energies near 170 eV were used to excite the yttrium
spectrometer was verified by examining the position of thespectra presented below. The bandwidth of the incident syn-
Fermi edge inL,,, emission spectrdFermi edge tolL, chrotron radiation employed was 1.4 dWll width at half
transition energy: 72.8 evirom a piece of aluminum foil maximumn). Under these excitation conditions both overlap-
mounted on the sample manipulator. Multiple order diffrac-ping emission features due top3-3d transitions and
tion features were used to verify that the spectrometer calispectator-vacancy satellite contributions to the emission
bration uncertainty was less than 0.2 eV over the entire enspectra are eliminated.
ergy range(50-200 eV of the 600 line/mm grating. The
4p—3d transition in yttrium metal was observed at 132.2
+0.2 eV (93.8+0.2 A) in agreement with the precise mea- COMPUTATIONAL METHOD
surements by Crisf93.55+0.03 A).1°
Several phenomena can alter or complicate the interpretfl\l—n
tion of x-ray emission spectra. Among these are the energy
dependence of the spectrometer response, reabsorption of
diation emitted within the sampleself-absorption and sat-
ellite emission features.

For the calculation of the electronic structure of yttria the
ear muffin tin orbital(LMTO) method within the atomic
here approximation was us¥dThe sphere radii for the
ferent species in the crystal were taken to be equal. Ex-
change and correlation effects for the electron gas were

All d below h b d for th treated within the local density approximation of density
ata presented below have been corrected 1or the efy,qiqnq) theory, employing the exchange correlation poten-

ergy de_pendence of the_ spectrometer sensitivity whic_h Wagal as parametrized by Hedin and Lundquisirttria crys-
determined by comparing the Bremsstrahlung profile ingjize5'in the bixbyite structut®which is a body-centered-
glectron-beam excited spectra from Al a_nd Cu .Sa”.‘p'?S Wltl&ubic structuréspace group number 208,). The Y atoms
literature reports of these profiles obtained with incident occupy positions & and 241, the oxygen atoms are at é8
electrons of the same energy as those employed here. In any q empty spheres were placed at 16 order to improve

event the sensitivity of the spectrometer response does nile nacking of the crystal. In total, the primitive cell contains
vary significantly(<7%) over the relatively narrow energy 48 sites

range of the valence emission band. The valence emission IS 5| gjectrons in the system were treated self-consistently.

consequently insensitive to slight errors in our knowledge OfSince the Y-4 states and the O=Lstates form narrow

the spectrqmgter response. bands, these states were treated in a separate linearization
The emission spectra presented below have not been ¢ anel. Thus the lower panel describes the Y-nd O-2

rected for sample self-absorption. An energy-dependent es erived bands, while the upper panel pertains tosyp,

mate of the absorption coefficient within the compound caryy and O-2 states. The basis for the Y atoms inclugep
be made using atomic photoionization cross sectionSdataan(’jd_type functions in each panel. Oxygen atoms and émpty

and the sample densﬂﬁ.A correction faptqr to take into spheres are described withand p-type functions in each
account the reabsorption of soft x rays within the sample ca anel. Since the spin-orbit effect greatly affects the ¥ 4

be expressed in terms of the absorption coefficients of thgates. the spin orbit interaction was included in the Hamil-

ingoing and emitted radiation and geometrical factors: tonian variationally*® Solutions for the low lying core states

were obtained from the Dirac equation. The irreducible
| comrected™ | measurelil + [ oS€C 0g)/ isec 6;) 1}, 1/48th part of the Brillouin zone was sampled with a tetra-
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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 155:980.2 eV corresponds to the Fermi

level and is in good agreement with our calculation. The
peak at 132.30.2 eV is due to photons emitted as electrons
from the yttrium 45, level drop into an initial 85, va-
cancy. Photoemission measurements place the binding en-
q ergy of the yttrium 35, level with respect to the Fermi level
] of the metal at 155.8 e¥P. Transitions from the g, to the
3d;,, core states are allowed, but not observed in the experi-
ment. Our calculation does include both thp;4 and the
4p4-derived DOS, as can be seen in Fig. 1. The difference
between the photoelectron binding energies of tpg.4and
3ds), 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 &;,, vacancies. However, nei-
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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 yttriu - .
metal data has been multiplied by a factor of ten in the valenc%}; \%Ia (i%(:?o;]d g\(; Z%“ ﬁg?eaatStgiot::gdlggrs_ncirrgey ?rfatrilt?i%i?)n

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(3d3/2_’4p1/2) is observed. This observation is consistent

doublet structure at photon energies of 131.5 and 134 eV is th&/ith previous reports that thed3 ,— 4p,, transition appears
DOS associated with the Yp4,, and 4ps, levels, respectively. with approximately 2% the intensity of the corresponding

States at energies greater than the Fermi endfgy,are unoccu- 3d5/2|—>1‘(')rp?,/2 transition for all the early @ transition

The valence band in yttrium metal is derived largely from
hedron method based on 2R(oints. The total energy was Ytrium 5s and 4d states. TheM, spectra presented here are
converged to better than 0.1 meV in the self-consistent prosensitive to states gf-type symmetry. The observed valence
cedure. A similar calculation was performed for hexagonal-emission likely arises as a consequence of hybridization be-
close-packed Y metal, at the experimental lattice constariveen the dominant valence states with the yttriumI|év-
andc/a ratio. els, as observed in the calculated DOS for Y metal.

Yttria was found to be an insulator with a band gap of In the lower half of Flg 1 the calculated total densities of
about 4.5 eV. The valence band is strongly dominated by th&tates for the g shallow core states and the valence bands of
contribution of the O-p states. About 15 eV below the top the metal and the oxide is compared to the soft-x-ray emis-
of the valence band an OsXubband with a width of ap- sion from yttria and yttrium metal. The yttrium oxide x-ray
proximately 1 eV is found, and around 19 eV below the topsPectrum exhibits a valence emission band centered near a
of the valence band the Yp4 states produce a strongly transition energy of 152 eV. Furthermore, thés3—4ps,
peaked manifold, as shown in Fig. 1. The spin-orbit splittingcore-core transition is broadened in the oxide with respect to
between the g,,, and 4o, levels is about 1.2 eV, and the its profile for yttrium metal because the yttrium in the oxide
broadening of the manifold due to the inequiva]ent Y atomg.s distributed over two non'equivalent sites which results in
is estimated to be 0.5 eV. slightly different 4p binding energiegabout 0.5 eV. The

Yttrium metal is characterized by a 4.3 eV wides/&d  DOS associated with the oxygers Bubband in the oxide is
dominated valence band, although right at the Fermi levelso shown in the density of states and its presence in the
the p-type density of states is significant. Around 23 eV X-ray emission spectrum is due to the interaction of jy-4
below the Fermi level the @, and 4p,,-derived bands are electrons with oxygen atoms. This idea is reinforced by the
split by about 1.2 eV. experimental observations presented in the following para-

The results found in Ref. 1 compare well with the calcu-9raphs.
lated density of state€DOS) presented here, albeit that the ~ The chemical shift in core-level binding energy that ac-
band gap in Ref. 1 is only 2 eV wide. The width of the companies compound formation is nearly the same for all

valence band3.6 eV) and the atom resolved DOS in Ref. 1 core levels and it is observed that the core-core transition for
agree very well with the present data. 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 thed3,—4p,, transition appears
near the expected transition energy of 133.3 eV. This sug-
gests that transitions intod3;, 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

RESULTS AND DISCUSSION

Figure 1 illustrates the measured emission spefttra
dotted curves in the upper half of the figuiend the calcu-
lated total density of stateshe two curves in the lower half
of the figure from the valence region iota Y 3ds,, core
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FIG. 2. The excitation-energy dependence of the yttrium oxide FIG. 3. NiobiumM,, emission in NBOs. Note the weak emis-
soft-x-ray emission spectrum in the region of tret-34p core-core  sion feature near 185 eV.

transition. . . .
there is considerable overlap of thp 4tates with the nearest

170.1, 159.6, and 157.4 eV. Based on photoelectron speaeighbor oxygen sites.
troscopy the binding energy of the Yd3, level in Y,O5 is For comparison Fig. 3 shows the emission spectrum of
158.6 eV, while the Y 33,% level is characterized by a bind- Nb,Os. The spectrum was obtained employing an incident 3
ing energy of 160.6 e¥¢~2! The incident beam energy was keV electron beam at a current density-05 uA/mm?. The
tuned to photon energies near the core-level threshold. Fariobium oxide spectrum also shows an emission peak ap-
each excitation energy the core-core emission spectrum wagsoximately 15 eV below the upper valence emission band.
observed. For an excitation energy of 159.6 eV thy,3 Again the position of this feature is coincident with the rela-
threshold lies above while thed3;, threshold lies below the tive location of the oxygen 2 peak and the valence band in
center of the excitation-source energy distributi®wHM photoemission data for NB grown on an Nb surfac#.
=1.4 eV) and the excitation probability for thed3,, level is  The binding energy of theptlevel is greater for Nb than Y.
greatly reducedby approximately a factor of)9relative to  This is reflected by the greater separation between the nio-
that of the 35, level. As illustrated in Fig. 2, no excitation- bium 3ds,—4p5, core-core transition and the hybridized
energy-dependent change in the profile of the emission speoxygen & band. Comparison of electron and photon excited
trum was observed. This lack of change demonstrates thapectra indicate that for the case of yttriuvh, emission
transitions into 8, vacancies do not contribute substan-short-wavelength satellite contributions to the spectrum ap-
tially to the oxide emission spectrurtNote that the distinc- pear only through slight broadening of the emission features
tion between photoelectron binding energy and absorptiomand added intensity in the transition energy range between
threshold is unimportant for the case of yttrium oxide sincethe valence emission band and th&-34p core-core transi-
the absorption edge chemical shift and the XPS chemicdion. It is likely that satellite emission features do not con-
shift between the metal and the oxide are nearly the $ame.tribute substantially to niobiunM,, spectra either, particu-
The emission spectrum induced by 157.4 eV incident ralarly in light of the Lorentzian shape of thed3-4p
diation was also unaltered in appearance, although the totaansition.
emission intensity was of course significantly reduced. For The data presented in Fig. 1 and Fig. 2 demonstrate that
clarity the spectra presented in the figure were scaled so thanly transitions into Y 8l5,, (M) vacancies contribute sig-
the peak would appear with the same intensity. nificantly to the yttrium emission spectra presented here.
The spectrum for yttria exhibits a feature near theThis is convenient for determination of valence partial den-
3d—4p core-core transition that does not appear in the mesity of state information in that it implies that deconvolution
tallic emission spectrum. The feature is centered approxief the valence emission data inkb,, andM,, contributions
mately 15 eV below the valence band. Photoemission fronis not required. In Fig. 4 we present theM,, and oxygerK
yttrium oxide (Ref. 3, Fig. 6 also shows the oxygensXle- valence emission data. The M,, emission was excited by
rived band~15 eV below the valence band. In our calcula- an incident beam of 170 eV photons. The oxygen x-ray emis-
tions the Y-4 and O-% levels were treated as band states.sion spectrum was measured in the fifth order of diffraction
A look at the DOS(Fig. 1) clearly shows that the feature 15 from the spectrometer grating and was excited by a203
eV below the valence band is due to the presence of thkeV electron beam. The measured spectra have been divided
oxygen & band. From the angular momentum decomposedy the cube of the photon energy to correct for the depen-
DOS it is seen that Y-g states contribute to the DOS at dence of transition rate on the photon density of states in the
—16.5 eV, indicating significant overlap of Ypdstates at final state within the dipole approximation. If the transition
the O site. In view of the bixbyite structure, this can berate between the initial and final electronic states is otherwise
understood from the fourfold coordination of Y by oxygen not dependent on energy, the spectra are proportional to the
atoms(distance~2 A). Inspection of the Y-# partial wave yttrium p-type and oxygerp-type partial density of states.
function as calculated with the LMTO method revealed thafThe oxygenK emission has been scaled to have the same



15038 DONALD R. MUELLER et al. 54

sion spectra we have aligned them to peak at the same loca-

Oxygen K Emission Energy (eV) tion in Fig. 4.
1010° m52°5 e 52:‘5' . 5285 |53f~5 e ~ The x-ray emission spectra are rather similar to the low
, o ] binding energy(high transition energyportion of the va-
. 3s10°f N ] lence photoemission spectrum. At higher binding energies
3 o ‘”‘% ] the valence photoemission exhibits a “tail” that is not repro-
o 3010} Mool . duced in the x-ray emission. This difference may reflect a
u § L ] contribution to the photoelectron spectrum from states of
s 2510* [ % °°*++ ] other thanp-type local symmetry; it may arise from a satel-
T so10t L : aiee  Calculated ] lite in the photoelectron spectrum; or, as has been
s 20 st~ A‘ﬁo/ ©#POS 1 suggested,it may reflect defect related electronic structure,
- 1s10°f I Lo ] particularly if the defects are localized at the surfasbere
£ 5 i % Satellite (7) the defect contribution would be unobserved in x-ray emis-
8 owrf  GANEs S % ] sion due to the difference in probe depthhere is also good
r 4 »&i’ oo agreement between thd,, x-ray emission spectra reported
5010°F . < *g&f:ofo%& o ] here and energy difference of the valence band emission
[ A . o )
I W%i:o%?‘%f S A s o] peak and the yttrium @ 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-
. o guence of vacancy lifetime and instrumental response. The

FIG. 4. The yttriumM,, valence emission ban@rossescom- | grentzian profile of the @y, —4ps, core-core transition
pared with the oxygerk emission banddiamonds. The spectra 54 the sharp Fermi edge observed for the yttrium metal
have been divided by the cube of the photon energy to obtain thgpectra imply that the broadening is mainly intrinsic. Con-
p-type local partial density of states. Also reproduced are photo-Sidering experimental broadening the calculatedpy[Ref.
electron data and _the calculat_ed oxygengfartial density of states, 1, Fig. 2c)] partial density of states is similar in overall
as well as the yttrium-5 density of states. width to the measured emission spectrum; however, the
esharp change in the slope of theM,, spectrum at 149 eV
H‘nplies that the experimental broadening is smaller than that
required to smooth structure in the calculated Y {sartial

143 145 147 149 151 153 155 157 159
Yttrium M Emission Energy (eV)

intensity as the yttrium data. It has been displayed in th
same graph as the yttrium emission to facilitate compariso
of the two profiles. Also displayed is our calculated @-2 . . X
and Y-Bp-derived DOS. The photoelectron spectroscopy’ ensity of states to the level required for it to be unobserved
data from Ref. 3 is shown as the solid line, and has beell! the experimental profile. The experiment implies a larger

scaled in intensity and displaced in energy to align the peaﬁolnt”bu“bOn éo the density of states near the center of the
of the photoelectron spectrum with that of the x-ray emis-Va'€nce band. .
¢ In a comparison between spectrographic results and

sion. The calculated curves have also been aligned so tha

they are centered at the emission peak. The calculate y.gdround state electronic structural calculations it must be un-
partial density of states is similar to the @-DOS, except derstood that both photoemission and x-ray emission spectra

that the Y-8 DOS is much less intense. Therefore, the va-T€asure transitions into or between excited states. _The re-
lence band has a small contribution from p-States, be- sponse ‘?f other electrons In th? system to the creation and
sides Y-5, Y-4d, and O-. The similarity of the experi- ann|h|la_t|0|j of.vacanC|e.s could in principle change the mea-
mental spectra at the oxygen and yttrium sites indicates thastuer Q|str|bgt|on qf emitted photons by o_ther t.harj a uniform
the band structure is indeed pervasive, i.e., [ <gates par- relaxation shift. This however seems unlikely in I|ght of the
ticipate in the formation of the valence band 0§04, level of agreement between the oxygen and yttrium x-ray

Note that the high energy side of the oxygen emissionemiSSion spectra as well as the photoelectron results. The

spectrum probably includes satellite emission contributions23réément between the spectra requires that any such redis-

since it was excited with an electron beam substantially morér ibution of thg eIectrqnic states b.e .the same at the yt.triu'm
energetic than the oxyge# threshold and oxygen sites and in the description of the photoemission

If the relaxation shifts due to screening of the electronicP"0¢€SS:
vacancies involved in x-ray emission and photoemission
were the same, it would be possible to reference the x-ray SUMMARY
emission data to the Fermi level via the binding energy of the
Y 3ds, and O I levels. For metals, good agreement be- The x rays emitted during electronic transitions from the
tween the energy of features measured via photoemissioralence band into YM,, and oxygerK level vacancies have
and x-ray emission is usually obtained. This was the case fdveen energy analyzed. The x-ray energy distributions so ob-
the yttrium metal data presented in Fig. 1. For insulatordained were interpreted using yttriup-type and oxygen
relaxation energies may displace x-ray emission and photg-type partial density of states information generated from a
electron spectra with respect to each other by several eV. lane-electron density functional calculation. The yttrium and
the absence of a Fermi edge that may be directly observed ioxygen valence spectra are very similar in shape and also
the x-ray emission spectra we are thus unable to refer theonform closely to the x-ray photoelectron spectrum. Com-
spectra to an absolute binding energy scale. On the basis parison of photoelectron data and our calculations with the
the similarity in the shape of the oxygen and yttrium emis-yttrium x-ray emission spectrum in the region of the
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