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High-resolution valence-band XPS spectra of the nonconductors quartz and olivine
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High-resolution core-level and valence-band x-ray photoelectron spectra (XPS) of the nonconductor sili-
cates, quartz, and two olivines ((Mg,Fe],SiO,, Mg rich and Fe rich) have been obtained with the Kratos
magnetic confinement charge compensation system which minimizes differential charge broadening. Observed
total linewidths are about 1.3 eV for several of the peaks in these spectra, much narrower than previously
obtained. The quartz and olivine valence-band spectra are very different, even though the dominant contribu-
tions to both come from molecular orbitals of SiO, groups. High-quality calculations of the band structure
using pseudopotential density functional theory with generalized gradient approximation (GGA) for quartz
yield a theoretical XPS valence-band spectrum in the Gelius approximation that is in excellent agreement with
the experimental spectrum. GGA+U (where U is the on-site Coulomb energy) calculations on Mg-rich and
Fe-rich olivines yield theoretical XPS spectra in good qualitative agreement with experiment. The valence-
band spectral contributions are readily assigned using the calculated partial density of states. For example, the
Fe 3d t,, and e, orbitals in M1 and M2 sites of the olivine are located at the top of the olivine valence band
and are readily resolved in both observed spectra and theoretical calculations. The valence-band spectrum of
quartz is about 3 eV more dispersed than the valence bands of the olivines and considerably greater than the
1.4 eV difference calculated previously. The difference in dispersion arises mainly from two effects. The
dispersion of the quartz valence band is primarily a response to the nature of metal atoms in the second
coordination sphere of the central Si atom of SiO, tetrahedra. For example, the Si- O moiety is more negatively
charged in olivine than in quartz because of the transfer of electrons from Mg to O-Si. The calculations
indicate very small Mg 2s contributions to the forsterite (Mg,SiO,4) valence band. Hence all Mg 2s electrons
effectively reside on O atoms (O 2p orbitals) and the Mg-O bond is ionic. Polymerization (network formation)
also contributes to dispersion in that it results in large splittings in the Si 3s and Si 3p partial density of states.
Fe 3d electrons of olivines are of both “bonding” and “nonbonding” according to the calculations. In the
Mg-rich olivine, the great majority of Fe 3d electrons are nonbonding and give rise to separate Fe 3d t,, and
e, peaks at the top of the valence band. The same no-bonding contributions are observed in Fe-rich olivine, but

O 2p contributions near the top of the valence band indicate appreciable Fe-O bonding.
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I. INTRODUCTION

Core-level x-ray photoelectron spectroscopy (XPS) has
been used for many years to study the surface reactivity of
nonconductor silicate minerals to determine surface elemen-
tal compositions and to study the mechanisms of reaction in
aqueous solutions.'” Because of the large and inconsistent
linewidths resulting from differential charging, core-level
chemical shifts generally have not been sufficient to obtain
chemical information on Si and other constituent elements of
silicates. Valence-band XPS spectra (often using low-energy
synchrotron sources) of semiconductor sulfides such as py-
rite (FeS,), for example, combined with theoretical calcula-
tions have been very useful to obtain bonding and reactivity
information.®” Such valence-band spectra should also be
useful to determine the bonding and reactivity of noncon-
ducting silicates.

The very low valence-band cross sections at 1487 eV
photon energy (Al Ka source) and differential charging prob-
lems make it extremely difficult to collect meaningful
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valence-band x-ray photoelectron spectra (VBXPS) of sili-
cates. Indeed, to the best of our knowledge, the VBXPS have
been reported on only two silicate minerals, a-quartz
(a-Si0,) (Refs. 8 and 9) and a Mg-rich olivine
([Mg,Fe],SiO,4) (Refs. 10 and 11), although VBXPS spectra
have been published for Na, Li, and Ca silicate glasseslz’13
and a number of analogous phosphate powders'* The good-
quality spectra of a-quartz have been compared with the
spectra of amorphous SiO, films on Si (Si substrate used to
alleviate charging problems) (Refs. 8 and 15) and with the-
oretical calculations.'®"!° The early reported VBXPS spectra
of the olivine!®!! were noisy, broad, and featureless, but
were used with x-ray emission spectra and theoretical
calculations®*?! to compare the bonding in olivine and quartz
in a qualitative manner.

Because of the very long counting times required to col-
lect high-resolution valence bands of nonconductors (typi-
cally several hours), the stability of the charge compensation
system of most XPS instruments is severely tested. The large
XPS linewidths from bulk nonconductors has been attributed
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to the differential charging of these surfaces,?” and electron
flood guns have been employed to try to minimize this
broadening.”® A recent development now makes it possible to
collect VBXPS spectra of nonconductor silicates (and all
nonconductors) with considerably greater resolution than
heretofore possible. The new Kratos XPS instruments use a
novel magnetic confinement charge compensation system?>*
which effectively eliminates differential charging in noncon-
ductors and yields narrower and consistent core-level line-
widths on nonconductor minerals, including a Mg-rich
olivine.? Indeed, the comparison of core-level XPS spectra
of analogous semiconductor and nonconductor minerals® in-
dicates that the nonconductor linewidths can be as narrow as
for the analogous semiconductor (0.5 eV at room tempera-
ture using a monochromatized Al Ka source).

Recent computational developments permit high-quality
band-structural calculations for solids, including quartz and
olivines.?*?® With this development, it is possible to assign
VBXPS contributions to spectra where available. In this re-
gard, we report high-resolution core and valence-band XPS
of a-quartz (SiO,) and two olivines, one Mg rich and the
other Fe rich [members of the forsterite (Mg,SiO,)-fayalite
(Fe,Si0y4) solid-solution series]. The collected spectra are
compared and contrasted with our density-functional-
theoretical calculations. The narrow linewidths (~1 eV) ob-
served in the olivine valence bands and the agreement with
calculations make it possible for the first time to unambigu-
ously assign these spectra. These valence-band spectra are
very sensitive chemically, and it is expected that similar ex-
perimental and theoretical studies will be very useful for un-
derstanding the physical and chemical properties of a large
number of silicate minerals and glasses, as well as nanocrys-
talline silica samples used for optoelectronic purposes.

II. EXPERIMENT

Gem-quality minerals were obtained for quartz and the
two olivines from the mineral collections at the University of
Western Ontario and the South Australian Museum. The Mg-
rich olivine ([Mggg;/Fe) 131,S10,) was taken from a sample
used for a previous core-level XPS study.?’ The Fe-rich oli-
vine was characterized both structurally (XRD spectra) and
compositionally by a JEOL JXA-8600 superprobe electron
microprobe, with the following result: (Mg 14Fe( 56)2Si0,.
All samples were cleaved in situ in the vacuum of the intro-
duction chamber (low-1073 torr range) system and immedi-
ately transferred to the analytical chamber where pressures
were in the low-10~ torr range. A Kratos axis ultra x-ray
photoelectron spectrometer (with magnetic confinement
charge compensation system) at Surface Science Western
(SSW) was used to collect the room-temperature XPS spec-
tra using Al K« radiation at 1487 eV and a 300-um spot size
for all analyses. A 10 eV pass energy was used to collect all
core levels (Si 2p, Mg 2p, and O 1s), and 20 eV pass energy
was employed to collect all valence-band spectra. The instru-
mental resolution at 10 eV pass energy is about 0.35 eV.?+?3
The low C 1s signal indicated minimal C contamination
(maximum of a few atomic percent C). The charge compen-
sation system was tested for effectiveness over a large range
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of settings with only small changes in linewidths. Optimal
settings yielded Si 2p;, linewidths of 1.0-1.1eV
(1.2—1.3 eV for O ls), and these were highly reproducible
over months of testing. The takeoff angle was usually 90°,
but spectra were also taken at a 60° takeoff angle. All bind-
ing energies were referenced to the adventitious C 1s peak at
285.0 eV.

Core-level spectra were fit with a 50%-Gaussian—50%-
Lorentzian function for doublets and 70%-Gaussian—30%-
Lorentzian function for the total spectral envelope. Spin-
orbit components were constrained to have the same
linewidths. The spin-orbit splitting was fixed to atomic val-
ues, and the p,, peak was constrained to half the intensity of
the p3, peak. The spin-orbit splitting parameters used are
0.617 eV for the Si 2p (Ref. 29) and 0.28 eV for Mg 2p.
(Ref. 30). Because of the constraints on the p;, position,
linewidth, and intensity, just the p3,, position and linewidth
were iterated to minimize the root-mean-square deviations
for a given spectrum. The Si and Mg orbital splittings were
unresolved in these spectra, so that peak widths [full width at
half maximum (FWHM)] were evaluated by the best visual
fit of the low-energy side of the Si 2p and Mg 2p peaks. All
spectra were corrected for the background using the Shirley
approach.3!

III. THEORY

Electronic structural calculations within the pseudopoten-
tial density function theory (DFT) with generalized gradient
approximation®” (GGA) were performed with the program
SIESTA.>? In these calculations the effect of core electrons is
replaced by a Troullier-Martin-type pseudopotential.** For
the valence orbitals, Sankey>> double-{ basis sets augmented
with a set of d-polarization functions were used for Si, O,
and Mg, and for Fe, a double-{ basis for Fe 3d and 4s aug-
mented with a 4p polarization function was employed. Cal-
culations were performed at the experimental geometries’® of
a-quartz (Si0,), Mg,SiO,, and Fe,SiO,. The calculation on
an Mg-rich (Fe-doped) olivine of (Mg ¢75Fe( 125)2Si04 com-
position used the same structure as Mg,SiO, with one Mg
out of eight replaced by Fe in the M2 site. The DFT was
found to give good electronic band structure for quartz and
forsterite  (Mg,Si0,). For (Mg s75F€eg 125)2Si04, spin-
polarized GGA calculations assuming the Fe atom is in the
high-spin state predicted an insulator ground state with a
small band gap. To investigate possible effects of orbital lo-
calization and correlations, calculations using the GGA+U
method?” as implemented in the electronic code VASPS (Ref.
38) were also performed. For Fe,SiO,, the localized density
approximation even with the GGA predicted, incorrectly, a
metallic ground state. In this case, to account for the electron
correlation effect, GGA+ U calculations were performed em-
ploying the parameters used in a recent calculation on
Fe,Si0,.%

Following the Gelius model,* the valence-level x-ray
photoelectron spectra were calculated from the theoretical
projected density of states of individual atoms weighted by
the corresponding theoretical atomic cross sections.*! All
peaks were broadened with a Gaussian experimental width of
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FIG. 1. Core-level XPS spectra of quartz: (a) Si 2p and (b) O 1s. Residuals from the least-squares fit are shown below the spectra.

0.37 eV, a value similar to the measured instrumental reso-
lution of 0.35 eV.

IV. RESULTS AND DISCUSSION
A. Core-level XPS spectra

Core-level XPS spectra for quartz and the Mg-rich olivine
are shown in Figs. 1 and 2 and core-level binding energies
and linewidths for individual spectra. Individual results are
given in Table I to illustrate the excellent reproducibility of
spectra taken on different parts of the same samples and on
different days. The fits to the spectra in Figs. 1 and 2 are
generally satisfactory, but the O 1s fits show considerable
deviations from the experiment, especially at high binding
energy, and probably are due to a small amount of OH™ on
the surface. The total Si 2p linewidth for the Mg-rich olivine
is 1.26 eV (the average of four independent spectra being
1.29 eV, Table I) and is similar to, but slightly narrower
than, that previously reported (1.36 eV) from a polished
sample using the same instrument.”> The linewidths of the
spin-orbit components (Si and Mg 2ps;, and 2p;,,) for this
sample are about 1.0 eV [Figs. 2(a) and 2(c)] whereas the Si

2p3p.12 linewidths for quartz [Fig. 1(a)] are slightly larger at
1.1 eV. Because of the problem of differential charge broad-
ening, there have been very few linewidths for any silicates
reported in the literature but most spectra taken on modern
monochromatic XPS instruments give linewidths greater
than 2 eV (for example, Si 2s and O 1s spectra of an Fe-rich
olivine* and Si 2p, Al 2p, and O 1s spectra of feldspars*?).
The Si 2p and O 1s binding energies for the quartz and
Mg-rich olivine spectra are in good agreement with recently
reported values*** once a correction to a common reference
energy is made (Au 4f at 84.0 eV). As noted previously,**
both O 1s and Si 2p binding energies (BE’s) for Mg-rich
olivine are about 1.8 eV lower than for quartz, which is con-
sistent with the O and Si in olivine being considerably more
negatively charged than the O and Si in quartz.

The Si 2p, Mg 2p, and O ls linewidths for quartz and
olivines in Table I are similar. The total Si 2p envelop line-
width on quartz (1.38 eV in Table I) is also similar to, but
less than, that reported previously (1.42 eV) from a high-
resolution synchrotron XPS study of a thin noncharging
amorphous SiO, layer on Si.** This conformity is testament
to the absence of differential charge broadening in our con-
ventional spectra (Figs. 1 and 2). As previously argued,? the
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FIG. 2. Core-level spectra of Mg-rich olivine (Mg g7Fe 13),Si04: (a) Si 2p, (b) O 1s, and (c) Mg 2p.

Si 2p linewidths are dominated by the final-state vibrational
splitting from the totally symmetric Si-O vibrational mode
in the two minerals. Indeed, the slightly narrower linewidths
observed in this study are better fit using the Si-O vibra-
tional pattern in the analog molecule Si(OCHj;), than the
spectrum reported in the previous paper [see Fig. 3(b) in Ref.
25]. The similar Si 2p, Mg 2p, and O 1s linewidths in our
three silicates strongly suggest that the linewidths of Mg 2p

and O 1s spectra are also the result of a vibrational envelope.
These linewidths must be very close to the minimum room-
temperature linewidths for our instrumental linewidth of
about 0.35 eV.2 For Si 2p XPS spectra of Si metal, there is
no vibrational broadening or differential charging and Si
2ps linewidths of <0.4 eV are obtained.** The final-state
vibrational broadening is not temperature dependent, but
phonon broadening of each vibrational peak is temperature

TABLE I. Binding energies® and total linewidths (eV) for XPS spectra.

Mineral Si2p FWHM O ls FWHM O 2s FWHM Mg 2p FWHM
Quartz 103.7 1.43 532.8 1.22 25.7 3.28

Quartz 103.5 1.42 532.6 1.28 25.5 3.15

Quartz 103.7 1.30 533.0 1.20 25.7 3.03

Qz average 103.6 1.38 532.8 1.23 25.6 3.15

Mg-rich olivine 101.9 1.33 531.2 1.28 50.4

Mg-rich olivine 101.6 1.27 530.8 1.26 23.0 2.94 50.0 1.10
Mg-rich olivine 101.8 1.26 531.0 1.25 232 297 50.2 1.05
Mg-rich olivine 101.6 1.30 530.8 1.26 23.0 2.99 50.0 1.05
Mg-rich olivine 101.7 1.29 531.0 1.26 23.1 297 50.2 1.07
average

Fe-rich olivine 101.9 1.30 531.2 1.26

4Calibrated relative to C 1s at 285.0 eV.
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FIG. 3. The “O 2s” and valence-band XPS spectra (VBXPS) of
(a) quartz and (b) Mg-rich olivine.

dependent and adds about 0.1 eV at room temperature to the
width of each of the ten vibrational peaks,* but less than
0.05 eV to the overall composite linewidths.

B. Valence-band spectra and qualitative interpretation

The valence-band spectra of quartz and Mg-rich olivine,
including the O 2s peaks near 25 eV, are shown in Fig. 3.
The quartz spectrum is similar to those published
previously,®? although our resolution is somewhat better, as
apparent from the better resolution of peaks 1 and 2 and the
deeper minimum between peaks 2 and 3. Our quartz spec-
trum is shifted about 5 eV to higher energy (calibrated with
C l1s at 285.0 eV) compared with previously reported spec-
tral energies; previous studies set the lowest-energy signal
(the “top” of the valence band) at 0 eV. The shift is neces-
sary to plot the quartz and olivine spectra on the same scale.
Furthermore, the 5 eV shift is consistent with our 0 eV being
a fictitious “Fermi” level at the midpoint of the ~10 eV band
gap in quartz.'®!7-!° The outer valence-band spectra of quartz
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FIG. 4. The VBXPS spectra (dotted lines) of (a) quartz at two
different orientations, (b) Mg-rich olivine, and (c) Fe-rich olivine.
The calculated XPS spectra (solid and dashed lines) for the quartz
and two olivines of similar composition to the two natural olivines
are given above the experimental spectra. The intensity of each state
was corrected for cross section and each band broadened by
0.37 eV to match the instrumental resolution. The calculated quartz
spectrum was aligned to the experimental spectrum of quartz, and
the calculated olivine spectra (solid lines) were aligned to the ex-
perimental energies of peak 1 (the Fe 3d band). The calculated
forsterite spectrum (dashed line) was aligned to the experimental
energies of peak 5 (the Fe 3d band).

and a Mg-rich and a Fe-rich olivine are shown in Fig. 4,
along with calculated spectra that will be discussed later.
Quartz spectra were collected normal to two crystallographic
axes [Fig. 4(a)] and indicate a rather small amount of band
dispersion. This, however, is not surprising in that all sur-
faces analyzed were of a conchoidal nature and many crys-
tallographic orientations will contribute to both spectra.
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Spectra of the Mg-rich olivine [Figs. 3(b) and 4(b)] do not
resemble the low-quality spectra published previously.'®!!
Perhaps most surprising are the narrow (~1 eV) linewidths
for peaks 1, 2, and 5 [Fig. 4(b)]. The spectrum of Fig. 4(b)
was collected at a 60° takeoff angle, whereas that of Fig. 3(b)
was collected at 90°, suggesting a small dispersion of the
bands in k space (surfaces also conchoidal). As for quartz, all
olivine valence-band spectra were calibrated with the C s
peak at 285.0 eV. Our calibration method places the Fe 3d
bands close to the top of the valence band as previously
calculated.?®3° The calibration is also consistent with an ex-
perimental and theoretical energy gap (top of valence band to
the bottom of the conduction band) in Mg,SiO, of about
9 eV (Ref. 27) with the “Fermi” level being at the middle of
the band gap. The narrow linewidths, from individual spectra
representing hours of collection, attest to the great stability
of the charge compensation system.

The quartz VB spectrum [Fig. 3(b)] has been assigned
qualitatively, based on molecular orbital (MO) consider-
ations for a tetrahedral SiO, unit.®® This spectrum is quali-
tatively the same as spectra of the analogous tetrahedral
Si(OCH;), and SiF, gas-phase molecules®*® [see shifted
gas-phase SiF, energies in Fig. 3(b)]. Peaks 1 and 2 are
loosely associated with the nonbonding O 2p le, 5t,, and 1t
orbitals. Peaks 3 and 4 are associated with the 5a; and 4,
orbitals, which are o-bonding orbitals, both resulting from O
2p-Si 3p mixing. Peak 5, also observed in the previous
study,® had been assigned to the K 3p line from a potassium
impurity,® but this assignment is incorrect because there is
very little K in most quartz samples; our sample contains a
sub-ppm level of K (undetectable by XPS at this concentra-
tion), yet the peak-5 signal is strong. Peak 6 is associated

with 3¢, and 4a; molecular orbitals derived from mixing of
O 2s with a small amount of Si 3p and Si 3s.

Qualitatively, the olivine VB spectra can be assigned us-
ing MO considerations. The two olivine spectra display five
peaks with each at a similar energy; apparently, these peaks
are characteristic of the olivine structure. Peaks 1 and 2 can
be attributed to excitation of photoelectrons from the Fe 3d
e, and 1,, orbitals, respectively, as expected from previous
calculations where Fe 3d orbitals are located at a very low
BE.?39 The splitting of peaks 1 and 2 is about 1.4 eV in the
XPS spectra, which compares favorably with observed
crystal-field splitting of about 1.2 and 1.0 eV for the M1 and
M2 sites in an olivine.*’*® The intensity of peaks 1 and 2
increases considerably from Fig. 4(a) and 4(b), an observa-
tion consistent with the increased abundance of Fe in the
Fe-rich olivine.

As predicted by Tossell,>*2! the valence band of olivine is
energetically compressed relative to that of quartz. The dis-
persion is about 10 eV for quartz and about 7 eV for olivine
(Fig. 3) if the Fe 3d peaks 1 and 2 are ignored, and the
difference requires explanation.

C. Band structure, calculations, and assignments

State-of-the-art valence-band calculations were conducted
to understand better the nature of the valence-band contribu-
tions and their dispersion. The partial densities of states for
the quartz, forsterite (Mg,Si0O,), the Mg-rich (Fe-doped) oli-
vine, and fayalite (Fe,SiO,) are given in Figs. 5-8, respec-
tively. The energies shown were calibrated to match the ex-
perimental spectrum of quartz and the lowest-energy Fe 3d
band of olivines. Although these partial density of states
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compare favorably with previous calculations on quartz and
the two olivine end members,!71926-28 these can be com-
pared with previous calculations in a gross sense only be-
cause previous figures were very small and the partial den-
sities of states were given only for the Fe contributions to
Fe,Si0,.283° However, previous calculations do show the
same two-peak Fe 3d structure at the top of the valence
band.*

There has been no previous attempt to quantitatively com-
pare calculations with the spectra of the quartz valence band.
Indeed, the peak at about 15 eV (Fig. 4) has not been as-
signed. The outer valence spectral and calculated dispersion
of the quartz valence band match exactly, and every feature
in the spectrum (with a broadening function of only 0.37 eV)
is reproduced, including all five major peaks, the shoulder on
the low-BE side of peak 1, and the small peak between peaks
3 and 4. Even the relative intensities and the magnitude of
the minimum between peaks 2 and 3 are well reproduced by
the calculation. However, the O 2s outer valence regions are

not well reproduced by the calculations. For example, the
experimental O 2s peak has a BE of about 25 eV [Fig. 3(a)],
whereas the theoretical BE [Fig. 5(a)] is about 23.5 V.
Moreover, there are very significant shoulders at high BE for
these spectra [>30 eV for quartz, Fig. 3(b)], which are not
reproduced by the calculations. These discrepancies are
expected® because of the complete breakdown of the one-
electron approximation in the inner valence region, giving
many peaks arising from states that are admixtures of single-
hole states and multihole states.

The agreement between theory and experiment is less sat-
isfactory for the olivine outer valence-band spectra [Figs.
4(b) and 4(c)], although there is good qualitative agreement.
The GGA+U calculations on both the Mg-rich (Fe-doped)
olivine and fayalite reproduce the observed decrease in dis-
persion of the olivine bands relative to that of quartz and
demonstrate that this decreased dispersion is constant across
the olivine solid-solution series. The observed five peaks are
reproduced by the calculation, with intensities and linewidths
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similar to those observed (bands broadened to 0.37 eV and
cross sections considered). The calculations underestimate
the overall dispersion, and the Fe 3d peaks (peaks 1 and 2)
are somewhat too close in energy to peak 3 (peak 3 arises
mainly from O 2p orbitals), as apparent in Fig. 9. The
Fe- O hybridization may be overestimated in our calculations
on the two Fe-containing olivines.

Unlike the spectra of the Fe oxides, the olivine spec-
tra can be interpreted largely on the basis of initial states.
Nevertheless, the calculations for fayalite underestimate ap-
preciably the intensities between 4 and 6 eV relative to the
Fe 3d t,,-¢, intensities at the top of the valence band so that
there may be some final-state contributions to the deeper
valence band as for Fe oxides.’*? Alternatively, the Fe 3d
atomic cross section employed in the Gelius-model calcula-
tion may be somewhat too large.

The partial densities of states shown in Figs. 5-9 now are
discussed. Peaks 1 and 2 in quartz [Fig. 4(a)] are mostly due

50-52

to O 2p orbitals, with small contributions from Si 3d and Si
3p orbitals [note that the intensity scale of the Si partial
density of states in Fig. 5(b) is expanded fivefold relative to
the O 2p intensities in Fig. 5(a)]. Peak 3 is mainly due to Si
3p and O 2p orbitals, with peaks 4 and 5 arising mainly from
Si 3s and O 2p orbitals, with some Si 3p contribution. Inter-
estingly, the large Si 3s contribution is spread over about
2 eV and contributes to the large dispersion of the quartz
valence band. In particular, this splitting gives rise to the
previously unassigned peak 5 in Fig. 4(a).

The dispersion of the Si 3p and O 2p components of the
olivine and quartz valence-band spectra is considerably
larger than that predicted by Tossell.?>?! He obtained a
6.4 eV bandwidth for olivine and a 7.8 eV bandwidth for
quartz, compared with experimental widths of about 7 eV
(olivine) and 11 eV (quartz). Nevertheless, his results are
qualitatively in accordance with these spectra and his expla-
nation for the different dispersion applies in a qualitative
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sense. The condensed nature of the olivine valence band was
attributed to weaker Si-O bonding in olivine, with destabili-
zation of the 5a; and 4¢, orbitals of the SiO 44‘ unit in olivine
relative to quartz. The weaker bonding cannot be ascribed to
the Si-O bond length?®*2' in quartz (1.61 A) and olivine
(1.63 A); calculations based on these two Si-O bond lengths
changed the dispersion of these valence-band peaks by only
0.1 eV.?% This led Tossell to suggest that the difference in
dispersion was due either to the nature of the next-nearest-
neighbor cations in quartz and olivine (Si and Mg, respec-
tively) or to polymerization (three-dimensional network for-
mation) in quartz. Inspection of the valence band of the gas
phase molecule Si(OCH,), (Ref. 29) makes clear that the
major cause is the nature of the cation in the second coordi-
nation, rather than polymerization; Si(OCHy), is a discrete
molecule in the gas phase, yet its valence band is dispersed
over about 9 eV, which is similar to that of quartz. Appar-
ently, as the electronegativity of the O bonded to Si increases

from quartz to olivine due to the transfer of electrons from
Mg to O (as indicated by the large decrease in O 1s BE from
quartz to olivine of 1.8 eV), the dispersion of the VB
decreases—just as it decreases from SiCl, (6 eV) (Ref. 53)
to SiF, (5 eV) (Ref. 46). Similarly, the O-C covalent bond
in Si(OCHj;), decreases the charge on the O, leading to bet-
ter O-Si covalent overlap and greater dispersion of the va-
lence band; the electronegativity of Mg or C bonded to O of
the Si-O moiety greatly affects dispersion of the valence
bands, but does not affect appreciably Si-O bond lengths or
bond angles.

Nevertheless and as already mentioned, polymerization
contributes to dispersion through increased splitting of (pri-
marily) Si 3s contributions. Many of the MO’s in ethylene
are split in polyethylene (particularly the C 2s—-based MO’s
in polyethylene), leading to broadening and an increase in
dispersion in polyethylene™*>> relative to ethylene. As al-
ready explained, the splitting of the Si 3s contributions is due
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to polymerization and gives rise to peaks 4 and 5 of quartz
[Fig. 4(a)]. The broad peak 6 in Fig. 3(a) also arises from
splitting of the Si 3s and Si 3p orbitals in response to poly-
merization.

The VB of the Mg-rich olivine [Fig. 4(b)] can be assigned
using the partial density of states of forsterite (pure
Mg,Si0,) in Fig. 6. Peaks 3 and 4 arise almost solely from
the O 2p contribution [Fig. 6(a)] with much smaller Si 3p, Si
3d, Mg 2p, and Mg 2s contributions [Figs. 6(b) and 6(c);
note the large exaggeration of scales relative to the O 2p
intensity]. The narrow peak 5 arises mostly from Si 3s and O
2p orbital contributions. Again, peak 6 in Fig. 3(b) arises
mainly from O 2s mixed with some Si 3p and 3s character.
The very small Mg 2p and Mg 2s contributions confirm that
the Mg-O bonding in olivine is highly ionic, as evidenced by
the lack of Mg character in the valence bands of our, and
previous, calculations.??!?0 The much larger O 2p contribu-
tions in forsterite [Fig. 6(a)] compared to quartz [Fig. 5(a)]
are consistent with the almost complete transfer of electrons
from Mg 2s to O 2p in forsterite.

It is tempting, but risky, to comment on the relative insta-
bility of Fe-rich olivines based on the two olivine spectra.

Partially because of the low BE of the Fe 3d density of
states, the average outer valence-band binding energy for
fayalite is less than that for forsterite (Figs. 6 and 7). Also,
the calculated intensity-weighted average binding energy of
the Mg-rich olivine is somewhat greater than that for the
Fe-rich olivine spectra [7.4 and 6.4 eV, respectively, from
Figs. 4(b) and 4(c)]. An implication is that average bond
strengths are somewhat weaker in Fe-rich olivine than in
Mg-rich olivine. In addition, the O 2p contributions at the Fe
3d ty, and e, energies in the fayalite calculation (Fig. 8)
indicate appreciable Fe-O bonding at unusually low binding
energies (1-3 eV), which again is likely to contribute to
weak bond strengths in Fe-rich olivine; the observations may
provide a partial explanation for the highly restricted stabil-
ity of Fe-rich olivine in natural settings.

As apparent from the GGA + U calculations of Figs. 7 and
8, inclusion of Fe in the Mg-rich (Fe-doped) olivine has a
minor effect on the dispersion of the Si 3p and O 2p partial
density of states [Figs. 4(b) and 8]. The calculated spectrum
of Fe-doped olivine [Fig. 4(b)] is somewhat more condensed
than either the experimental result [Fig. 4(b)] or the calcu-
lated result for forsterite [Fig. 4(b)]. Calculations incorporat-
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ing Fe underestimate somewhat the dispersion of the Fe-
bearing olivine spectra, as is apparent by comparison with
the dispersion calculated for forsterite Mg,Si0, [Fig. 4(b)];
the latter calculation (with no Fe included) accurately repro-
duces the dispersion of the Si 3p and O 2p contributions to
the Mg-rich olivine experimental spectrum [Fig. 4(b)]. The
theoretical treatment of Fe in these silicates apparently re-
quires additional consideration if Fe-bearing silicate valence
bands are to be accurately simulated.

To complete the discussion, it is appropriate to comment
on differences between GGA and GGA+U calculations for
the Mg-rich olivine (Figs. 9 and 10). Following the conven-
tional theoretical approach, the top of the Fe 3d occupied
valence band is set at 0 eV. Note that in our comparison with
the experimental results in Figs. 4(b) and 4(c), this peak was
shifted by 1.5 eV to match the experimental results. Both
GGA and GGA+ U methods give similar density of states in
the O 2p region, with the sharp Si 3s feature (band 5) at
similar energies (about 10 eV). The overall dispersion of the
entire valence band of about 10 eV for the GGA calculation
is in good agreement with the experimental dispersion [Fig.
4(b)]. In contrast, the GGA+U calculation yields a more

condensed valence band of about 8 eV. As might be ex-
pected, however, the GGA calculation gives suspect results
in the low-energy Fe 3d region and much poorer agreement
with experiment in the low-energy region. For example, the
GGA calculation gives three distinct bands at low BE, com-
pared to the two distinct bands for the GGA+ U calculations
on both the Mg-rich olivine and fayalite, which have been
formally assigned to the Fe 3d t,, and e, orbitals by us and in
previous theoretical studies.”®3” The three distinct Fe 3d
bands in the GGA calculation are surprising. Moreover, the
GGA calculation seriously underestimated the band gap.
However, a band gap of about 3 eV is correctly predicted by
the GGA+U calculation.

The differences in the two calculations become more ap-
parent using the Fe density of states by spin type [Fig. 10(a)]
and using the total number of Fe 3d density electrons as a
function of the binding energy [Fig. 10(b)]. Again, the en-
ergy scales are set by fixing the top of the valence band at
0 eV. The Fe in these olivines is present as high-spin Fe?*
with six 3d electrons, five spin up and one spin down. The
spin-down electron at 0 eV [Figs. 10(a) and 10(b)] gives rise
in both cases to band 1 in the spectra at 1.5 eV in Fig. 4(b).
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About two of the spin-up electrons in both calculations (at
1.4 eV for GGA+U and 2.0 eV for the GGA calculation)
give rise to band 2 at about 2.9 eV. The sharp band in the
GGA calculation at about 3 eV (not seen in the experimental
spectrum) is spread out in the GGA + U calculation and loses
its distinct features [Fig. 10(b)]. Thus the GGA+U calcula-
tion indicates a smaller Fe-O covalent interaction than in the
GGA calculation. Although the GGA calculations give better
agreement with the overall dispersion of the filled bands in
Fe-doped forsterite, GGA+ U calculations are required to re-
produce the band gap.

V. CONCLUSIONS

High-resolution valence-band XPS spectra have been ob-
tained for quartz and, for the first time, two olivines in the
forsterite-fayalite series (Mg,Fe),Si0,4. Total linewidths of
about 1.3 eV are observed for several peaks in the core-level
and valence-band spectra. These linewidths are much nar-
rower than previously observed for the core-level and
VBXPS spectra of nonconductor silicates. The quartz and
olivine valence-band spectra are very different, with the Si
3p—0 2p region of the olivine spectra being both simpler
and energetically more condensed than the Si 3p—O 2p re-

PHYSICAL REVIEW B 72, 205113 (2005)

gion of the quartz spectrum. High-quality band-structural
calculations, using pseudopotential density functional theory,
yield theoretical XPS spectra in the Gelius approximation
which are in quantitative agreement with the experimental
spectrum for quartz and in good qualitative agreement for the
olivines. The theoretical partial densities of states enable us
to assign with confidence all the features in these valence-
band spectra using initial-state arguments. The valence-band
spectra are sensitive to the nature of the cation in the second-
coordination sphere of tetrahedrally coordinated Si atoms.
The second-coordination sphere exerts primary control on
the dispersion of silicate valence bands by determining the
electron density on the O atoms at the apices of Si tetrahe-
dral, but Si 3s splitting due to polymerization also contrib-
utes to dispersion. The spectra and calculations indicate that
the Mg-O bond in olivine is highly ionic, whereas the
Fe-O bond is much more covalent.
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