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Valence-band energy-momentum densities of amorphous SiO2 by „e,2e… spectroscopy
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We have measured the energy-momentum density of amorphous silicon dioxide using an (e,2e) spectrom-
eter with 20.8 keV incident, 19.6 keV scattered, and 1.2-keV ejected electron energies. The amorphous SiO2

sample was prepared by oxidizing a thin silicon membrane. The experimental data show a valence electronic
structure characteristic of upperp-like and lowers-like bands. The width of the upper valence band is 10 eV.
This is separated by 9 eV from the lower valence band, which exhibits 2-eV dispersion. We have calculated the
energy-momentum density ofa-quartz using theab initio linear muffin-tin orbital method and the result is
spherically averaged over all crystal directions to enable comparison with the experiment. The calculated
electron momentum densities show very good agreement with experiment for both the upper and lower valence
bands. The theoretical prediction of the energy separation between the upper and lower valence bands is about
2 eV smaller than that measured and this discrepancy is discussed. The agreement between theory and experi-
ment suggests that the short-range order in silicon dioxide plays an important role in determining the electronic
structure of this material.@S0163-1829~98!04908-X#
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I. INTRODUCTION

(e,2e) spectroscopy is a powerful technique for meas
ing the electron energy-momentum densities in b
gaseous1 and solid2 targets. In an (e,2e) reaction an incident
electron of well-defined momentum and energy ejects
electron from the target and the two outgoing electrons~scat-
tered and ejected! are subsequently detected in coinciden
The binding-energy« and momentumq of the target electron
before the collision are then determined by conservation
energy and momentum. At sufficiently high incident ener
and large momentum transfer the (e,2e) process can be
treated using the plane-wave approximation,1,3 which leads
to an (e,2e) cross section proportional to the energ
momentum densityuf(«,q)u2 of the target electrons. Sinc
the measured (e,2e) intensity depends only on the facto
uf(«,q)u2 and the experimental conditions, one can ap
the (e,2e) technique equally well to amorphous, disordere
or crystalline materials. This contrasts sharply with the p
toemission technique4 that is applied more successfully t
crystalline materials. In the past few years we have p
formed a series of (e,2e) measurements on structurally di
ordered materials including amorphous carbon,5 amorphous
silicon,6 silicon carbide,7 copper,8 aluminum,9 and aluminum
oxide.10 Recently, (e,2e) studies on single crystalline mate
rials ~graphite and silicon! have also been carried out. The
experiments demonstrate that electron-momentum spec
copy based on the (e,2e) reaction can directly measure th
electron-momentum distributions and visualize the disp
sion relation between the binding energy and momentum
electrons in solids.

The electronic structure of silicon dioxide has been
interesting subject for many years. Silicon dioxide is a m
terial widely used in industries from traditional glass maki
to modern semiconductor device fabrication. Pure SiO2 plays
570163-1829/98/57~8!/4349~9!/$15.00
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an important role in the optical fiber manufacturing indust
Despite being a common and familiar material, studies of
electronic structure of silicon dioxide have been a challen
to both theoreticians and experimentalists. Calculatio
based on semiempirical models are often used to inter
experimental observations. Amongst the fewab initio solid-
state calculations for the electronic properties of silic
dioxide11–17there is little or no attention paid to the mome
tum densities of the valence electrons. The difficulties in
theoretical analysis are related to the complexity of the S2
system. Natural silica, which is one of the principal consti
ents of Earth’s mantle, exists in a multitude of allotrop
forms with more than 35 crystalline polymorphs known18

The crystal structure of most, but not all, of these polym
phs are well determined.19 Recent studies onb-cristobalite20

have indicated that it has a rather complicated structure
stead of the simple cubic structure suggested by Wycko19

Because of its simplicity the cubicb-cristobalite structure
has been frequently used14,21as a model crystal for SiO2 and
discrepancies between theory and experiment are signific

Experiments using ultraviolet-photoemission spectr
copy, x-ray photoemission spectroscopy~XPS! and x-ray-
absorption and emission spectroscopy are able to accur
measure the energy levels of the valence band.22–27 It is
known that photoemission cross sections depend on the e
tron state; therefore the emission spectrum cannot be c
pared directly with the calculated density of states~DOS!.
Optical absorption measurements,28,29which probe the top of
the valence band and the conduction band, are often com
cated by excitons14 and other experimental difficulties no
directly related to the band structure. All of these expe
ments cannot reveal information regarding electro
momentum densities. (e,2e) spectroscopy, however, give
the energy-resolved electron-momentum density that p
vides more detailed information than the DOS measu
4349 © 1998 The American Physical Society
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ments. There are no extra enhancement effects in the (e,2e)
measurement and the comparison with theory is straight
ward.

In this paper we present our recent (e,2e) measuremen
on the valence-band electronic structure of amorphous S2.
We carry out anab initio linear muffin-tin orbital~LMTO!
calculation ona-quartz and use the spherically averaged
sult to compare and analyze the experimental data.
LMTO calculation is described in Sec. II; in Sec. III we giv
sample preparation details and experimental setup. The m
sured and calculated energy-momentum densities are c
pared and discussed in Sec. IV, together with a brief co
parison to our earlier (e,2e) measurement on aluminum
oxide. We conclude our observations in Sec. V.

II. LMTO CALCULATION

Disordered forms of SiO2 have been studied previous
using computational methods making no specific use of
long-range crystalline order.30 We have adopted another a
proach and calculate the band structure and ene
momentum density of the oriented crystal. For this purpo
we have employed the LMTO method,31 which has the ad-
vantages of sufficiently high accuracy and computational
ficiency suitable for a complex material like SiO2. In our
model the exchange and correlation terms of the ma
electron Hamiltonian are treated in the local-density appro
mation of the density-functional theory. To describe the d
ordered form of SiO2 the energy-momentum densit
obtained from the crystalline calculation is spherically av
aged to remove the vector property of the momentum.32 All
directions in the momentum space therefore become equ
lent. Although this is a somewhat idealized scheme for
scribing a randomly oriented polycrystalline material, it tur
out to be a useful approximation to the electronic structure
disordered materials.5–10

We choosea-quartz as the prototype crystal to perfor
the LMTO calculation. At room temperature and ambie
pressurea-quartz is the only crystal structure thermodynam
cally stable. The crystal structure ofa-quartz is well
known19,33 and many theoretical and experimental stud
have focused on this material. Although silica exists in ma
allotropic forms the most common ones, includinga-quartz,
are built from the SiO4 tetrahedral unit. In these materia
each silicon atom is coordinated by four oxygen atoms
each oxygen atom is bounded by two silicon atoms~4:2 co-
ordinated! and interconnects two SiO4 units. It is known that
the difference in electronic structure between various S2
polymorphs is quite small. Ina-quartz the SiO4 unit is very
close to an ideal tetrahedron as all the O-Si-O angles
around 109° and the Si-O bond length is 1.61 Å. The Si-O
angle varies according to the crystal structure and ina-quartz
this angle is around 144°. The SiO4 tetrahedron is quite
stable and similar short-range order also exists in amorph
SiO2. The O-Si-O angle in thermally oxidized silicon
found27 to vary between 100°–112° with a maximum at 10
and the mean length of the Si-O bond is 1.60 Å610%. The
dihedral Si-O-Si angle is however distributed in the 120
180° range with a maximum at 142°–144°. In this pictu
one can view the structure of amorphous SiO2 as a network
of SiO4 tetrahedrons connected at the O corners. The lo
r-
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range order is lost but the short-range order, which exist
all 4:2 coordinated SiO2 systems, should have a significa
influence on the electronic structure of the material.

The unit cell ofa-quartz is shown in Fig. 1. There ar
three Si and six O atoms in the hexagonal cell. The n
equivalent atomic positions are chosen to have the follow
coordinates:

Si0 ~u,0,0!, Si33 ~12u,12u, 1
3 !, Si67 ~0,u, 2

3 !,

O12 ~x,y,z!, O21 ~12x,11y2x, 1
3 2z!,

O45 ~11y2x,12x,z1 1
3 !, O55 ~y,x, 2

3 2z!,

O79 ~12y,x2y,z1 2
3 !, O88 ~x2y,12y,12z!.

A left-handed threefold screw axis exists in the sequen
of Si and two groups of O atoms. The hexagonal latt
constants (a,c) and four internal parameters (u,x,y,z) are
given in Table I. We use the parameters for left-hand
quartz~Fig. 1 with D3

4 symmetry! given by Wyckoff.19 Le-
vien, Prewitt and Weidner33 reported the crystallographi
data for right-handed quartz~D3

6 symmetry! with similar val-
ues. In natural crystals both forms often coexist. We belie
the difference in the electronic structure for different sy
metries is negligible.

From Fig. 1 it is obvious that there are no significa
empty regions near the origin and the center of the unit c
To treat such an open structure using the LMTO method
have to introduce a number of fictitious ‘‘empty’’ atom
Starting from the origin and applying the screw operation
get a sequence of empty atoms:

E0~d,«,g!, E33~«2d,2d,g1 1
3 !,

E66~2«,d2«,g1 2
3 !,

and similarly to fill the volume center we get another s
quence:

FIG. 1. The left-handeda-quartz structure where the Si and
atoms are represented by white and black circles, respectively.
relative height~z coordinate! of each atom is indicated by the num
ber inside the circle. Two SiO4 tetrahedrons connected by the O12

atom are highlighted. Notice the empty space near the origin
volume center.
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E16~0,y, 1
6 !, E50~y,0,12 !, E84~12y,12y, 5

6 !.

The parameters«, d, g, and y are given in Table I. A
detailed procedure of finding optimal positions for the
empty spheres and calculating their radii is described in R
34. Restricting ourselves to the atomic-sphere approxi
tion, we equate the total volume of the atomic spheres to
volume of the unit cell and discard the interstitial region. T
six empty atoms together with the Si and O atoms contrib
to ones and threep orbitals that form the LMTO basis. Th
d orbitals are downfolded and do not change the size of
basis.

The band structure and DOS ofa-quartz calculated using
the LMTO method are shown in Fig. 2. The band energ
obtained from several self-consistent band-structure calc
tions are compared in Table II. Our energy bands and D
are consistent with other theoretical calculations. It can
seen that the valence-band structure ofa-quartz consists of
three distinct groups of bands separated in energy. The
permost 12 bands in the upper valence band (UVBI) are
formed by O 2p-like nonbinding orbitals with low dispersion
~3.3 eV!. The next six bands (UVBII) are predominantly
composed of O 2p-like and Sisp bonding states. The lowes
six bands~LVB ! basically consist of O 2s-like states with a
dispersion of 2.7 eV. The LMTO calculation also indicat
an indirect gap of about 6.6 eV occurring between vale
maximum atK and conduction-band minimum atG. Like
other recent local-density calculations,14,16 this result signifi-
cantly underestimates the experimental value~8.9 eV! ob-
tained from photoconductivity measurement.29 Another the-
oretical prediction that does not agree well with t
experiment is the position of the LVB. These differences
discussed in Sec. IV.

We essentially follow Singh and Jarlborg35 for the mo-
mentum density calculation. However, we do not include
so-called overlap correction arising from the calculation
the Fourier transform by integrating over the Wigner-Se
spheres rather than the unit cell. This correction is comp
tionally expensive to implement, especially for such a co
plex solid asa-quartz, and it does not produce a noticea
change to the electron-momentum density. Results of
momentum density calculations along three high-symme
directions are shown in Fig. 3. We present the momen
densities together with the corresponding band energies
ted in the repeated zone scheme. In the LVB the momen
density is dominated by thes-like oxygen orbitals. In the
UVB the momentum density isp-like and peaks away from
the zero momentum. These features are fairly isotropic

TABLE I. Unit-cell constants and internal parameters fora-
quartz withD3

4 symmetry shown in Fig. 1. The parameters for t
‘‘empty atoms’’ are described in the text.

Unit cell constants:a54.913 Å, c55.405 Å
Parameter for Si and O atoms Parameter for empty atom

u 0.465 d 20.083
x 0.415 « 0.095
y 0.272 g 0.105
z 0.120 y 0.346
f.
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can be clearly seen in the spherically averaged momen
density plots presented in Sec. IV.

III. EXPERIMENTAL DETAILS

A. Sample preparation

The preparation of (e,2e) samples is a challenging task
Details of the equipment and procedure used to prepare
(e,2e) sample have been described elsewhere.36 (e,2e) spec-
troscopy requires ultrathin (;10 nm) free-standing mem
branes to minimize electron multiple scattering before a
after an (e,2e) event. For an insulating material such as Si2
it is necessary to have a conducting sublayer to avoid pr
lems associated with sample charging. We have already
tablished a successful procedure for preparing single-cry
Si samples; the SiO2 sample is obtained by oxidizing th
already thinned Si film. A brief description of the SiO2
sample preparation is given below.

We use a commercial SIMOX wafer@200 nm Si~100!/
400 nm SiO2 on a Si substrate# as the starting material. We
deposit another 400 nm SiO2 on top of the wafer as a pro
tective layer. The bulk Si substrate is removed in a chem
etching process that stops at the SiO2 layer. A sandwich
structure ~400 nm SiO2/200 nm Si/ 400 nm SiO2! with a
diameter of 0.5–1 mm is formed in middle of the samp
The SiO2 layers are then removed in an HF dip. The rema
ing 200 nm Si membrane is further thinned by react
plasma etching using an 80:20 mixture of CF4 and O2. Film
thickness is constantly monitored by a laser be
interferometer36 and the etching is stopped when the film
about 10 nm thick. The sample then undergoes 30 min of
sputter cleaning~400 eV, ;2 mA/mm2! to remove all the
surface contaminants. The clean surface is then expose
an O2 plasma for oxidation. The depth of the oxide layer
controlled by the exposure time and the bias voltage~100–
200 V! applied to the sample. Subsequent annealing ens
good Si-O bonding. The Auger spectra shown in Fig. 4
dicate a typical SiO2 surface with no observable contamin
tion.

The thickness of the SiO2 layer can only be estimate
from the experimental results. As indicated later, our sp
trometer is sensitive to a layer only 2–3 nm thick beneath

FIG. 2. The valence-band structure and DOS spectrum ina-
quartz. Energy positions are labeled withM for maximum andm
for minimum. The DOS spectrum has been convoluted with
Gaussian function of full width at half maximum of 0.5 eV. Th
peaks in the DOS reflect the complex band structure ofa-quartz.
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TABLE II. Comparison of self-consistent band calculations fora-quartz. Energy positions indicated i
Fig. 2 are relative to UVBM in eV and the corresponding high-symmetry points are indicated in the br

Reference Ref. 15 Ref. 12 Ref. 16 Ref. 14 Present

Calculation
method

Mixed
basis

Pseudo-
potential

Pseudo-
potential

LCAO LMTO

Crystal symmetry D3
6 D3

4 D3
4 D3

4 D3
4

Conduction-band
minimum

6.3~G! 9.2~G! 5.8~G! 5.59~G! 6.57~G!

UVBM 0(A) 0(M ) 0(K) 0(K) 0(K)
UVBIm 23.6(H) 24.3(K) 23.4(H) 23.50(L) 23.30(M )
UVBIIM 26.1(K) 25.7(K) 24.7(K) 25.07(K) 23.59(K)
UVBm 211.5(A) 212.8(A) 29.4(A) 210.10(A) 29.62(A)
LVBM 221.0(H) 224.8(H) 216.9(A) 217.42(A) 216.87(A)
LVBm 223.3(G) 226.1(G) 219.3(G) 219.80(G) 219.57(G)
m
ed
a

in
l is
s in
electron exit surface. The thickness of the SiO2 layer must be
greater than this value otherwise the Si sublayer beco
detectable. We also know the Si film is not totally oxidiz
since the target does not charge up from the incident be
es

m.

The uncertainty in SiO2 thickness is not a serious problem
the (e,2e) measurement as long as the Si sublayer signa
suppressed. However this does introduce some difficultie
data interpretation as described in Sec. IV.
e same

FIG. 3. The momentum densities and band energies for the UVBI ~top two rows!, UVBII ~middle two rows!, and LVB ~bottom two rows!

along the three main symmetry directions ina-quartz. The momentum density of several close bands is summed and represented by th
line-style as on the band-energy plot. The total momentum densities are shown as the bold lines.
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B. The „e,2e… measurement

The (e,2e) spectrometer has been described in detail
Storeret al.37 The general principle of (e,2e) spectroscopy is
also well documented in the literature.2,5–10 In short, we use
a transmission geometry as shown in Fig. 5 for the (e,2e)
measurement. The energies and angles of the incident
scattered~fast 19.6 keV and slow 1.2 keV! electrons are
indicated in the figure. These kinematics satisfy the Be
ridge requirement, which means the momentum range
measure includes the origin of momentum space. The en
and momentum transfer in the (e,2e) event shown in Fig. 5
is large so the binary collision mechanism dominates
ionization process. We use two-dimensional positio
sensitive detectors for both the fast and slow electron a
lyzers to detect a range of energies and azimuthal an
@shaded region in Fig. 5~a!# simultaneously. The energy win
dow and detectable azimuthal angle range are 20 eV
618° for the fast electron and 36 eV and66° for the slow
electron. Our spectrometer therefore covers an overall en
range of 56 eV with a resolution of 19 eV and an effecti
momentum range of 6.0 a.u.~23.0 a.u. to 3.0 a.u.! with a
resolution of 0.15 a.u. This parallel detection method allo
us to complete the measurement within a few days in
vacuum of 1.2310210 Torr, hence minimizing the chance o
surface contamination.

The asymmetric geometry shown in Fig. 5~b! brings in the
surface-sensitive feature of our spectrometer. Since the
cape depth of the slow electron~before it suffers an elastic o
inelastic scattering, thus losing the information it carries! is

FIG. 4. The Auger spectrum for the oxidized Si film. Th
chemical shift of the Si LMM peak due to the Si-O bond is sho
in the inset where the elemental Si LMM peak is included for co
parison. A typical SiO2 feature with no surface contamination
observed.

FIG. 5. The experimental setup in (e,2e) measurements.~a! The
scattering geometry. The analyzers cover a range of azimu
angles that select the target electron momenta in they direction.~b!
The beam energies of the incident and outgoing electrons and
target position relative to the incident beam.
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about 2–3 nm below the exit surface@shaded layer in Fig.
5~b!#, most (e,2e) signals come from this thin layer only
Although this layer is pretty thin, it has been found10 that
surface contributions can be safely neglected in the inter
tation of the (e,2e) results. If the SiO2 layer is thicker than
this, the Si sublayer feature will not be observed. The
sublayer which is needed as a conducting layer, howeve
contributes to electron multiple scattering events that nee
be minimized in the (e,2e) measurements.

IV. RESULTS AND DISCUSSION

In Fig. 6 we compare the energy-momentum density p
obtained from (e,2e) measurement and LMTO calculation
For illustration purposes the LMTO result has been con
luted with a 1.5-eV energy resolution to allow for finite life
time effects and the experimental energy resolution, a
aligned with the experiment at the valence-band maxim
~UVBM !. The experimental data show the UVBM
;11 eV below the vacuum level and the width of the UV
is 10 eV. We see very good agreement in the shape
width of the UVB between theory and experiment. For t
LVB the agreement between the experiment and LMTO c
culation is not as good as for the UVB. The theoretical p
diction of UVB-LVB gap is a little smaller than the exper
ment and is clearly shown in the following analysis.

We first present a detailed comparison between the
periment and LMTO calculation. In Fig. 7 we show the bin
ing energy spectra for a series of momentum intervals~0.2
a.u. wide!. At all momenta the experimental data show ex
intensities which can be explained by multiple elastic sc
tering. If an electron changes its direction slightly due
elastic scattering it will end up at the wrong momentum p
sition in the energy-momentum plot, smearing the pictu
This process can be quantitatively simulated using the Mo
Carlo method.38 To perform this simulation, one needs
know the sample structure and thickness in advance. H
ever due to the uncertainty of sample structure mentione
Sec. III, we have not made such attempts. Nevertheless
agreement between theory and raw data is in some resp
satisfactory. For example, in the 0.6–0.8 a.u. plot, the
predicts three peaks in the UVB, which can also be see

-

al

he

FIG. 6. The measured and calculated energy-momentum de
of SiO2. The energy scale is relative to the vacuum level of t
spectrometer. The LMTO calculation has been convoluted with
eV energy width~FWHM!. A linear gray scale is used to represe
the variation in intensities. Darker scale corresponds to higher
tensity.
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the experiment. This happens for most plots shown in Fig
The LVB peak predicted by theory is sharp and intense.
have reduced the theoretical LVB peak intensity by a fac
of 2 in the left panel to give a clear picture. The differenc
in peak position and width is obvious. The dispersion of
LVB can be seen in Fig. 7 as the peak position shifts towa
lower binding energies at higher momenta in both the d
and the calculation.

Detailed comparison between theory and experiment
also been made in Figs. 8 and 9 where the energy-reso
momentum distributions for UVB and LVB are shown.
both figures the width of the energy bin is 1.2 eV and we u
the middle energy to label the plot at the top-left corner~e.g.,
label 10.4 eV for 9.8–11.0 eV bin!. The LMTO calculation
is aligned at the UVBM~11.6 eV bin in Fig. 8! with the
experiment. In Fig. 9, a 2 eVshift in binding energy has bee
added to the LMTO calculation so the theory predicts corr
peak positions. In most of the plots, we see more intensit
zero and higher momenta due to multiple elastic scatte
mentioned before. This smearing effect also causes
double peaks predicted by theory~in 11.6- and 12.8-eV bins!
not to be clearly observed in the experiment. In the 22.4-
23.6-eV bins, we still see some intensity that could be cau
by inelastic scattering~such as plasmon excitation!. This ef-
fect is probably also responsible for the nonzero intensitie
Fig. 7 between UVB and LVB and below the LVB peak.
deconvolution procedure described elsewhere~see, for ex-
ample, Ref. 10! has been carried out on the experimen
data to remove contributions from plasmon excitations. T
procedure reduces the intensities in the 22.4- and 23.6
bins in Fig. 8 and 34.6–37.0 eV bins in Fig. 9 by a factor

FIG. 7. The binding-energy spectra in momentum bins from
to 2.0 a.u. with a 0.2-a.u. bin width. The error bars are the r
experimental data and the solid lines are from the LMTO calcu
tion. The LVB peaks in the LMTO calculation in the left pan
~0.0–1.0 a.u.! are reduced by a factor of 2 for ease of comparis
7.
e
r

s
e
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ta
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ed

e
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d
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f

2. For two reasons we have not included the deconvolu
data in the plots. One is that the deconvolution proced
does not include elastic scattering, which combines with
momentum resolution to further broaden the peaks show

0

-

.

FIG. 8. The momentum distributions in binding-energy bi
covering the entire UVB. The binding energies at the middle of
1.2-eV-wide bins are shown in each plot. The error bars are the
data and the solid lines are from the LMTO calculation.

FIG. 9. The momentum distributions in binding-energy bi
covering the entire LVB~details as in Fig. 8!. The theoretical
curves are shifted towards higher binding energies by 2 eV to c
pare with the experiment.
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Figs. 8 and 9, but whose effect is not significant to invalid
the momentum density conclusions. The other reason is
we consider multiple scattering part of the experimental d
and the discrepancies between raw data and theory are
pected. The deconvolution procedure is, however, neede
more detailed data analysis~e.g., to create the DOS spectru
in Fig. 11!. The quality of the experimental data allows
successful deconvolution as the nonzero intensities~between
UVB and LVB and below LVB! drop to zero after deconvo
lution as expected.

In Figs. 7–9 the experimental data generally follow t
LMTO results in shape and intensity, confirming a go
agreement between the theory and experiment. In Figs
and 11 the experimental data are further analyzed to re
more information contained in the (e,2e) data. In Fig. 3 the
LMTO calculation predictsp-like and s-like momentum
densities in UVB and LVB, respectively. These densities
fairly isotropic and change little after spherically averagin
In Fig. 10~a!, the momentum density of the UVB~sum of the
plots shown in Fig. 8! is plotted and ap-like feature is seen
The momentum distribution of atomic O 2p orbital is also
shown for comparison. The O 2p distribution is broader than
the LMTO result and if further broadening effects~due to
elastic scattering! are introduced, the LMTO result would b
a closer match to the experiment.

In Fig. 10~b! we plot the LVB peak position for differen
momentum values. The data clearly show a 2-eV dispers
The LMTO result has been shifted by 2 eV to enable a

FIG. 10. ~a! The measured and calculated momentum distri
tions of the entire UVB.~b! The dispersion in the LVB. The LMTO
calculation has been shifted by 2 eV to higher binding energies~c!
The measured and calculated momentum distributions of LVB.
momentum distributions of atomic O 2s and O 2p orbitals are
included for comparison.
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tailed comparison. In spite of the 2-eV shift, the dispers
of the LVB is well predicted by the LMTO calculation. In
Fig. 10~c! the LVB peak intensity is plotted as a function o
momentum together with the theoretical momentum den
ties. The momentum density of atomic O 2s state differs
little from the LMTO calculation and experiment, indicatin
a corelike feature in LVB.

One can see that the information contained in Fig. 7
more complete than the DOS. However in the literature
DOS spectra are more common since it is often compare
angle-integrated photoemission spectra. In Fig. 11~a! we
show a photoemission spectrum23 ~using Al Ka emission!
for amorphous SiO2. We see that the LVB peak area is muc
larger than the UVB peak area due to an enhanced ph
emission cross section in the LVB. The photoemission cr
section for atomic O 2s state is about 7.3 times larger tha
that for O 2p state according to Scofield.4 A similar en-
hancement effect obviously exists in SiO2 as well. The peak
intensity in Fig. 11~a! cannot be related to DOS intensit
unless the cross section is known. However, because
(e,2e) cross section is a direct measure of valence-band
cupation, it leads to a DOS spectrum without such enhan
ment. This is clearly demonstrated in Fig. 11~b! where the
DOS spectra for both the (e,2e) measurement and LMTO
calculation are shown. These spectra are obtained by
forming a q2-weighted integration over the22 to 2 a.u.
momentum range. A deconvolution process mentioned
fore is carried out prior to the integration so the intensit
between the UVB and LVB and below LVB are reduced
zero. Sarnthein, Pasquarello, and Car30 calculated the DOS
for glass at 300 K, which agrees very well with our r
sultSince there are 18 bands in the UVB and 6 bands in
LVB, the ratio of the UVB peak area and LVB peak are
should be 3. We obtain a ratio of 2.8 in Fig. 11~b! for both
theory and experiment and the small discrepancy may

-

e

FIG. 11. ~a! The XPS data~from Ref. 23! for amorphous SiO2.
~b! The DOS spectra fromq2-weighted integration of the data
shown in Fig. 6 over the momentum range of22 to 2 a.u. A
deconvolution procedure has been carried out to remove the co
butions from plasmon excitations. The total area of the theoret
curve is kept the same as the experimental one.
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caused by the limited momentum integration range. T
UVB/LVB ratio may be slightly affected if the elastic sca
tering is taken into account. A rough estimation indica
that if one increases the theoretical peak width by 10%
accommodate the broadening effect caused by elastic sca
ing the UVB/LVB ratio would be reduced by 15%.

Elastic-scattering corrections would not affect the go
agreement in the shape and width of UVB observed in F
11~b!. The 10-eV-wide UVB contains three distinguishab
intensity maxima at 13, 16, and 19 eV below the vacu
level. Unlike the DOS shown in Fig. 2, which has ma
peaks in UVB due to small energy width~0.5 eV! included,
the calculated DOS shown in Fig. 11~b! with the 1.5-eV
energy width included, has only three peaks that fit the
perimental result nicely. In the LVB however, the expe
mental peak is 4 eV wide@full width at half maximum
~FWHM!# while the LMTO prediction for the peak width i
only 2 eV ~including the 1.5 eV energy width!. The LVB
peak position is 31 eV below the vacuum level. This res
agrees well with the photoemission and electron energy-
experiments,23,24which indicate that the LVB peak is locate
;20 eV below the UVB maximum. Like other theoretic
predictions,11,14,16the LMTO calculations show that the en
ergy separation between the UVB maximum and the L
peak is smaller than the experimental value. We beli
some physical mechanisms that are not included in the o
electron band-structure calculation play a role here. It
been indicated16 that in XPS the difference in the energ
position of core and valence states is several eV larger
the difference between the calculated one-electron en
levels, due to electron-hole interaction. The independent
ticle approximation may not be adequate to describe
corelike O 2s states in SiO2.

Finally we compare the energy-momentum density pl
for SiO2 and Al2O3 ~from Ref. 10! in Fig. 12. Both materials
are insulators and the valence band for each of them con
a p-like UVB and as-like LVB. In Fig. 12 we see the dis
persion in UVB and LVB is larger in SiO2 and this may be
related to the interatomic distance in these two mater
~1.98 Å for the Al-O bond and 1.61 Å for the Si-O bond!. An
increased overlap of the wave functions is generally expe
to increase the dispersion. We concentrate on the vale
band maximum~UVBM ! first. Closer inspection of Fig. 6
and Fig. 12 shows that the UVBM in SiO2 is not completely
flat. Also in the 10.4- and 11.6-eV plots in Fig. 8, we s
more intensity at higher momenta that supports this cla
The binding energy is slightly higher at zero momentum th
at the higher momenta (;61 a.u.). This indicates an indi
rect band gap and a large hole effective mass at the UVB
which agrees with other observations.27 In Al2O3 the UVBM
is relatively flat which agrees with the theoretical descript
of the UVBM for a direct band gap and ‘‘huge’’ hole effec
tive mass.39

The energy position of the UVBM is about 1 eV lower
SiO2 than that in Al2O3. Since (e,2e) spectroscopy canno
pinpoint the unoccupied conduction-band position, the d
shown in Fig. 12 give little hint to the size of the band ga
Gritsenko, Ivanov, and Morokov27 claimed that in amor-
phous SiO2 the bottom of conduction band is only 1.0 e
below the vacuum level and from the photoemission data
the potential barrier for holes on the Si-SiO2 boundary~about
is
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4 eV!, the UVBM should be 9.0 eV below the vacuum leve
Our result~;11 eV below the vacuum level! is more reliable
as the energy scale of our spectrometer is well calibrate37

Detailed analysis14 indicates that the optical data28 could un-
derestimate the band gap due to the formation of excit
This means the UVBM should be lower which agrees w
our result. However the discrepancy between the theore
band gap~6.6 eV in LMTO calculation! and the optical band
gap29 ~8.9 eV! is a well-known problem. It has been argue
that the discrepancy would be much smaller because d
transitions at or nearG are symmetry forbidden.14 A detailed
discussion on this issue is beyond the scope of this pape

V. CONCLUSIONS

We have measured the energy-momentum density
amorphous SiO2 using (e,2e) spectroscopy. We found tha
the valence-band maximum is about 11 eV below
vacuum level and is not totally flat. Three peaks located
ound 13, 16, and 19 eV below the vacuum level are found
the 10 eV-widep-like UVB, which is separated from the
LVB maximum by 9 eV. The LVB iss-like with a 2-eV
dispersion. These features are reproduced in the LMTO
culation usinga-quartz as the model crystal. Except for th
width and position of LVB, the measured energy-moment
density agrees very well with the LMTO calculation. O
results show that short-range order within the SiO2 family
actually determines the electronic structure of the materi
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FIG. 12. The measured energy momentum densities for S2

and Al2O3 ~from Ref. 10! obtained from (e,2e) spectroscopy. The
binding energy is relative to the vacuum level of the spectrome
which is properly calibrated as described in Ref. 37. The bind
energy and gray scale used here are the same as in Fig. 6.
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