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Resonant photoemission characterization of SnO
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A thick layer of SnO, equivalent in its electronic properties to the bulk material, has been investigated by
means of resonant photoemission and the mathematical method of factor analysis. This study has shown that
O2p, Sn5s, and Sn5p partial density of states are the main contributions to the valence band of this material.
The distribution through the valence band of these partial contributions has been determined by spectral
subtraction and factor analysis of the resonance photoemission spectra, as well as by band structure calculation.
The resonance behavior~i.e., change in intensity with the photon energy! of these three contributions has been
analyzed. The Sn5p levels present a typical Fano-like behavior with a minimum intensity at about 28 eV and
a maximum at 40 eV. The Sn5s partial density distribution also depicts a change in intensity as a function of
the photon energy with a minimum situated at 35 eV and a maximum at 55 eV. Tentatively, this behavior has
been linked to the existence of a broad absorption feature detected by electron energy loss spectroscopy and
constant final state spectra, both depicting a broad maximum at about 50 eV.@S0163-1829~99!07339-7#
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I. INTRODUCTION

Tin dioxide is a widely used material because of its a
plications as a gas sensor element or as transpa
conductive coating when doped with elements such as
Cd, etc.1–3 Due to this interest many characterization stud
have been carried out on the electronic structure of tin
ides. Core level or valence band photoemission4–8 have been
widely used for the characterization of this material. One
the main issues of these studies is the analysis of the cha
in stoichiometry that occur when SnO2 is subjected to differ-
ent reduction treatments including heating in CO or H2 and
Ar1-sputtering.4–5,9–10Usually, formation of Sn21 species is
claimed as the main result of these treatments. Auger, x
photoemission spectroscopy~XPS!, ultraviolet photoemis-
sion spectroscopy~UPS!, electron energy loss spectrosco
~EELS!, synchrotron photoemission, and resonant pho
emission have been used to characterize the electronic
of these modified surfaces.4–12 On the other hand, many o
these studies have paid a particular attention to the electr
structure of stoichiometric SnO2 and to this material partially
reduced to a SnOx (x,2) state, where it may be a mixture o
different oxidation states of tin~i.e., Sn, Sn21, and Sn41).
Different theoretical analyses of the occupied and em
states of tin oxide have also been carried out and their res
compared with those of different experiments.6,13,14

Despite this interest in the electronic properties of Sn2
and SnOx (1,x,2), to our knowledge no experimental re
ports are available in the literature on the electronic struc
of pure SnO. However, the study of the electronic proper
of this material is interesting because it is the obvious re
ence compound to compare with SnOx phases. Also, from a
PRB 600163-1829/99/60~15!/11171~9!/$15.00
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fundamental point of view, the electronic structure of Sn
typical of other post-transitional oxides such as SiO, Pb
GeO, etc., is interesting because of the involvement of oc
pied ns levels in the valence band of these materials.13,14

This is the main reason for the big changes in the electro
properties of MII and MIV post/transition-metal oxides. Thus
while SnO2 is a wide band-gap semiconductor~band gap 3.6
eV!, SnO has electrical conductivity, a fact that has to
related with the filling of the Sn 5s levels by the so-called
‘‘inert pair’’ electrons.13,14,15

The present paper presents a synchrotron photoemis
characterization of pure SnO. It reports a resonant pho
emission study (28 eV,hy,70 eV) of the valence-band
~VB! levels, together with some results by constant fin
state ~CFS! spectroscopy and EELS to characterize t
empty states of the system. To understand the origin of
different spectral features, our experimental results are c
pared with a theoretical calculation of the density of states
SnO, which provides a description of the valence band
partial density of states curves of this material. The ma
ematical method of factor analysis~FA! ~Ref. 16! has been
used for the analysis of the resonant photoemission spe
This mathematical procedure is a general tool with ot
electron spectroscopies, where it is generally used to e
mate the partition of single components in compl
spectra.17–19 Its use to analyze resonant photoemission sp
tra does not pretend to extract single component spectra
to describe the distribution through the valence band of
partial electronic density of single state contributions and
change of their photoemission cross sections with the pho
energy.
11 171 ©1999 The American Physical Society
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II. EXPERIMENT

The SnO was deposited on SiO2 by evaporation from a
SnO source consisting in a ceramic tube resistively hea
To avoid the formation of some traces of metallic tin, t
deposits had to be exposed to O2 under well-controlled con-
ditions as reported in Ref. 20. Prior to the evaporation
SnO, the SiO2 substrate, formed by a 200 Å-thick overlay
of SiO2 grown on Si~111!, was cleaned by mild bombard
ment withO2

1 ions of 500 eV kinetic energy.
The photoemission experiments were performed in be

line TGM3 at the Berlin synchrotron radiation sour
~BESSY!, equipped with a thoroidal grating monochromat
and an ultrahigh vacuum station with a base pressure
10210 torr. Photoemission spectra, as a function of the dep
ited SnO, were measured using an ARES analyzer at c
stant pass energy of 25 eV and different photon ener
between 28 and 70 eV. The angle of incidence of
p-polarized light was 45° with respect to the sample norm
All the spectra have been normalized to the photon flux
measured at a gold mirror at the entrance of the chambe

The EELS spectra have been measured in our home l
ratory in a VG-ESCALAB 210 spectrometer using a prima
beam of electrons of 2000 eV kinetic energy.

III. BAND-STRUCTURE CALCULATION

We have performed self-consistent energy band calc
tions for SnO in the CsCl structure as a function of latt
parameter using the augmented plane wave~APW! method21

in the local density approximation~LDA ! of Hedin and
Lundqvist.22 Our LDA results give a total energy minimum
at a lattice constant of 5.836 bohr. So we have used
lattice parameter to calculate the energy bands and the
sity of electronic states~DOS! by the tetrahedron method.23

Our calculated DOS shows a very small gap at the Fe
level, which is characteristic of LDA calculations that typ
cally underestimate the size of the energy gap in semic
ductors and insulators. Otherwise our calculated DOS, wi
the assumption of crystalline CsCl structure, is reliable es
cially for the VB. The DOS and its angular momentum co
ponents are compared within our measurements in the
cussion section.

IV. RESULTS

The VB spectra of SnO were investigated for a thick lay
of SnO deposited for a long period of time, so that no co
tribution from the SiO2 substrate could be detected in spec
recorded withhn5120 eV to excite the Si2p levels. The
formation of a pure phase of SnO under our experime
conditions was proved by the appearance of a single
well-defined doublet of the Sn4d level at a binding energy
~BE! of 24.6 eV for the Sn4d5/2 peak. The spectra, take
with different photon energies between 28 and 70 eV,
plotted in Fig. 1. It is apparent in these spectra that chan
in the intensity of some of their features occur as a funct
of the photon energy. To follow in more detail these chan
we have plotted in Fig. 2~top! the height of the features with
BE’s of 2.0, 4.0, 5.8, and 8.6 eV as a function of the pho
energy. In the sense of higher BE’s they correspond, res
tively, to the first and second maxima of the spectra,
d.
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subsequent shoulder and the last maximum of the spe
The plots in Fig. 2~top!, which are equivalent to constan
initial state ~CIS! spectra,24 show significant and differen
changes in the intensity for the four selected points. Th
the CIS curve at 4.0, 5.8, and 8.6 eV present a minim

FIG. 1. Valence-band photoemission spectra for a thick laye
SnO recorded with different photon energies between 28 and 70

FIG. 2. Top: Evolution with the photon energy of the high of th
spectral features at 2.0, 4.0, 5.8, and 8.6 eV taken from the vale
band spectra of Fig. 1. Bottom: Area of the valence band spectr
Fig. 1 as a function of the photon energy. Dotted lines are plotte
guide the eyes.
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intensity at 28 eV@the minimum is not well defined in Fig. 2
~top! because photon energies below 28 were not availab
our experiment#. Then, the intensity of the correspondin
CIS spectra increases to reach a maximum at around 40
The feature at 2.0 eV presents a different behavior, depic
a minimum at;35 eV and a maximum at 55 eV. Thes
changes in intensity correspond to some kind of resona
photoemission events, since equivalent changes in cross
tions are not expected within this energy range.25 A typical
resonance process that has been discussed for SnO2 corre-
sponds to the enhancement of the Sn5p photoemission cross
section through an additional Sn4d→Sn5p* excitation
channel~i.e., Fano-type resonance mechanism!.4

Another clear indication of the existence of resonan
phenomena affecting the VB spectra can be also seen in
2 ~bottom! for the area of the whole valence-band spec
plotted against the photon energy. The curve shows sig
cant changes in intensity with relative maxima at 40 and
eV, clearly reproducing the other changes affecting
single features of the spectra.

Besides these previous procedures, for the analysi
resonance photoemission spectra it is widely used the
traction of an off-resonance spectrum from another at
maximum of the resonance process.26–28 In this way, one
obtains a difference spectrum which defines a zone of
valence-band spectra changing simultaneously in inten
with the photon energy. Since in a resonance process
enhancement in intensity is due to the increase of the c
section of a particular atomic orbital,29 the difference spec
trum can be taken as a description of the distribution thro
the valence band of hybridised states involving such ato
orbital ~i.e., a description of the distribution of the parti
density of states of that particular state!. For the analysis of
the VB spectra in Fig. 1, we have also applied this subtr
tion procedure. Figure 3~left! shows as full lines the differ-
ence spectra 55-35 eV~i.e., the difference spectra obtaine
by subtracting the spectrum taken with 35 eV from that
corded with 55 eV! and 40-28 eV~i.e., difference spectrum
obtained by subtracting the spectrum taken at 28 eV fr
that recorded at 40 eV!. It is important to note that, accordin

FIG. 3. Left: The difference spectra 55–35 eV and 40–28
~full line! and comparison with principal componentsA andC de-
termined by FA~dashed lines!. Right: Shape of the principal com
ponents determined by FA that reproduces the spectra in Fig.
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to Fig. 2, in the spectra taken withhn555 and 35 eV, the
spectral feature at 5.8 eV has a very similar intensity, so
the spectral change is mainly due to the peak at 2.0 eV
other regions of the spectra with a similar variation in resp
to the photon energy. The same can be said for the differe
40-28 eV, mainly reproducing the change affecting the f
ture at 5.8 eV and other associated zones of the spectru
is clear from Fig. 3 that the two difference spectra exte
over a wide binding energy region and are not restricted
the maximum of the peaks taken to plot the CIS curves
Fig. 2.

Another procedure to obtain information about the dis
bution profile of the different contributions to the valen
band is by using the FA methodology. Typically, FA is us
for a quantitative assessment of the single components re
ducing a series of spectra. Here, its use is intended a
alternative to the subtraction procedure described above
detailed description of the method as applied to the spectr
Fig. 1 is presented in the Appendix. The main results of t
analysis are that the full set of valence-band spectra are
produced by three components whose shape is shown in
3 ~right!. The first one~A! presents maxima at 2.0 and 7
eV. The second~B! has a maximum at 4.0 and then differe
structures along the whole energy range of the VB spectr
The third ~C!, with a maximum at 5.8 eV, has also a ve
well defined shoulder at 8.2 eV. Tentatively we associ
these three curves with the distribution profiles of the Sns,
O2p, and Sn5p partial contributions to the valence ban
With this assignment, the peaks at 2.0, 4.0, and 5.8 eV wo
mainly have a Sn5s, O2p, and Sn5p character, respectively
Comparing the two panels of Fig. 3, it is apparent that co
ponentsA andC depict a shape very similar to the differenc
spectra 55-35 eV and 40-28 eV, respectively. This go
agreement supports that the results by FA are equivalen
those obtained by subtraction of spectra. In general, an
vantage of FA is that it provides an automatic procedure
establish the number and shape of the independent com
nents reproducing a set of spectra. In our case, this me
that besides confirming the shape of the difference spe
55-35 and 40-28, FA has permitted to determine the shap
a third contribution to the VB, tentatively attributed to th
distribution profile of the O2p partial density of states~com-
ponentB!. In this respect, it is important to realize the phys
cal meaning of the three components determined by FA.
for the difference spectra, these components are not an e
and quantitative representation of partial density of st
curves, but a description of those regions of the experime
spectra whose intensity change simultaneously with the p
ton energy~i.e., due to changes in the photoemission cro
section of a particular type of orbital!. Since the resonan
processes are atomic in nature they occur irrespective of
fact that the atomic levels are mixed to form a band w
other atomic orbitals. Thus, the different spectra or the
components can be taken as an approximate descriptio
the distribution profile of partial density of state curves.

From an inspection of the shapes of componentsA-C in
Fig. 3 ~right!, describing the distribution of Sn5s, O2p, and
Sn5p states, it is clear that they extend over the whole
ergy region of the VB spectrum. It is also possible to co
clude that the maximum at 8 eV has an important Snp
contribution, the Sn5s levels contributing mainly to the spec
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tral region at around 7 eV. This conclusions is supported
the fact that the maximum at 8 eV of the experimental sp
tra shows an increase in intensity according to a similar
havior to that of the shoulder at 5.8 eV~see Fig. 2!. How-
ever, such an assignment would be contradictory to prev
valence band calculations of the electronic structure of S
(6c, 6d, 13, 14! which account for a maximum around th
photon energy as due to Sn5s derived states. We will come
back to this point in the discussion.

Curves similar to those in Fig. 2 corresponding to t
evolution of CIS intensities as a function of the photon e
ergies, can be obtained by plotting the magnitude of com
nentsA, B, andC in each spectrum of the experimental s
ries. Figure 4 shows the evolution of the magnitude of th
three components determined by FA as a function of pho
energies. We would like to stress that the curves in this
ure represent the change in the photoemission cross se
of each atomic level due to the resonant process. The s
of the plots of each component is very similar to that of t
peaks at 2.0, 4.0, and 5.8 eV in the experimental spectr
fact that supports that in the two cases we are figuring out
same type of change in the cross section due to reso
photoemission phenomena.

We have assumed that componentC describes the distri-
bution profile of Sn5p states through the VB. Therefore, it
reasonable to assume that the enhancement of its inte
when passing fromhy528 to 40 eV is likely due to a Fano
type resonance process involving the Sn4d core-level states

FIG. 4. Evolution with the photon energy of the intensity of t
principal componentsA (Sn5s), B (O2p), and C (Sn5p) deter-
mined by FA. Dotted lines are plotted to guide the eyes.
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and where the dipole selection rule is preserved.29 Compo-
nent B, describing the distribution profile of O2p states
through the VB also shows a slight enhancement of inten
around 40 eV. This small increase can be due to the fact
componentsB andC are not well separated by FA and tha
therefore, some Sn5p contribution appears mixed with tha
of the O2p states. It has been tentatively assumed that co
ponentA describes the distribution profile of Sn5s levels.
According to Figs. 2 and 3, this component depicts a m
mum intensity at 35 eV and a maximum around 55 eV. T
resonantlike behavior cannot be associated to the Sn4d core
electron states in a Fano-type resonance; firstly becaus
the dipole selection rule controlling this type of transitio
and secondly because the energy of the minimum is not c
patible with the BE value of that core level. To find som
clues that can explain the observed behavior, we have in
tigated the possible existence of other electronic transiti
between occupied and unoccupied states in the energy r
where it is observed the enhancement in the intensity of
A component. To map the empty states available for e
tronic transitions from occupied states, we have used EE
and CFS spectroscopies. EELS spectra, besides provi
information about collective oscillation of electrons~i.e.,
plasma losses!, furnish information about electronic trans
tions between occupied and unoccupied states. Experime
EELS raw data of SnO for a primary electron energy of 20
eV have been reported previously.20 In the present paper, th
inelastic scattering cross sectionK(\v) has been obtained
from the EELS raw data after subtraction of the multip
scattering background.30 Optical properties as the dielectri
function «~\v! or the extinction coefficientk(\v) of the
SnO thin film in the 5–80 eV energy range can be obtain
by considering that the experimental cross sectionK(\v) is
proportional to the electron loss function Im$1/«(\v)% and
the use of the Kramers-Kro¨nig relationship.31 Figure 5~left!
shows a representation in a enlarged scale of thek(\v)
function of SnO obtained from the EELS spectrum of Sn
For energies higher than 20 eV~i.e., close to the energy
region measured by resonant photoemission! the k(\v)
function depicts two features, a sharp one at;28 eV, which
has been attributed to transitions between the Sn4d levels
and the conduction band,32 and a very broad band extendin
in the energy region 40–60 eV and depicting a relative ma
mum at;53 eV. The maximum of this latter band pract
ht:
f

FIG. 5. Left: Extinction coefficient functionk
derived from EELS measurements of SnO. Rig
CFS spectra of SnO for final kinetic energy o
electrons of 5.0, 7.0, and 9.0 eV.
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PRB 60 11 175RESONANT PHOTOEMISSION CHARACTERIZATION OF SnO
cally coincides with the resonant maximum of the reson
profile of the A component, a fact that supports that bo
phenomena might be connected. A structure appearing
similar energy region can be also detected when looking
the CFS spectra of SnO. The spectra are collected by se
ing electrons of a fixed kinetic energy with the electr
analyser~i.e., partial electron yield detection!, while the pho-
ton energy is swept through the desired energy range. T
spectra furnish information about the empty states of
system by measuring the evolution of the absorption coe
cient with the photon energy.4 Figure 5~right! also shows the
CFS spectra of SnO as detected for photoelectrons at
stant kinetic energiesE* of 5.0, 5.7, and 9.0 eV. Spectra fo
higher photoelectron energies were also recorded but
were shaded by the tail of secondary electrons and the
tribution of higher harmonics of the radiation. In a series
CFS spectra of this kind, empty states correspond to pe
that appear always at the same value of the photon ene
whatever the kinetic energy of the recorded electrons.4 In the
CFS spectra of Fig. 5~right! there are four well-defined
structures, three of which always appear at the same ph
energy. Structure I, which appears at different photon en
gies depending on the kinetic energy of the recorded e
trons corresponds to the direct photoemission of the Sd
levels. The two structures marked II and III, which stay fix
at 26.3 and 29.4 eV photon energies, can be attribute
excitons~pairs electron hole! formed by transitions from the
filled Sn4d levels to the conduction band of the materi
Similar structures have been observed by Themlinet al.4 in
CFS spectra of SnO2 subjected to Ar1 bombardment to in-
duce its partial reduction. Taking into account that the Snd
levels in SnO have a BE of;25 eV, the structures II and II
can be associated with empty states of the conduction b
at approximately 1.1 and 4.2 eV above the Fermi level. I
likely that such states are involved in the resonance ph
emission processes affecting the Sn5p contribution to the
valence band. Also, they must be involved in the genera
of the loss peak appearing at 28 eV, which we have att
uted to an electronic transition from the Sn4d state~at 24.6
eV BE!. Finally, structure IV, at an energy of;47 eV,
should correspond to some absorption process involv
empty states at approximately that energy from an occup
state. The obtained value is in good agreement with
threshold energy of the broad band with a maximum
around 55 eV in the absorption coefficient curve dedu
from the EELS spectra. This absorption feature could
volve either the VB states or the Sn4d levels as occupied
states. In any case, it is significant in relation to the re
nance behavior of the VB spectra, that such an electro
transition occurs at an energy, which is within the same or
of magnitude that the maximum of the resonant profile of
Sn5s contribution to the VB~cf. Figs. 2 and 4!.

V. DISCUSSION

The analysis of the resonant photoemission spectra
SnO has provided a description of the electronic structure
this material. Besides, we have monitored some of the e
tronic transitions occurring between occupied and em
states. The following points have resulted critical for th
investigation and will be the subject of a separate discuss
t
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Valence-band states

The valence band spectra are formed by the mixing
three different atomic contributions that we have tentativ
attributed to the O2p, Sn5s, and Sn5p electronic states of
oxygen and tin. The energy distribution profiles of the
atomic components determined by subtraction of spectra
by FA is in relatively good agreement with the density
state distribution curves previously reported in the lite
ture.6,13,14 However, most of these previous calculations a
based in a molecular-orbital approach with clusters of a l
ited number of tin and oxygen atoms. For a more straig
forward comparison with our results, we have carried o
band structure calculations by the augmented plane~APW!
method.21 We present the corresponding partial and to
DOS curves in Fig. 6. For this calculation we have assum
an idealised CsCl structure for SnO. Since the thin film p
pared here is likely amorphous and the actual structure o
monoxide consists of a distorted CsCl structure,13 we assume
that an undistorted CsCl lattice is a good approximation
our system. The total DOS curve is characterized by f
defined structures that we will callA-D by the similarity of
the shape of this calculated curve and the photoelectron s
tra in Fig. 1. These four structures are predominantly Op
states, which are hybridized with Sn-p and Sn-s states~see
the different scales of the partial DOS curves, indicating
almost negligible contribution oft2g-Sn, eg-Sn, and 2s-O
curves!. Thus, the first structureA corresponds mainly to
hybridisation with Sn5s states, structureB has also some
Sn5s character, while structureC results from hybridization
between O2p and Sn5p states. The last structureD has a
significant Sn5s character. From the comparison of the pa
tial and total density-of-state curves and the photoelect
spectra in Fig. 2, it is apparent the similarity in shape a
maxima distribution in the two sets of curves. This suppo
the previous tentative attribution of the peak features in
experimental spectra to the main maxima of Sn5s, Sn5p,
and O2p contributions. The most significant difference b
tween the experimental VB spectra and this theoretical D
curve refers to the positions of these structures, since in
calculated VB curve, structuresA, B, andC appear at closer
positions in respect to the Fermi level~i.e., 1.0, 2.5, and 4.3
eV! than the equivalent features in the experimental spec
Meanwhile, the maximumD, at ;8.3 eV with respect toEf
in the calculations, has a similar BE than the equival
structure in the experimental VB spectra.

A significant discrepancy between the experiment and
present calculations and those existing in the literature ba
on dusters models6,13,14 concerns the assignment of featu
D. The theoretical calculations attribute this peak to Sns
derived states mixed with O2p orbitals. On the contrary, in
Fig. 3 subtracted spectra and calculated FA compone
show that O2p and Sn5p states are mainly responsible fo
the experimental maximum at that position. This agrees w
the empirical resonant behavior of this feature, similar to t
of the shoulder at 5.8 eV, due mainly to mixed Sn5p states
~cf. Fig. 2!. Moreover, according to the difference spec
and FA calculations, the Sn5s mixed states present the
maximum contribution just below the Fermi edge, with
second relative maximum at around 7 eV in a position wh
there are no well-defined structures in the theoretical spec
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FIG. 6. Calculated DOS curves for SnO. The dotted line indicates the position of the Fermi level.
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Within this picture, the resonant photoemission stu
clearly provides a clear experimental evidence about the
tribution of electronic levels through the valence band.
this picture, it is critical that the Sn5s levels, hybridised with
O2p states, constitute the highest occupied states of the
tem. Such contribution is recognized as the main factor
the differences in electronic properties between SnO
SnO2.

Resonant photoemission and empty states

It has been shown that the Sn5p contribution to the va-
lence band, depicting a main maximum at 5.8 eV and a s
ond one at;8–9 eV, changes in intensity with the photo
energy. Its intensity profile can be associated with that o
Fano-like resonant mechanism. In fact, our analysis of
spectra has shown that the cross section of the Sn5p states
changes with the photon energy. The shape of this cha
depicts a resonance profile characterized by a minimum a
eV and a maximum at 40 eV that can be explained b
Fano-type resonance mechanism.29 This resonance implies
an electronic process where, in a first step, the follow
electronic transition occurs:

4d10~V!n5p0~C!1hv→@4d9~V!n5p1~C!#* , ~1!

where 5p0(C) and 5p1(C) are electronic states of the con
duction band of the material. The existence of these st
and the possibility of such electronic transitions has b
shown by the EELS and CFS spectra presented in Fig
Thus, the peak at 28 eV in the EELS spectrum must co
spond to an electronic transition from the Sn4d levels ~24.6
eV BE! to the empty states at 1.1 and/or 4.2 eV above
Fermi level. A similar mechanism has been invoked
y
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Themlinet al.4 in their analysis of the resonance photoem
sion behavior of defective SnO2.

The excited electronic state referred in Eq.~1! may decay
by the emission of an electron through an autoionization p
cess:

@4d9~V!n5p1~C!#* →@4d10~V!n215p0~C!#1e2. ~2!

This process leads to the same final state as the direct
toemission from the VB, thus opening a second photoem
sion channel that leads to an increase in the photoemis
cross section. Since in this type of resonance processes
dipole selection rule is always preserved,29 an electronic
transition involving Sn4d core levels will only produce an
enhancement in the photoemission cross section of Sp
partial density of states, as we had tentatively proposed in
previous section to explain the resonance behavior of c
ponentC. The existence of a large contribution to the co
duction band of mixed Sn5p states is supported by the DO
curves in Fig. 6. A main maximum at approximately 2.5 e
above the Fermi level is the leading peak of the distribut
of unoccupied states. These structures have mainly a Sp
and O2p characters, with practically no contribution from
Sn5s states. The peaks at 1.1 and 4.2 eV above the Fe
level observed in the CFS spectra in Fig. 5~right! are pro-
duced by transitions from the Sn4d to Sn5p states, thus sup
porting the calculated DOS curves in Fig. 6.

The analysis of the VB spectra has shown that the Ss
contribution, depicting a main maximum at 2 eV and a s
ond one at 7–8 eV, changes in intensity with the pho
energy. Its intensity profile presents a maximum at a pho
energy at which there is an optical absorption process
shown by EELS and CFS spectra. Since the Sn4d levels are
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the only core level states of tin available in the energy ra
swept in our experiment, owing to the dipolar selection ru
no resonance enhancement of photoemission intensity sh
be expected for the zones of the VB spectra with a signific
Sn5s character. However, our analysis of the BV spectra
shown that the distribution profile of the Sn5s contribution
to the valence band depicts a variation of its intensity, sho
ing a minimum at 35 eV and a maximum at 55 eV. T
origin of this enhancement of the Sn5s intensity is still un-
clear. A possibility could be that it is linked with the Sn5p
resonance due to the hybridization between the Sn5p an
Sn5s levels. In the already referred paper of Themlinet al.,4

these authors have shown that the Sn5s states depict an en
hancement in intensity associated to that of the Sn5p states.
However, we rather believe that it corresponds to anot
independent process associated with the broad absor
feature revealed by CFS and EELS at;50 eV ~cf. Fig. 5!.
Although the initial and final states involved in this transitio
are not known, we can assume that its occurrence brings
system to an excited state. From this situation the sys
might decay by the emission of an electron in a similar w
as for the Fano mechanism schematized in Eqs.~1! and ~2!,
thus leading to the same final state than by direct photoe
sion from Sn5s derived states. In previous resonant pho
emission studies of transition-metal oxides, it has been fo
that resonance enhancement of valence-band intensity
depict a complex profile where, after the well-characteriz
Fano enhancement, there may be a broad shape increa
intensity ~i.e., similar to that observed in Fig.
bottom!.28,33,34The physical origin of the second broad fe
ture is the subject of some controversy and a possible line
its explanation could be connected with the existence of e
tronic transitions as those shown in Fig. 5 for SnO.

VI. CONCLUSIONS

The valence band structure of SnO has been studied
resonance photoemission by recording the spectra at di
ent photon energies. The analysis of these spectra has
vided a way to establish the distribution in energy of t
O2p, Sn5p, and Sn5s contributions to the VB. It has also
accounted for the origin of the changes in intensity that
dergoes the different peaks of the spectra. The obtained
sults are in relatively good agreement with the partial D
curves obtained by calculation of the valence-band struc
of SnO. Maxima of the spectra appear at 2, 4, 5–6, and
eV. They have been correlated with the maxima of the par
density of states of the distribution of Sn5s, O2p, and Sn5p
states.

Resonant enhancement in the intensity of some of
components of the spectra has been found as a functio
the photon energy. The resonant profile of the Sn5p density
of states follows a typical Fano behavior with a minimum
about 28 eV, close to the Sn4d BE, and a maximum at 40
eV. The Sn5s density of states also depicts an enhancem
in its intensity as a function of the photon energy, but in
different energy range than for the Sn5p density of states. In
this case the minimum appears at 35 eV and the maximu
55 eV. The fact that an absorption process is detecte
about the same energy permits to suggest that both phen
ena, resonant photoemission and absorption, might be lin
e
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Determination of empty states has been carried out
EELS and CFS spectroscopies. Two differentiated state
1.1 and 4.2 eV above the Fermi level are likely involved
the resonance photoemission of Sn5p states. Other empty
states, proved by a broad electronic transition with a thre
old energy of;47 eV, are likely involved in the resonanc
enhancement of the photoemission cross section of Ss
levels.
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APPENDIX: FACTOR ANALYSIS
OF VALENCE-BAND SPECTRA OF SnO

Factor analysis is a powerful mathematical proced
based on a matricial analysis of spectra that has been us
analyze data from different spectroscopies. Auger,17 XPS,18

and x-ray appearance near-edge structure~Ref. 19! spectra
have been analyzed by this method which, in many ca
has permitted to find out the actual shape and concentra
of the elemental components that reproduce an experime
spectrum. To our knowledge, the present paper repres
the first essay of applying FA to a series of VB resona
photoemission spectra. It is important to recall that the w
in which we intend to use this procedure here is to figure
the distribution through the valence band of particular le
contributions. VB states are the result of the hybridization
these single levels to form a band and the changes tha
observe in the band states are produced because of th
pendence on photon energy of the cross sections of
atomic levels due to the resonance phenomena~cf. Fig. 4!.

Details about the principles and procedure of FA can
found in several reviews and books.16 Here, we consider
convenient to say a few words about the practical use of
procedure and about their possibilities. A first step in t
calculation procedure is the determination of the actual nu
ber of principal components~PC! that reproduce all the spec
tra of a experimental series. The second step is the dete
nation of the shape and relative concentration of th
principal components in each spectrum of the series. The
carried out here took as basis for the calculations all
spectra shown in Fig. 1, corresponding to the valence-b
photoemission spectra of SnO recorded with different pho
energies between 28 and 70 eV after background subtrac
The determination of the number of PC’s existing in th
experimental series implies a matricial analysis consisting
rotation and diagonalization of a matrix formed by all th
data points of these spectra~each spectrum defining a co
umn vector of the matrix!. The result of this analysis is
shown in Table I reporting the eigenvalues of the diago
matrix obtained by this calculation and a series of param
functions. Two basic criteria are used to decide the num
of principal components: the number of significant eigenv
ues and the number of spectra for which the IND functi
~i.e., indicator! presents a minimum. In this case the tw
criteria points to that the experimental series in Fig. 1 can
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reproduced by the lineal combination ofthree independent
PC’s.

To determine the shape of these components we pro
according to the usual ‘‘target transformation analysis’’
which ‘‘test factors’’ with a shape similar to the actu
‘‘principal components’’ are transformed into these ones.16,18

To obtain these test factors we have carried out a fitt

TABLE I. Determination of the number of significant compo
nents that by lineal combination reproduce the spectra in Fig. 1

No spectrum Eigenvalue REa IEb INDc

1 2.963108 42.01 11.22 0.2486
2 2.223106 19.52 7.37 0.1355
3 3.003105 13.77 6.37 0.1139
4 8.253104 11.85 6.33 0.1186
5 5.003104 10.50 6.27 0.1296
6 4.233104 8.96 5.86 0.1401
7 2.443104 7.93 5.60 0.1619
8 2.023104 6.75 5.10 0.1875
9 1.233104 5.85 4.69 0.2340

10 6.063103 5.50 4.65 0.3438
11 5.643103 4.98 4.41 0.5535
12 4.553103 4.29 3.97 1.0727
13 2.473103 4.04 3.89 4.0461

aError function.
bImbedded error.
cIndicator function.
3

C.

es

d

ce

.

ri

Sc
ed

g

analysis of one spectrum of the series. The fitting requ
four bands that we have nameda-d. These bands have bee
used as test factors for the target transformation analy
Since there are only three components, we have consid
that the sum of two of these bands is a suitable test factor
this analysis, the other two being the remaining two ban
Thus, we have considered two different sets of test factors
first one consists of bandsa1d, b andc and a second onea,
b, c1d. The results of the target transformation analysis
these two sets is shown in Fig. 4. Surprisingly, the two s
furnish very similar shape for the PC’s, thus supporting
validity of the final result. Moreover, the analysis gives t
partition of each component in each experimental spectr
By multiplying these partition values by the area of ea
PC’s one obtains the intensities of Fig. 5 showing the re
nance behavior of these three components.

A poorer agreement in the reproduction of the experim
tal spectra is obtained by considering only two PC’s. In t
case, one of the components has a shape similar to tha
componentA, while the second approaches the sum of co
ponentsB1C ~cf. Fig. 3, right!. The evolution of the inten-
sities of these two components with the photon energy
sembles in shape that of componentsA and B in Fig. 4.
However, the option of three independent components,
sides yielding a better reproduction of the experimental sp
tra, has a stronger physical basis because the VB of Sn
the result of the hybridisation of three different electron
levels~i.e., O2p, Sn5s, and Sn5p) whose resonant behavio
with the photon energy should be different.
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Lévy, and G. Margaritondo, J. Appl. Phys.73, 3997~1993!; R.
Sanjinés, D. Rosenfeld, F. Gozzo, Ph. Almera´s, L. Pérez, F.
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A. R. González-Elipe, J. F. Trigo, and J. M. Sanz, Surf. Interfa
Anal. 25, 707 ~1997!.
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