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Electronic structure of the energetic material 1,3,5-triamino-2,4,6-trinitrobenzene
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Synchrotron radiation is used to study the electronic structure of the energetic material 1,3,5-triamino-2,4,6-
trinitrobenzene~TATB!. Element and site-specific density of unoccupied electronic states in TATB is probed
by x-ray-absorption spectroscopy at the C, N, and OK edges. In addition to illuminating the electronic
structure of TATB, the absorption data enable the understanding of microscopic changes occurring in such
compounds due to various damage mechanisms. The absorption data are further supplemented by data from the
core-level and valence-band photoelectron spectroscopy of thin films of TATB.
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I. INTRODUCTION

Energetic materials are substances that undergo exo
mic chemical reaction in response to an external stimul1

This response takes place on time scales ranging from m
seconds to femtoseconds and leads to combustion, explo
or detonation of the material depending on the time of re
tion, the energy released, and initiation process.2,3 These ma-
terials are among the earliest of the man-made classe
materials and perhaps among the most important. Their
plications are wide and varied, and in some cases indisp
able. To name a few, they are used as propellants, blas
agents, pyrotechnics, gas inflators, and for military purpo
It is then not surprising that the creation of new and sa
energetic materials that are optimally suited to their use
central problem in energetic materials science.3 It is the pur-
pose of this paper to probe the electronic structure o
widely used energetic material to attribute the well-kno
properties of the material to the intricacies of its fundamen
structure. Only with such an understanding at a microsco
level can the hope of a rational synthesis of energetic m
rials be realized.

We have measured the electronic structure of the wid
used prototype energetic material 1,3,5-triamino-2,4
trinitrobenzene~TATB! ~schematically sketched in Fig. 1!
using x-ray absorption spectroscopy~XAS! and core-level
and valence-band photoelectron spectroscopy~VBPES!.
XAS data are obtained at theK edges of C, N, and O an
these data probe the unoccupied orbitals of the molec
VBPES, on the other hand, probes the occupied electr
states and hence, together with XAS provides detailed in
mation about the electronic structure of the material.
PRB 620163-1829/2000/62~23!/15666~7!/$15.00
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The potential utility of the aforementioned spectrosco
data is explained as follows. Most energetic materials con
of molecular units containing C, N, O, and H atoms.3 Theo-
retical calculations show that the spatial arrangements
steric configurations of specific molecular units, that inclu
C-NO2, N-O, N-H, and C-NH2, ultimately determine the
performance of energetic materials.3,4 For this reason, the
synthesis of new energetic materials often involves choos
molecular constituents having particular atomic geome
and local chemical environments so as to promote the
formance of materials in the desired direction.3 However, a
comprehensive predictive model suitable for this purpose
still under development. Clearly a microscopic understa
ing of the local chemical environment of individual atoms
known energetic materials can be helpful in creating suc
model. XAS is an ideal tool for this purpose as it has t

FIG. 1. Planar view of 1,3,5-triamino-2,4,6-trinitrobenze
~TATB!.
15 666 ©2000 The American Physical Society
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PRB 62 15 667ELECTRONIC STRUCTURE OF THE ENERGETIC . . .
ability to select atoms of a given elemental species in
sample and excite their spatially localized core electrons
unoccupied electronic states. This elemental and site sp
ficity makes the technique a powerful probe of the bond
between the excited atom and its neighbors.5 Furthermore,
the information so obtained can be used in conjunction w
the VBPES to decipher both occupied and unoccupied e
tronic states of the species and hence, the electronic ex
tions between the two. The latter information is valuable a
may help to determine important properties of energetic m
terials such as their sensitivity, damage threshold, and
sponse to shock initiation. In addition, these data can prov
spectroscopic fingerprints of energetic materials, which
be useful for noninvasive identification of even minute qua
tities of these materials, as well as for studying the effects
various damage mechanisms~e.g., aging, shock, heat, radia
tion, or chemical! on these materials. To illustrate this poin
we performed a XAS study of a radiation-damaged TAT
sample. The results of this study clearly demonstrate how
comparison of the spectroscopic data from a post-dam
residue and a control sample makes it possible to relate
damage mechanism to changes in individual chemical s
cies or bonds in the material and hence, glean impor
information regarding its performance and limitations.

II. EXPERIMENT

The XAS and PES experiments were performed at
Stanford Synchrotron Radiation Laboratory~SSRL!, Stan-
ford, CA and repeated at ALS for reference energy calib
tion purposes~see below!. Monochromatized synchrotron ra
diation from the spherical grating monochromator equipp
beamline 8-2~Ref. 6! was used to excite TATB, which wa
deposited by thermal evaporation on a Si wafer. TATB w
commercially available and had a purity of 98%. The
wafer was flashed prior to the deposition and XAS was u
to make certain there were no C, N, or O containing resid
on the wafer. The thickness of evaporated TATB films w
estimated to be a few 1000 Å. X-ray photoabsorption w
measured as a function of the excitation energy in the vic
ity of the K edges of C, N, and O by monitoring tota
electron-yield in the relevant energy range5 with a mono-
chromator energy resolution ofDE'150 meV. Core-level
photoelectrons from the sample were collected by a cylin
cal mirror analyzer operated in an angle-integrated mod
yield photoelectron intensity as a function of kinetic energ
Chemical changes in TATB molecules induced by evapo
tion were discounted by comparison of XAS spectra for
thin films with those for TATB powder. Measurements we
also taken for several angles of incidence of the excit
radiation to decipher any angular dependence in the spe
and thus any implicit structural order in the deposited film
The measurements were also repeated as a function of
to discount any radiation-induced damage of the sample.
energy of the synchrotron radiation was calibrated by de
mining energy positions of known spectral features in
simultaneously recorded x-ray absorption spectra of hig
ordered pyrolytic graphite,7 BN,8 and SiO2 ~Ref. 9! at theK
edges of C, N, and O, respectively. In addition, we prob
the radiation-induced damage of TATB molecular films
performing similar measurements on a thin film exposed
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intense nonmonochromatized radiation for varying lengths
time as described below.

The VBPES data were obtained at the beamline 8.0~Ref.
10! at the Advanced Light Source, Lawrence Berkeley N
tional Laboratory, Berkeley, CA and repeated at SSRL
reference energy calibration purposes. The spherical gra
monochromator was operated to deliver radiation of ene
hn5240 eV to photoionize TATB films prepared as e
plained above. The resulting photoelectrons from the sam
were collected by an ellipsoidal-mirror analyzer operated
an angle-integrated mode to yield photoelectron intensity
a function of kinetic energy.11 The combined energy resolu
tion of the monochromator and the analyzer wasDE
'200 meV. The Fermi energy position was determined fr
the Ta metal clips in contact with the sample. Since the
cident photon intensity is very high at this source, it w
essential to minimize the exposure of the sample to the
diation to prevent damage.

III. RESULTS AND DISCUSSION

A. C 1s absorption spectra

Figure 2 shows C 1s spectra measured as a function of t
incidence angle in the energy range 280–300 eV. All spe
have been normalized to the same edge jump by equali
baselines below the edge, then equalizing intensities w
above the edge by a multiplicative factor.5 The prominent
features in these spectra are the peaks at 286.8 and 288.
These correspond to transitions from the C 1s core level to
the unoccupiedp* orbitals of the TATB molecule. The fea
tures relate to two distinct environments of C atoms in
molecule, namely, the aromatic C atoms attached to the -N2
and -NO2 moieties. The strongly polarized -NO2 ligand with-
draws mobilep electrons from the ringpC5C system, which
would normally result in a strong chemical shift to high

FIG. 2. C 1s absorption spectra for TATB for various angles
incidenceu, of synchrotron radiation measured with respect to
sample surface.
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15 668 PRB 62S. KAKAR et al.
photon energies for the C 1s (C-NO2)→pC5C*
transition.4,12–14However, in a TATB molecule this picture
is radically altered by the presence of -NH2 substitutes in the
ring. Although also electronegative, the N atom in the -N2
ligand is basic, i.e., an electron pair donor, and it tends
share its lone pair of electrons with the electron-defici
ring and acquire a positive charge.15 As a result, the contri-
bution to the C 1s (C-NO2) chemical shift arising from
strong polarization of the -NO2 substituent is effectively ne
gated. On the other hand, the C 1s (C-NH2)→pC5C* transi-
tion is shifted to higher photon energies due to the redu
negative charge around C atoms bonded to -NH2 groups.
Note that in TATB each -NO2 group can effectively attract a
most two electrons from the ring, which is the same as
number of electrons available to the ring from the -N2
group. Based on this simple picture, the low-energy feat
at 286.8 eV can be attributed to excitations localized on
C atoms attached to -NO2 groups, and the high-energy fea
ture at 288.3 eV to those occurring on C atoms attached
NH2 groups. These results are summarized in Table I. T
we see that the details of C 1s absorption spectra provide a
insight into the donor-acceptor electronic interactions
tween the -NH2 and -NO2 groups through their influence o
the C 2p contributions to thep* orbitals. It is interesting to
note that the 1s (C-NO2)→pC5C* transition in TATB occurs
approximately at the same photon energy as the Cs
(C-NH2)→pC5C* transition in C2H5NH2.

16 On the other
hand, the C 1s (C-NH2)→pC5C* transition energy for TATB
is higher than for the same transition in C2H5NH2.

16 These
observations are consistent with the qualitative argume
outlined above.

Figure 2 also shows that the intensity of thepC5C* reso-
nances depends strongly on the angle of the incidenceu, of
the exciting radiation with respect to the sample plane. T
resonances are strong at a grazing x-ray incidence and di
ish as the incidence tends to normal. Owing to the linea
polarized nature of synchrotron radiation and the experim
tal arrangement used in this paper, this observation poin
an ordering of TATB molecules on the substrate.5 If the six-
membered rings of carbon atoms all lie flat on the surf
with their p* orbitals oriented along the surface normal,
enhancement in resonant behavior would be observed w
the exciting electric field vector has a large projection alo
the direction of p* orbitals, i.e., at grazing angles o
incidence.5 This observation is consistent with the nea

TABLE I. Summary of x-ray absorption peak energies a
bonding assignments for TATB.

Absorption edge
Peak energy

~eV! Bond assignment

C K edge 285.2 C-H
286.8 C-NO2

288.3 C-NH2

289.6 C-O
N K edge 398.0 N-H

402.5 N-O
O K edge 530.3 O-N

537.7 O-C
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perfect cleavage plane exhibited by triclinic TATB crysta
and its pleochroic properties, as well as the results of cry
structure calculations.4,17 Specifically, calculations with
larger basis sets and gradient corrected density-functio
theory ~DFT! indicate that TATB is very nearly planar.4

There are additional features in the above spectra w
noting. Some of these features, e.g., the peak at 285.2
show no angular dependence and they probably arise du
carbon-based impurities present in our sample. The pea
289.6 eV shows minimal polarization dependence and m
be associated with C-O impurities. However, it is difficult
interpret their origins solely based on qualitative argumen
A detailed interpretation of these features will require a
phisticated theoretical treatment taking into account the m
ticonfigurational states of the molecule, the effect of co
hole localization, and the solid-state effects such as
strong intermolecular hydrogen bonding.4,17 For this reason,
we have chosen to focus our attention here, and in su
quent absorption spectra, only on the strongest and bond
der significant spectral features. Finally, we also neglect
continuum region at high energies. This energy region
dominated by broad overlappings* resonances correspond
ing to various bonds of the core-excited atom in the TAT
molecule, which makes any qualitative gleaning of inform
tion difficult. Moreover, in contrast to thep* resonances,
which can serve as the fingerprint of the local bonding en
ronment,s* states can contain contributions from photoele
tron scattering processes involving distant neighbors res
ing in loss of correlation with local bonding.5

B. N 1s absorption spectra

Figure 3 shows N 1s spectra measured as a function
the incidence angle in the energy range 394–419 eV.
spectra show two prominent peaks at 398.0 and 402.5
For the assignment of these peaks we note that the -N2

FIG. 3. N 1s absorption spectra for TATB for various angles
incidenceu, of synchrotron radiation measured with respect to
sample surface.
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PRB 62 15 669ELECTRONIC STRUCTURE OF THE ENERGETIC . . .
group in TATB has an unoccupiedpNO* orbital. For this rea-
son the N 1s (C-NO2)→pNO* transition is expected to b
quite intense since both the initial and the final states
volved in the transition lie in the same spatial region. Hen
we attribute the high-energy peak to N 1s (C-NO2)→pNO*
excitations. The origin of the low-energy feature, however
less obvious. Unlike the -NO2, the -NH2 group has essen
tially a saturated character, which should give rise only t
weak Rydberg structure in this energy region. This is in f
the behavior exhibited by compounds such as CH3NH2 ~Ref.
18! and C2H5NH2.

16 However, calculations for x-ray absorp
tion spectra of disubstituted nitroanilines indicate that
pC5C* andpNO* orbitals in a TATB molecule are sufficientl
delocalized to have a nonzero amplitude over the -N2
group.16 This makes possible the transitions from N 1s
(C-NH2) core level to mixedpC5C* /pNO* states.16 We at-
tribute the low-energy peak at 398.0 eV to these phenom
as summarized in Table I. Note that this peak has larger
width at half maximum than the N 1s (C-NO2)→pNO* fea-
ture, which probably is a reflection of the mixing of orbita
Overlapping orbitals may also be the cause of the broade
of the 1s (C-NO2)→pC5C* peak discussed above. Furth
evidence supporting this assignment comes from the b
order calculations of Cadyet al., that give a value of 1.46 fo
the carbon-nitrogen bond for the amine group~in contrast to
1.02 for the nitro group!.17 Also of interest here is the 4.5 eV
energy separation between the two transitions. This c
pares with a 6.0 eV difference in N 1s (C-NO2) and N 1s
(C-NH2) binding energies obtained from our photoemiss
measurements. Previous x-ray photoemission spectros
~XPS! studies of TATB ~Refs. 19 and 20! yield a 5.6 eV
energy separation in good agreement with our meas
ments. However, the discrepancy of 1.5 eV highlights
other important feature related to the donor-acceptor na
of the TATB molecule. Owing to differences in charge d
tributions, a N 1s core hole belonging to the -NH2 moiety
~donor! is shielded differently from the excited electron
compared to a N 1s core hole on the -NO2 moiety~acceptor!.
This produces a site-dependent shift in the respective fi
states of excitation, which then must be added to the init
state shift due to chemical bonding to determine transit
energies.5,21,22The magnitudes of these two contributions
observed transition energies cannot be decoupled experim
tally and can be estimated only by theoretical means. Fina
we note that the N 1s absorption spectra show similar ang
lar dependence as observed in the C 1s absorption spectra
indicating again the flat and oriented nature of TATB m
ecules on the substrate, including the nitrogen contain
moieties, as predicted by recent theoretical calculations.4

C. O 1s absorption spectra

Figure 4 shows the O 1s absorption spectra in the energ
range 520–555 eV. The strong peak at 530.3 eV correspo
to the O 1s→pNO* orbitals. The broad feature with pea
energy at 537.7 eV is due tos* orbitals and exhibits minima
polarization dependence. These results are summarize
Table I. As in the case of the C 1s and N 1s absorption
spectra, these spectra also reflect an ordered arrangeme
TATB molecules in the sample and testify to their plan
nature.4 Our photoemission measurements yield an Os
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core-level bonding energy of 531.6 eV in agreement w
previous XPS studies of TATB.19,20

D. Radiation damage

Figure 5 compares the N 1s x-ray absorption spectrum fo
a freshly prepared film of TATB molecules~bottom curve!
with those for a TATB film exposed to varying doses
radiation ~white light from the bend magnet beamline
SSRL!. Data were obtained after irradiation of the sample

FIG. 4. O 1s absorption spectra for TATB for various angles
incidenceu, of synchrotron radiation measured with respect to
sample surface.

FIG. 5. N 1s absorption spectra for TATB; bottom—A fres
TATB film; middle—TATB film exposed to moderate dose of ra
diation for 5 min; top—TATB film exposed to intense dose of r
diation for 5 min.
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15 670 PRB 62S. KAKAR et al.
5 min with moderately intense radiation~ca. 1010photons/s,
middle curve! and for 5 min. with very intense radiatio
(;1014photons/s, top curve!. There are clear trends ob
served in these spectra, which allow an unambiguous d
phering of the response of the TATB molecule to radiatio
As illustrated, the molecule is able to withstand a moder
irradiation as no appreciable change in absorption is
served after such an event. Heavy dosage, on the other h
significantly alters the absorption of the sample. Whereas
intensity of the transitions originating from -NH2 remains
unaltered, the N 1s (C-NO2)→pNO* transition undergoes se
vere attenuation. This effect is also observed in the C 1s and
O 1s spectra~not shown!, where the C 1s (C-NO2)→pC5C*
and O 1s→pNO* transitions exhibit a corresponding depl
tion of strength. These observations imply a change in
molecular composition. Specifically, the response of
TATB molecule to an intense radiation stimulus is to eje
the -NO2 substituent from the ring. This is consistent wi
the observation that the loss of the nitro group (NO2) is the
primary event in the initial stages of TATB decomposition19

Another manifestation of this effect is the broadening of
peak corresponding to the N 1s (C-NH2)→pNO* transition;
due to the partial loss of the -NO2 groups from the molecule
the three -NH2 sites are no longer equivalent. These obs
vations clearly bring forth the utility of core-level spectro
copy as an analytical tool for determining bonding a
chemical changes in energetic materials due to aging or o
damage mechanisms.

E. Valence-band photoelectron spectrum

Figure 6 shows the valence-band photoelectron spect
for TATB at incident photon energy equal to 240.0 eV. T
data are shown subsequent to background subtraction23 and
the position of the valence-band maximum is 5.8 eV bel

FIG. 6. Comparison of calculated DOS~Ref. 1! and experimen-
tal valence-band photoemission spectrum for TATB athn
5240 eV.
ci-
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te
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nd,
e

e
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the Fermi energy (EF). The observed spectral features co
respond to the highest occupied molecular orbitals~HO-
MO’s! of TATB, which include molecular orbitals on th
aromatic ring, molecular orbitals on the lone pairs of t
amino nitrogens, and molecular orbitals on the -NO2 groups.
There are 96 valence electrons in a TATB molecule and a
result, the assignment of spectral features in the valen
band photoelectron spectrum to specific bond/moiety in
molecule is a nontrivial task.19,24 Clearly the observed fea
tures consist of many overlapping orbitals, which preclud
such an assignment. However, Kunz has usedab initio meth-
ods to calculate the total density of electronic states~DOS!
for solid TATB,1 which can be directly compared with ou
data. For this purpose, we have modified the theoretical D
by convoluting it with Gaussian peaks of width;1.6 eV to
account for experimental and solid-state broadening. Furt
more, the theoretical results are shifted by 1.6 eV to low
binding energy for the best match with experimental resu
the determination of the exact position of zero on the ene
scale is difficult theoretically due to potential inadequacies
models. The results of this procedure, presented in the
section of Fig. 6, show an excellent qualitative agreem
with experimental data. The calculated DOS reproduces b
the shape and the sequence of observed spectral features
differences in relative intensities of various features, such
those at 7.4, 14.9, and 24.3 eV, probably arise from
modulating effect of the dipole matrix element.25 Minor dis-
crepancies are also observed for the energy separation
tween some of the peaks; these can be attributed to var
approximations made in the theoretical treatment, e.g.,
neglect of correlation effects.1

F. Estimation of the band gap

The donor-acceptor nature of a TATB molecule indica
that in its neutral state the molecule has its HOMO localiz
on the six-membered ring and the -NH2 group~donor!, while
the lowest unoccupied molecular orbital~LUMO! is local-
ized on the -NO2 group ~acceptor!. Also, as a first approxi-
mation, the HOMO-LUMO gap or band gap must be in t
range of 4.9–7.2 eV, the energy gaps for benzene anp
nitroaniline, respectively. The energy position of the Ns
(C-NO2)→pNO* transition can be used to determine t
LUMO energy in thecore-excitedmolecule. This is the en-
ergy position of the transition minus the N 1s (C-NO2) ion-
ization potential ~404.6 eV! for TATB measured using
XPS,16 and is equal to22.1 eV. This number can be used
estimate the LUMO energy in theneutral molecule by con-
sidering the effect of the N 1s (C-NO2) core hole on the
unoccupied molecular orbitals. Upon core-hole creation,
LUMO is pulled down in energy due to Coulombic attractio
exerted by the core hole. The magnitude of this effect
directly related to the changes in the electron distribution
electrons from everywhere on the ring are pulled to the i
ized atom to screen the core hole; it must be determine
order to obtain the LUMO energy for the neutral molecu
This is a nontrivial task amenable only to sophisticated t
oretical treatments. Though no such treatment exists
TATB, it is possible to find the corresponding results for
similar moleculep-nitroaniline (H2N-C6H5-NO2 with -NO2
and -NH2 groups located diametrically opposite to each oth
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on the phenyl ring!.26 Freundet al.have calculated the effec
of core-hole screening in N 1s (C-NO2) photoionization ofp
nitroaniline and found that in this case, the LUMO is pull
down in energy by 6.7 eV while the HOMO is only pulle
down 3.8 eV thus decreasing the HOMO-LUMO energy g
from 7.1 eV for the neutral molecule to 4.3 eV for the N 1s
(NO2) molecule, a difference of 2.8 eV. We use these nu
bers as an estimate of the core-hole-electron excitation
TATB to arrive at the LUMO energy of 4.6 eV in the neutr
molecule. Applying the same formalism to the HOMO e
ergy ~25.8 eV from Fig. 6! determined from VBPES, we
arrive at the HOMO energy of22.0 eV in the neutral mol-
ecule. Therefore, the band or the HOMO-LUMO energy g
can be estimated to be 6.6 eV in neutral TATB. This is
comparison to the complete active space multiconfigura
self-consistent field~CASSCF! calculations by Wuet al. that
yield a band-gap range of 4.6 eV to 5.7 eV.27 In view of the
qualitative and approximate approach adopted here, this
rather satisfactory result.

IV. CONCLUSIONS

C, N, and OK-edge photoabsorption data were obtain
for the energetic material TATB. These data probe
chemical bonding environment in the molecule with s
specificity, and exhibit features that can be correlated
NH2 and -NO2 ligands of the molecule. The results illum
nate the important role of intramolecular charge transfe
determining the electronic structure of donor-acceptor m
ecules such as TATB. The net transfer of negative cha
from the basic -NH2 group to the highly electronegative
NO2 group in the TATB molecule dramatically affects th
assignment of transitions in the absorption spectra thro
changes in the core-level binding energies of C and N ato
We also find observed spectral features to vary with
angle of incidence of the polarized exciting radiation; th
indicates an ordered growth mechanism wherein the TA
molecules arrange themselves coplanar with the orienta
of the surface. We aim to further use this technique to st
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5J. Stöhr, NEXAFS Spectroscopy~Springer-Verlag, Berlin, 1992!.
6K. G. Tirsell and V. Karpenko, Nucl. Instrum. Methods Phy

Res. A291, 511 ~1990!.
7E. J. Mele and J. J. Ritsko, Phys. Rev. Lett.43, 68 ~1979!.
8I. Jimenez, A. F. Jankowski, L. J. Terminello, D. G. J. Sutherla

J. A. Carlisle, G. L. Doll, W. M. Tong, D. K. Shuh, and F.
Himpsel, Phys. Rev. B55, 12 025~1997!.

9N. Brun, C. Colliex, J. Rivory, and K. Yu-Zhang, Microsc. M
p

-
in

-

p

n

a

d
e

-

n
l-
e

h
s.
e

B
n
y

energetic materials of a diverse kind. The database so cre
will help in discerning trends that can provide a muc
needed basis for theoretical understanding of energetic
terials at a microscopic level. In the same vein, we ha
obtained valence-band photoemission data for TATB a
have used them in conjunction with the XAS data to arrive
an estimate of 6.6 eV for the band gap of TATB. Moreov
we have compared these results with the results ofab initio
calculations of the total density of occupied and unoccup
electronic states and total-energy CASSCF calculations
the band gap of solid TATB. The agreement obtained is
couraging and should motivate similar theoretical efforts
other energetic materials.

Finally, the results of this paper also bear relevance
applied materials science. The spectroscopic fingerpri
such as those found in this paper, provide means to tr
chemical changes in energetic materials on exposure to v
ous external stimuli. As an example, this paper demonstr
that exposures of TATB to intense radiation, lead to the ej
tion of -NO2 groups from the TATB molecule, thereby ser
ously impairing its performance as an energetic mater
Such information can be of paramount importance in
synthesis and characterization of new energetic material

ACKNOWLEDGMENTS

We would like to thank the SSRL and ALS staff for the
assistance during these experiments. Work was supporte
the Director, Office of Energy Research, Office of Basic E
ergy Sciences, and was performed under the auspices o
U.S. Department of Energy by University of California
Lawrence Livermore National Laboratory, under Contra
No. W-7405-ENG-48. This work was conducted at the St
ford Synchrotron Radiation Laboratory and the Advanc
Light Source at Lawrence Berkeley National Laborato
which are supported by the U.S. Department of Energy un
Contract Nos. DE-AC03-76SF00515 and DE-AC0
76SF00098, respectively.

,

.

,

croanal. Microstruct.7, 161 ~1996!.
10J. J. Jia, T. A. Calcott, J. Yurkas, A. W. Ellis, F. J. Himpsel, M

G. Samant, J. Sto¨hr, D. L. Ederer, J. A. Carlisle, E. A. Hudson
L. J. Terminello, D. K. Shuh, R. C. C. Perera, Rev. Sci. Instru
66, 1394~1995!.

11D. E. Eastman, J. J. Donelson, N. C. Hien, and F. J. Himp
Nucl. Instrum. Methods172, 327 ~1980!.

12K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P. F. He
K. Hamrin, U. Gelius, T. Bergmark, L. O. Werme, R. Mann
and Y. Baer,ESCA Applied to Free Molecules~North-Holland,
Amsterdam, 1969!.

13R. McLaren, S. A. C. Clark, I. Ishii, and A. P. Hitchcock, Phy
Rev. A 36, 1683~1987!.

14M. B. Robin, I. Ishii, R. McLaren, and A. P. Hitchcock, J. Elec
tron Spectrosc. Relat. Phenom.47, 53 ~1988!.

15R. T. Morrison and R. N. Boyd,Organic Chemistry~Allyn and
Bacon, Boston, 1983!, pp. 616.

16C. C. Turci, S. G. Urquhart, and A. P. Hitchcock, Can. J. Che
74, 851 ~1996!.

17H. C. Cady and A. C. Larson, Acta Crystallogr.18, 485 ~1965!.



la

y
J.

15 672 PRB 62S. KAKAR et al.
18R. N. S. Sodhi and C. E. Brion, J. Electron Spectrosc. Re
Phenom.36, 187 ~1985!.

19J. Sharma, W. L. Garrett, F. J. Owens, and V. L. Vogel, J. Ph
Chem.86, 1657~1982!.

20J. Sharma, B. C. Beard, and M. Chaykovsky, J. Phys. Chem.95,
1209 ~1991!, private communication.

21E. W. Plummer, W. R. Salanek, and J. S. Miller, Phys. Rev. B18,
1673 ~1978!.

22H.-J. Freund and E. W. Plummer, Phys. Rev. B23, 4859~1981!.
t.

s.

23D. A. Shirley, Phys. Rev. B5, 4709~1972!.
24P. C. Hariharan, W. S. Koski, J. Kaufman, and R. S. Miller, Int.

Quantum Chem.XXIII , 1493~1983!.
25B. H. Bransden and C. J. Joachain,Introduction to Quantum Me-

chanics~Longman Scientific and Technical, Essex, 1989!, pp.
425.

26H.-J. Freund and R. W. Bigelow, Phys. Scr.T17, 50 ~1986!.
27C. Wu ~to be published!.


