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Synchrotron Radiation Studies of the K-Edge Photoabsorption Spectra of Kr, Br, ,
and GeC14 '. A Comparison of Theory and Experiment
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The E-edge photoabsorption spectra of Kr, Br in Br&, and Ge in GeC14 were measured
using synchrotron radiation from SPEAR, Stanford's e+e storage ring, which provides
a factor of 5x 104 improvement in intensity over a conventional x-ray source. The agree-
ment between theory and experiment is only qualitative.

The structure of x-ray absorption edges has
been of interest for some time. ' Measurements
using conventional x-ray sources have been made
on a wide variety of atomic systems, including
crystalline and amorphous solids, liquids, and
gases. ' ' The current view of the origin of the
extended x-ray-absorption fine structure (EXAFS),
above about 50 eV from the edge, is that the nor-
mal atomic photoabsorption matrix element is
modulated as a result of interference of backscat-
tered photoelectrons with the outgoing photoelec-
trons. This model has led to several recent the-
oretical works on EXAFS in solids. ' One of
the major goals of the theory has been the extrac-
tion of accurate interatomic-distance information
from the experimental data. The most serious
limitation in the past has been the low intensity
available from conventional x-ray sources at the
output of a suitable monochromator. A high-reso-
lution K-edge-absorption study using a conven-
tional x-ray tube can take typically 2 weeks to ob-
tain a signal-to-noise ratio of about 300. At

SPEAR the intensity improvement over a power-
ful conventional source is a factor of 50000, mak-
ing possible EXAFS measurements with a signal-
to-noise ratio of 104 taking only 30 min. This
work represents the first use of the high x-ray
intensity available from a storage ring for high-
resolution EXAFS measurements.

It is the intent of this work to compare ab initio
theoretical calculations with new experimental
data. Other work" has focused on empirical
methods for extracting interatomic-distance in-
formation. We find only qualitative agreement
between theory and experiment, yielding only a
Po accuracy in the interatomic distances in sim-
ple molecules. This disagreement does not pre-
clude, of course, more accurate empirical de-
termination. In order to test the validity of the
theory on the simplest possible system, the K-
edge EXAFS of Br, gas was measured. This is
the first time that EXAFS modulation has been
observed in a diatomic molecule. In Br, there
is only one interatomic distance so the absorp-
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the isolated-atom case, one is led to'
o.o~ —I

I

I

~ I I I

I K) is the initial K-shell atomic wave function
and H, is the dipole-approximation interaction
Hamiltonian. The final state in the isolated-atom
case after the absorption of the photon is

I f,)
and

I f,+f„) is the final state in the molecular-
photoabsorption process, where an electron scat-
tered from the nearby environment is included.
We assume that the outward wave may be con-
sidered to be a plane wave near a scattering
atom and the backscattered wave returning to the
absorbing atom may also be treated as a plane
wave. It is also assumed that the scattering
from neighboring atoms is elastic and can be
treated independently of the other atoms. These
assumptions lead to the formula
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for molecules like Br, and GeC1, with only one
significant interatomic spacing. Here k is the
wave vector of the outgoing electron, 8 is the
atomic spacing, 2.28 A for Br, and 2.09 A for
GeC1„ f (k, m) is the backscattering amplitude
from the neighboring atoms, o' is the mean
square fluctuation in the distance R due to the
vibration of the molecule, and o.(k) =2q, (k)
+argl f (k, m)] is the phase shift, with q, (k) the
outgoing P-wave phase shift for the photoelectron.
The backscattering amplitude f (k, E) is then cal-
culated from the phase shifts 5, according to the
partial-wave formula

f (k, E) = (1/k) Q (- 1)' (2 l + 1)exp(i5, ) sin5, .
l=0

In this work the phase shifts are calculated in the
static-exchange Hartree- Pock approximation as-
suming a fixed set of atomic wave functions. The
radial Schrodinger equation is solved iteratively
to produce phase shifts for the nonlocal exchange
potential. The atomic wave functions used are
double-& analytic Hartree- Fock wave functions"
generated using a program similar to that of
Roothan and Bagus. " The fully relaxed ion with
a single K-shell vacancy is taken for the absorb-
ing atom and the ground state is used for the
scattering neighbors. This neglects all molecu-
lar properties except for the internuclear dis-
tance. The value of o' is computed from the vi-
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FIG. 8. Comparison of theory and experiment. The
theoretical curves have been displaced for clarity.

brational parameters of Br„"and is estimated
for GeC14 based on the known vibrational modes
and frequencies of the molecule, "and the Debye-
Waller factor is found to be significant only at
the highest photoelectron energies. No parame-
ters of the theory have been adjusted to improve
agreement with the data.

The results of the theory calculations are com-
pared with experiment in Fig. 3. The oscillatory
part of the experimental absorption curve has
been separated from the background atomic ab-
sorption and normalized by assuming the smooth
background absorption to be the same as the iso-
lated-atom absorption curve. The theory curves
have been displaced upward for clarity. The zero
of the energy for the experimental curves was
chosen by calculating (with the Hartree-Fock pro-
gram mentioned previously) the difference in en-
ergy between the continuum limit and the atomic
excited state presumed to be responsible for the
first large peak in the absorption spectra. For
Br this difference is 13.3 eV and for Ge it is 9.8
eV. This neglects any possible molecular effects
on the zero of energy. As can be seen from Figs.
3(a) and 3(b), the theory predicts EXAFS roughly
a factor of 2 larger than the data. Also, there
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are disagreements of peak positions that are well
outside the experimental error limits. If one ad-
justs the starting value of the interatomic spacing,
which is the most sensitive parameter in the the-
ory, to improve the peak-position agreement,
the distance so determined is in error by 5%.

The large discrepancy in amplitude between
theory and experiment is probably due to the as-
sumption of elastic scattering and neglect of in-
elastic processes in core-hole production. Also,
the additional phase shift due to inelastic scatter-
ing could possibly account for the peak-position
disagreement. Another possible problem is the
choice of initial wave functions, since agreement
of peak positions between theory and experiment
requires quite accurate values for the scattering
and outgoing-wave phase shifts. The removal of
other assumptions of the theory, specifically the
plane-wave approximation, lack of multiple scat-
tering, and the static-exchange approximation,
have been treated by others. ' " While these ef-
fects should be important for low photoelectron
energies, it is difficult to understand how they
could modify the amplitude by a factor of 2 over
an energy range of more than 1000 eV.

It is concluded that the theory of EXAFS as out-
lined in this paper and other theories used to
date are inadequate to produce quantitative agree-
ment with the experimental data available using
synchrotron radiation. One can still use a com-
bination of theory and empirically determined
phase-shift and amplitude curves to determine
atomic-shell spacings around an absorbing atom.
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The decay rates of the vibrational levels v = 8 to v = 18 in ground-state N2 have been mea-
sured in solid nitrogen between 4.2 and 18 K. In N-atom-doped but otherwise highly pur-
ified solid N&, the vibrational relaxation rates are found to be fitted by the expression
P„„i=A„+B„exp(-DE„/hT). The rate 2„=—ux (1 sec ') is interpreted as the multipho-
non creation rate in the v —v —1 relaxation, while B =-6x10 sec near'v=10 describes
the intermolecular transfer of a vibrational quantum, N2(v) +N~(0) —N~(v —1) +Nz(1), with
energy mismatch ~,=E& -Eo- E„+E„&.

We have investigated the vibrational relaxation
of ground-state N, in vapor-deposited pure solid
nitrogen at temperatures from 4.2 to 18 K. The

vibrational levels v =3 to v =13 have been ob-
served after excitation by a pulsed 10-keV elec-
tron beam. Examples of the decays of the indi-


