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The process of x-ray absorption and emission in solids is considered as an x-ray resonant inelastic

scattering process. This coherent inelastic scattering picture has recently been used to interpret the exci-

tation energy dependence in the x-ray emission spectra excited with synchrotron radiation. It also sug-

gests that with near threshold excitation, the x-ray emission spectra should be spatially anisotropic. We
consider the validity and implication of this approach and factors affecting the spatial and temporal
coherence in the scattering process. Taking into account the relaxation effects such as the electron-
electron and the electron-phonon interactions, a significant fraction of the total emission intensity may
be attributed to the coherent scattering. This picture of the x-ray absorption and emission process opens

up the possibility for momentum-resolved x-ray absorption and emission measurements that can be used

for band-structure determination. In addition, it has important implications on the fluorescence yield

method of obtaining the absorption spectra.

I. INTRODUCTION

X-ray absorption and emission in solids have been
traditionally treated as two related yet independent pro-
cesses, with the absorption and emission spectra provid-
ing information on the unoccupied and occupied elec-
tronic states, respectively. The origin for this traditional
view is mostly historical: due to the experimental limita-
tions the absorption and emission spectra are usually ob-
tained independent of each other. Recent experimental
advances, especially the availability of intense x-ray
beams from synchrotron radiation, made it possible to
perform the absorption and emission spectra measure-
ments in the same experiments. ' Consequently, it is
worthwhile to review our understanding of the absorp-
tion and emission processes, especially their interrelation-
ship, which might have significant consequences on their
use as probes of electronic structure of matter. Recently,
C E-emission spectra of diamond were shown to be
strongly dependent on the energy of the excitation pho-
tons. It was proposed that this excitation energy depen-
dence is evidence for coherent inelastic scattering of x
rays in crystalline solids, i.e., the absorption-emission
process should be treated as a single inelastic scattering
process with well-defined crystal momentum conserva-
tion. As a consequence, the emission spectrum rejects
the valence-band density of states (DOS) sampled in a re-
stricted region of the Brillouin zone (BZ) that is deter-
mined by the absorption process. Band-structure calcula-

tions based on the scattering picture produced results
that closely resemble those obtained in the experiment.
Si L-emission measurements also provided evidence sup-
porting this inelastic scattering interpretation. While the
emission spectra of crystalline Si show dramatic excita-
tion energy dependence, no excitation energy depen-
dence has been observed for amorphous Si, suggesting
that the long-range crystalline order is the cause for the
excitation energy dependence. The discovery that x-ray
absorption (XAS) and emission (XES) spectroscopies can
provide momentum-resolved electronic density-of-states
information is very surprising. Since localized core elec-
trons are involved in these processes, it was traditionally
believed that only the DOS integrated over all the BZ can
be obtained. ' Equally surprising is the coherence be-
tween the absorption and the emission processes.

In this paper we will discuss in detail the absorption-
emission process in condensed systems: the resonant in-
elastic scattering description, its validity, and implica-
tions. It will be clear from the discussion that the coher-
ence between the emission and absorption is a conse-
quence of the fast decay process, while the momentum
conservation is due to the delocalization of the electron-
hole pair of the final state. The localized core hole poten-
tial will affect the momentum resolution of the scattering
process to a limited extent. The relaxation processes,
such as those due to the electron-phonon and electron-
electron interactions, will affect the coherence between
the absorption and emission and make incoherent contri-
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butions to the scattering cross section. However, the
coherent scattering is generally a significant contribution
and its use as a new band determination technique should
be explored.

In the following section, we will first discuss the
scattering process in the independent particle picture.
The implications and complications due to many particle
interactions will be discussed in Sec. III. We will con-
clude in Sec. IV.

II. SINGLE-PARTICLE THEORY

The interaction of photon with matter is determined
by the following interaction Hamiltonian:

e e0= pA+ AA.
mc 2mc

As is well known, the p. A term describes one-photon
processes, i.e., the absorption or the emission of a single
photon. The A A term describes two-photon processes
such as diffraction and inelastic scattering. In this paper,
we will concentrate on the process generated by the p- A
term in the second order, i.e., a process involving multiple
absorption and emission processes.

In a typical x-ray inelastic scattering experiment the
incident photons with energy hm, impact on a sample
and the scattered photons with energy hco2 are monitored
with energy analyzer-spectrometer. The scattering cross
section can be derived from the Born approximation as

(f,A, A, i)

mc

&flp A2lm &&mlp Aili & &flp Ailm &&mlp A&i &+E E, —h co—, i. I —/2 E,. —Em+bc@2,
5(co, —co2

—cof; ), (2)

where the first term gives rise to the normal inelastic
scattering, and the other two terms describe the anoma-
lous inelastic scattering of the x-ray photon, and

h~f; =Ef—E, . These scattering processes are illustrated
graphically in Fig. 1. The sum over m is for all the possi-
ble intermediate states (with lifetime I ). When fico, is
at or above an absorption threshold, the resonant term
dominates by an order of [vari(co,

—co2)/I' ] . In this pa-
per, we will discuss only the resonant process, where the
electron from a core level, by the absorption of the in-
cident photon, is excited to an unoccupied state, followed

by the decay of a valence electron into the core hole, em-
itting a photon of Aco2. This is the process measured in
the photon excited x-ray emission experiments. It is
essentially the resonant Raman scattering process
(RRS).' However, the x-ray RRS usually refers to exci-
tations just below the absorption threshold and is usually
associated with scattering from bound states. Above the
absorption threshold, it was generally believed that the
inelastic scattering process is divided into two indepen-
dent, absorption followed by emission, processes where
the transition rate is the product of the absorption and
emission transition rates. " Recent experiments clearly

l

showed that this "absorption followed by emission" pic-
ture is inadequate, and that there is coherence between
the absorption and emission processes. ' ' We therefore
call this process, where the final-state electron-hole pair is
delocalized, by a more general term: x-ray resonant in-
elastic scattering (XRIS).

We consider the XRIS from crystalline solids. In the
single-particle picture, the ground-state wave function is
a Slater determinant with the electrons filled to the
valence-band maximum or the Fermi level. The final

state has a conduction electron in the previously unoccu-
pied state with crystal momentum k& and an electron
missing from the valence state at k2. These variables are
determined by the photon energy, momentum, and the
band structure of the solid. The intermediate state of the
resonance is characterized by a hole in the core state le &

with energy e„a photoelectron in le' & and energy e, .
The decay of the core state is by transition of a valence
electron from lh'& and energy e„, to the core hole,
where e denotes the excited states. Substituting these
functions into Eq. (l), the resonant scattering term be-
comes

d CT &k, le'&&h'lk, &&clp A, lh'&&e*lp A, lc&

k), k2 c,e, h cc —c.e
—h co, —i I c /2

S denotes the overlap integral for all the electrons that did not participate in the transitions. Normally near an absorp-
tion edge S=1 while at higher energies S could be less than one, with the multielectron processes taking away the spec-
tral weight. ' Neglecting the effect of the core hole on the wave functions for the moment, all the single-particle wave
functions are then Bloch wave functions, ' characterized by their crystal momenta. From the orthogonality condition,
we have, e.g. , &k, le" & =5i, i, , where k, is the momentum of the photoelectron. Also, since the core wave function is

localized, it can be written in the tight-binding form lc &
= ga e ' y, (r—R), where y, is the atomic core wave func-
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tion located at R, e.g., the Cls for diamond. The energy of the core level s, is essentially a constant, independent of the
position R and the momentum k„ the sum over k, can then be replaced by the sum over the lattice site R by using

ik (R—R') iq&r
gi, e ' =N5aR. Substituting these results, the photon amplitudes, e.g., A, = Roe, e with e the polarization

C
ik .r /kI

vector, and the Bloch wave functions, ~e*}=e ' u, (r) and ~h'}=e "
ui, (r), into Eq. (3}, we obtain a cross section

for the XRIS as
2

dcT M, , I'R-(q —
q +kj, —k )

QM i,
'

. ge ' ' " ' 5(o), coi—cof—) .
h e

(4)

In the dipole approximation, the matrix elements are,
e.g., M, ,=f u, p e,qr, d r. As expected, in Eq. (4) the
first two terms describe the resonant absorption process
followed by emission on the same atom, as required by
the localized core hole. The energy and momentum of
the electron k, in the final state is that determined by the
resonance condition in the absorption process,

s, (k, ) —e, =fur, .

The energy si, is determined by the overall energy conser-
vation, s, —el, =%co, —fico2, or

fico2=e, (k, )
—e, —s, (k, )+el, (kl, )

=&I (ki }—e.

which is just the result for the normal x-ray emission pro-
cess.

What is unusual in Eq. (4) is the sum over the atomic
positions, R. This sum gives rise to a crystal momentum
conservation, q, —qz=k, —ki, +G, which relates
momentum of the electron-hole pair to the momentum
transfer from the photons, obtained from

IR(qi —q2+kye ' ' " ' =N5s

where G is a reciprocal lattice vector. Note that the sum
is over the coherent region of the photon field, and it
resembles the structure factor in the x-ray diffraction pro-
cess. In fact, if we let ki, =k, and u, (r)=uz(r), Eq. (4)
simply describes the anomalous elastic scattering of x
rays. In this case the momentum conservation is
q, —q2=G, i.e., the Bragg condition. Therefore, we may
interpret the resonant inelastic scattering as a generaliza-
tion of the anomalous scattering: instead of the ground
state, the final state of the solid is an excited, charge-

I

density-wave-like state composed of the electron-hole
pair. Thus, XRIS is a part of the anomalous inelastic
scattering of x rays.

The comparison with the elastic anomalous scattering,
where a core electron is momentarily excited to the con-
tinuum and the same electron recombines with the core
hole, also suggests the following interpretation for the
resonant inelastic scattering in solids. The core electron
is well known to be localized. Therefore, the absorption
and emission process should occur on individual atoms.
Equation (4) and the momentum conservation comes
from the summation of the coherent absorption and emis-
sion events among all the equivalent atoms within the
coherent x-ray Selds. The absorption and emission pro-

iR(q& —k )
cesses are coherent, contributing factors of e ' ' and

-iR(q, —I „)e ' " to the overall scattering process, respectively.
Also, the transition processes occurred on different, but
equivalent, atoms are coherent. In other words, there ex-
ists both temporal (between absorption and emission} as
well as spatial (between equivalent atoms within the
coherent photon Selds) coherence.

The above picture can also be applied to groups of
equivalent atoms such as molecules and clusters. Instead
of Bloch wave functions, molecular wave functions such
as linear combination of atomic orbitals (LCAO) are sub-
stituted in Eq. (3). Recent excitation energy dependence
observed in the C K emission of C60 may indeed be due to
such coherent scattering. '

The polarization dependence in the resonance scatter-
ing process and its use for studying the magnetic proper-
ties merit special mention. As can be derived from Eq.
(3), the magnetic quantum number selection rule for the
absorption and emission processes are m, —m, =m j and

m),
—m, = —m 2. Where m, and m 2 are the quantum

number of the photons, e.g., mq& =1 0 —1 for left circu-
larly, linear, and right circularly polarized light, respec-
tively. For the overall scattering process,
m~ —m, =mq& —

mq2. Therefore, by using differently po-
larized excitation and polarization analysis of emitted ra-
diation, angular momentum information of either the
conduction band or the valence band can be obtained.
This relation will be useful to study the electronic struc-
tures of magnetic systems.

(a) (b) (c)

FIG. 1. graphical illustration of the photon scattering pro-
cesses described by Eq. (2): normal inelastic scattering (a), reso-
nant (b), and nonresonant (c) anomalous scattering.

III. DISCUSSIONS

This new understanding of the x-ray absorption and
emission process in solids has very profound and observ-
able consequences. The first consequence of Eq. (4) is
that x-ray emission of the valence band is excitation ener-



5802 YANJUN MA 49

gy dependent. Depending on the band structure, the
momentum of the electron in the final state is a function
of the incident photon energy through the resonant con-
dition, Eq. (5). Only emission from ki, =

q2
—q, +k, and

e„(ki, )=e, +hco2 of the valence band is allowed. There-
fore, as h co, is varied, the emission spectral line shape will

vary, with enhanced emission from a region or regions of
the BZ determined by the energy and momentum conser-
vation. It should be emphasized that the prediction is for
the variation of spectral shape, other than the total emis-
sion intensity which will also vary with the absorption
cross section at different incident energies.

This prediction has been confirmed by recent experi-
ments at the C E edge of diamond, and the Si L edge of
crystalline Si. ' In these soft x-ray experiments, the
wavelength of the photons are much longer than the lat-
tice constants of the solids. The momentum transfer
from the x ray to the sample is negligible. Consequently,
the momentum conservation is reduced to kl, =k, . Thus,
the net effect of the two core transitions is a vertical tran-
sition with a conduction electron and a valence hole,
much like an optical or UV transition. Simple tight-
binding calculations based on this vertical transition rule
yielded results in very good agreement with the experi-
mental results. More recently, a similar excitation ener-

gy dependence was observed in the C E-emission spectra
of graphite. '

At x-ray wavelength comparable to 1attice spacings,
Eq. (4) predicts that x-ray emission from the valence band
is spatially anisotropic. When fico& and fuuz are fixed,

changing the direction of the detection will vary qz, thus

the momentum of the valence hole created in the emis-

sion process. Therefore, the emission spectra shape will

vary as the detection angle. Indeed, recent measurements
show that, under identical experimental conditions, the
KP emission spectra of silicon obtained with near thresh-
old excitations are very difFerent for (100), (110), and
(111)orientations. '

These properties of XRIS provided the basic principle
for performing momentum resolved -XAS and XES mea-

surements. Since the momentum of both the incident and
emitted photon can be obtained from their energy and
direction, if one of the electronic momentum can be ob-

tained, the other is known. For example, with the in-

cident photon energy fixed at an absorption threshold,
e.g. , the K edge of Si, the photoelectron is excited to the
bottom of the conduction band at k;„. It is then possible
to map the valence band e&(kh) through angle-resolved

XES, where the enhancement in the emission spectrum
determines the energy and the crystal momentum is ob-
tained from k& =q2 —q&+k;„. On the other hand, one
can perform partial Quorescence yield measurement of
the absorption spectrum by monitoring the emission from
a high density-of-states point ko in the valence band. The
absorption spectrum obtained this way contain only the
information on the unoccupied states at momentum

k, =q& —q2+ko which can be varied by either changing
the sample orientation or the direction of the photons.

It was estimated that the coherent scattering contribut-
ed to about 30—50 fo of the total detected emission inten-
sity in diamond. ' We now discuss the origin of the in-

coherent contribution as well as the validity of the
coherent scattering approach. Clearly, the prerequisite
for the momentum conservation relation is that the
electron-hole pair in the final state have well-defined crys-
tal momentum. This is rejected in the use of Bloch wave

functions for the electron-hole pair in deriving Eq. (4).
Thus, it is most important to identify the interactions
which may cause the localization (delocalization in the
reciprocal space) of the electron-hole pair. Since the core
hole is localized, the effect of the core-hole potential is ex-

pected to be the most important. This was the main

reason for the traditional belief that no electronic
momentum information can be extracted from the core-
level techniques. '

The effect of the core-hole potential on the electronic
wave functions of the conduction band has been well

treated in the theory of excitons, especially that of core
excitons. ' In the presence of the core hole, the photo-
electron may be described by a wave packet around the
core hole. Its wave function may be expanded from
Bloch wave function:

~
e ' ) = gi, A (k —k, )

~
k ) . There-

fore, we need to replace (k, ~e' ) in Eq. (3) by the more

general form: A(k, —k, ). It can then be seen that in-

stead of a single Bloch wave, the electron in the final state
is now a superposition of many Bloch waves, determined
from the envelope function A (k}. In most cases, for ex-

citations above the band gap, the effect of the core-hole
potential on the conduction- or valence-band wave func-

tions is small, A (k)=5(k —k, ) and we recover the ear-

lier results. In the other limits, when (1) the photon elec-

tron is excited into a localized orbital and (2) electron in

the emission process is from a localized deep core level,

(k, ~e') or (kz~h')=1. The whole BZ has to be sam-

pled in Eq. (4}. No electronic momentum information

can then be resolved from this type of scattering process.
We will have the normal isotropic Huorescence.

In the intermediate case, for example, when the in-

cident photon energy corresponds to the excitation of a
shallow core exciton, the photoelectron wave function is

composed of wave functions at around, e.g., the
conduction-band minimum k;„. Assuming a Gaussian

envelope function, the size of this region is then roughly
2'/D, where D is the size of the exciton. The result will

be to add this amount of uncertainty to the momentum-
conservation relation, which ultimately contributes to the
momentum resolution that can be achieved in the scatter-
ing experiment.

A special case is when the incident photon energy cor-
responds to the creation of a core exciton. In this case,
the energy of the emitted photon will be different from
that in the normal emission process. This is because dur-

ing the emission transition which eliminated the core
hole, the photoelectron changes from that of the core ex-
citon state to a valence exciton state near the minimum of
the conduction band. Using Aco2= c.z

—c,'+ c,' —c„ the

emission spectrum is shifted by approximately c;„—c,',
to lower photon energy. This kind of shift has been ob-
served in the 8 E-emission spectra of 8203 and BN. '

From the above discussion we note that it may be possi-
ble to use the scattering technique to extract the exciton
envelope function

~
A (k)

~
.
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The above discussions are related to the spatial coher-
ence of the absorption and emission processes where the
coherence length of the photon and the size of the exci-
tonic effect contribute to the momentum resolution of the
scattering. We now discuss the temporal coherence, i.e.,
the coherence between the absorption and emission pro-
cesses. In Eq. (3), the same intermediate wave function is
used in the absorption and the emission matrix elements.
This is true if the relaxation time of the system is much
less than the lifetime of the intermediate state. If there is
complete relaxation, the absorption and the emission
should then be treated as two independent processes.
There are several important time scales in the scattering
process: lifetime of the intermediate state A'/I „the pho-
non relaxation time I/con (where con is the Debye fre-

quency), and the lifetime of the photoelectron A'/I, .
Clearly, the coherence condition is I,» I „AcoD. The
effect of the photoelectron scattering due to phonons and
impurities can be controlled by measuring at low temper-
ature and the use of high-quality samples, while for insu-
lators the scattering by electrons are not very strong be-
cause the finite band gaps prevent the creation of
electron-hole pairs. For example, for diamond the energy
gap is 5.5 eV. Only when the photoelectron has energy of
more than 5.5 eV can the e-e scattering be important.
For insulators and semiconductors, the most important
relaxation mechanism is clearly the phonon relaxation:
because of the excitation involves the localized core state,
electron-phonon coupling through the Franck-Condon
process is always present.

The effect of the phonon relaxation in the x-ray absorp-
tion and emission process has been well studied. ' It was
found that the phonon relaxation is not complete at least
up to I, -A'~z. For diamond, I &, =RcoD=0.2 eV. Thus,

one may estimate that up to e & ~~=40% of the
emission intensity is due to the coherent scattering. This
order of magnitude estimate agrees well with the experi-
mental finding that the coherent fraction make up
30—50% of the emission intensity in diamond. With
the exceptions of the very shallow ones, the condition
I', » fmn should be good for most of the core levels, and
higher coherent fractions are expected. Finally, similar
to the case of x-ray diffraction, thermal vibrations in the
ground the final states should introduce a Debye-Wailer
factor in Eq. (4).

Multielectron effects will give rise to satellite structures
in the emission spectrum and are incoherent because the
emitted photon has different energy. They can be impor-
tant for narrow band materials where the electron corre-
lation effects are important, or when the excitation en-
ergy is far above the absorption threshold. The mul-
tielectron effect can be included in Eq. (2) by using $( l,
which would further reduce the contribution of the
coherent scattering in the total emission spectrum.

Some of the many-body effects can be studied with
model Hamiltonians and perturbation theory. Suppose
the e-ph or the e-e interaction is described by the interac-
tion Hamiltonian, H;„„simple use of the first-order per-
turbation theory gives the following addition to the reso-
nant transition amplitudes in Eq. (3):

This additional term can be used to study the excitation
of a plasmon or phonon during the resonant scattering
process. The conservation relations for these processes
are modified to include the energy and momentum of the
plasmon or phonons. In Fig. 2, we illustrate some of the
scattering processes that may occur in the core state.
The quantitative analyses of these processes are beyond
the scope of this paper.

Having stated that XRIS may be used as a band deter-
mination technique, we now discuss the advantages and
limitations as compared to other band determination
techniques such as the angle-resolved photoemission.
Since only the detection and analysis of x-ray photons are
used, XRIS is bulk sensitive and has no problem with the
sample charging effects associated with the electron
detection techniques. Surface contamination and disor-
der will have a much smaller effect on the use of this
technique. In addition, it can be used in external electric
or magnetic fields. XRIS has all the characteristics of ab-
sorption and emission spectroscopy, including the ele-
mental, chemical, and the orbital symmetry sensitivity.
Finally, because of the weak interaction between the
emitted photon and the solid, the interpretation of the ex-
periment is simpler than the photoemission process. This
is in contrast to photoemission technique, where the es-
caping photoelectron interacts strongly with the solids,
especially the surface, rendering it to be an essentially
two-dimensional band mapping technique.

(a) (b)

(c)

FIG. 2. Graphical illustration of selected relaxation process-
es during the XRIS process. (a) No relaxation; (b) inclusion of
the Coulomb interaction between the electron and the holes; (c)
excitation of a plasmon or phonon with energy

Aced~

by the pho-
toelectron (or the core hole); (d) excitation of an electron-hole
pair by the photoelectron (or the core hole).
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The disadvantages include the low detection efficiency,
especially for soft x-ray photons, and the requirement for
core levels with appropriate energies and small lifetime
broadening. At x-ray energies of 5 keV or more, the nat-
ural width of the core levels can be more than 1 eV. This
will limit the momentum resolution that can be achieved
in the scattering experiments. The best region of study is
therefore around x-ray energy of 2 keV, involving the res-
onant transition of the E-shell electrons of Si, S, etc.
These core levels usually have fairly narrow natural
widths and the x-ray wavelength is comparable to the
usual lattice spacings.

It is interesting to note that there had been debate over
"resonant scattering" (RS) or "absorption-followed-by-
emission" (AE) description of resonant Raman scattering
and hot luminescence in the visible region. ' It appeared
that there has been no consensus as to whether the two
descriptions are equivalent or not. Our discussion in the
x-ray regime clearly shows that there is an observable
difference between the RS and the AE approaches. The
spatial coherence in the RS process yields diffractionlike
effects that are absent from the AE picture. Note that
this difference is only observable in solids or groups of
atoms. If there is only one atom, the phase information
from the absorption and emission processes in Eq. (4) will
not manifest in the absolute cross section, and the RS and
AE pictures are equivalent.

Finally, this work suggests that one should be careful
when using the fluorescence yield technique to obtain the
absorption spectra. Since the absorption-emission pro-
cesses are correlated, the fluorescence technique may not
yield the true absorption spectrum. A simple example of
L edges of Mn + ion in, e.g., MnC12, in the S
configuration illustrates the point. The L fluorescence is
dominated by the radiative decay of the five 3d electrons
which are spin aligned. The fluorescence yield is only
proportional to the excitation cross section whereby a 2p
electron with the same spin orientation as that of the d
electrons is excited. In the other case when the absorp-

tion involves a 2p electron with the opposite spin, the
3d ~2p radiative transition is not allowed due to the spin
se1ection rule. Thus, in this example, the fluorescence
yield technique only measures the partial absorption
cross section.

IV. CONCLUSIONS

We have presented a general discussion of x-ray reso-
nant inelastic scattering. The x-ray absorption-emission
process is treated as a coherent inelastic scattering pro-
cess where the incident photon loses energy to create an
electron-hole pair. As a result of the momentum conser-
vation in the scattering process, the valence-band emis-
sion spectra excited with monochromatic photon will, in
general, be dependent on the excitation energy. Further-
more, it is possible to use the resonant inelastic scattering
technique in the determination of both the occupied and
unoccupied electron bands. This technique has some
very attractive properties such as bulk sensitivity, charge
neutrality, elemental specificity. Effects of the electron-
electron and electron-phonon interactions are also con-
sidered. They contribute to the momentum resolution
and the incoherent portion of the total scattering cross
section, such as the excitation of phonons and plasmons.
It is estimated that more than 50% of the total emission
intensity may be due to the coherent process. With the
development of the new generation of synchrotron radia-
tion sources, this new understanding of the absorption
and emission processes hopefully will stimulate more
theoretical and experimental investigations on this new
aspect of x-ray spectroscopy and yielding new spectro-
scopic technique for determining the electronic structures
of materials.
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