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Relation between X-Ray-Raman and Soft-X-Ray-Absorption Spectra
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A spectrum of x-ray inelastic scattering of copper Ea,Ea, radiation scattered by metallic lithium through
28 = 115 ' was obtained. (These conditions correspond to a momentum transfer k = 6.87 X 10' m'. ) The
spectrum is compared quantitatively to an experimental soft-x-ray-absorption spectrum of lithium. This

comparison serves as an experimental verification of the relation between x-ray-Raman spectra and
soft-x-ray-absorption spectra. The method renders possible the study of solid-state effects via x-ray
Compton-Raman experiments without ad hoc assumptions concerning the wave functions of the inner

electrons. Also presented is some evidence of the failure of a random-phase approximation and the impulse

approximation in the region under investigation.

INTRODUCTION

Current interest in x-ray Compton-Raman scat-
tering is focussing on the study of solid-state ef-
fects (e.g. , the many-electron problem) and col-
lective excitations (plasmons). A goal in x-ray in-
elastic scattering has been the experimental de-
termination of the two-dimensional, electron mo-
mentum distribution (EMD) of the valence or con-
duction electrons and, in turn, the experimental
study of the spatial part of the electron initial-
state wave function. For EMD studies, the experi-
mental conditions are usually so arranged that the
energy transfer to the electron is much larger
than the electron binding energy, and the momen-
tum transfer k is much larger than the inverse of
a characteristic orbital radius x of the bound elec-
tron

k»1/~ .
Under these conditions, the final state of the scat-
tering electrons is a plane wave and the Compton
profile depends only on the ground-state wave func-
tion of the scattering electrons. Within these lim-
its, and assuming a one-electron approximation,
the "impulse-approximation" approach~ is valid.
It is within this area that much of the Compton
scattering work has been done to date. The prop-
erties of electrons in solids, however, can be bet-
ter understood in the region of smaller energy and
momentum transfers. X-ray Comyton spectra are
very sensitive to band structure near the Fermi
level. We therefore chose to work in a momentum-
transfer region k&vxl0' m ', k r&1.4, where
we can illustrate the method under consideration
as well as learn more about the so1,id-state physics
of the problem.

Lithium metal was chosen for a scatterer since
it is an interesting (although relatively compli-

cated) low-Z solid for study, and much Compton
work ' has been done on this material in the past.
In the small-momentum-transfer region k &1,
plasmon excitation in lithium has been ob-
served. *'~' In the region of large momentum
transfer, momentum distributions have been de-
rived. ' " In the range in between, several in-
teresting features have been noted, the most im-
portant of which is the appearance of the x-ray
Raman effect. 3'~'2 While Comyton scattering de-
pends strongly on angle, Raman scattering is al-
most independent of angle. The phenomenon one
observes in x-ray scattering is a superposition of
both Compton and x-ray Raman scattering-hence
the terminology "x-ray Compton-Raman scatter-
ing. " Table I shows, for each of the above refer-
ences, what the values of jkl and k- r are, and

what type of study was made. We note particularly
the work by Suzuki, 7 whose experiment is very
similar to our own (CuKa scattered on lithium
through 28 = 120'), which demonstrated the same
broad features we report here and analyze in de-
tail.

APPROACH TO THE PROBLEM

The greatest source of experimental uncertainty
in both the intermediate and large momentum trans-
fer areas is the subtraction of the core-electron
contribution from the total profile of inelastic scat-
tering. Customarily, the core profile is calcu-
lated and subtracted from the total yrofile, and the
remainder is called the valence electron Compton
profile. X-ray Compton spectra are very sensi-
tive to the existence of holes in the core levels as
well as being sensitive to band structure near the
Fermi level. The main difficulty, then, in cal-
culating the shape of the Compton profile is the
problem concerning the behavior of electrons
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TABLE I. X-ray Compton scattering measurements on lithium. ~

Author

Kappeler (Ref. 2)
Das Gupta (Ref. 3)
Alexandropoulos,
Alexopoulos (Ref. 4)
Cooper, Leake,
Weiss (Ref. 5)
Theodossiou,
Vosnidis {Ref. 6)

Suzuki (Ref. 7)

Phillips,
Weiss (Ref. 8)
Priftis,
Theodossiou,
Alexopoulos (Ref. 9)
Weiss,
Phillips (Ref. 10)
Cooper, WiQiams,
Borland, Cooper (Ref. 11)
Suzuki, Kishimoto,
Kaji, Suzuki (Ref. 12)

Alexandropoulos,
Parks, Kuriyama (Ref. 13)
Priftis (Ref. 14)

Alexandropoulos (Ref. 15)

Currat, DeCicco,
Weiss (Ref. 16)
Phillips,
Weiss (Ref. 17)
Cohen,
Alexandropoulos,
Kuriyama (Ref. 18)
Eisenberger, Lam,
Platzman, Schmidt (Ref. 19)

Radiation

MoKe
CuKe
CuKP

CrKP

MoKe

C rKP

MoKe

MoKe

CrKe

CuKe

CrKP

CuKeKP

MoKe

MoKe

Angle
(28)

(deg)

~ 9.1
55
18

90
100
10
18
32
45
80

120
140
117

5
10
15

119

153

30
60
90

120
160
90

5
10
15
7.7
to
1.2

10.4
to
3.8

158

25

170

(10"m-')

~4. 64
3.12
1.4

12.5
13.5
0. 526
0.945
1.6V

2.31
5. 24
V. 06
7.66

15.1

0.263
0. 527
0.789

15.3

17.2

l.56
3.02
4. 27
5.23
5.95
5.77

0.263
0.526
0.789
1.1
1.0
0.95
0.895
0.80
0.70
0.60
0.40

17.3

lV. 3

1.76

k r
~ 0.928

0.62 Raman
0.28

2. 5
2.7
0.11
0.19
0.33
0.46
1.0
1.4 Raman
1.5
3.0 EMD"

0.05
0.11 Plasmon
0.16
3.1 EMD

3.4 EMD

0.31
0.60
0.85
1.0
1.2
1.15

0.05
0.11 Plasmon
0.16

Plasmon

3.5

3.5

0.353

'We used @=4~ sin8/&, where e is half of the scattering angle and & is the incident
wavelength. The value of rL&~, &

is given by J. C. Slater, in Quaetunz Theo~ of Atom-
ic Stmeture {McGraw-Hill, New York, 1960), Vol. 1, p. 210.

Electron momentum distribution.

slightly above the Fermi level in the presence of
a localized hole in a lower level. (Similar diffi-
culties arise in calculating the exact shape of a
soft x-ray absorption spectrum. ) It is especially

desirable to determine these quantities experimen-
tally in an effort to avoid ambiguities.

In principle, the current and density correlations
of electrons in solids can be determined through
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two simultaneous, independent experiments-x-ray
absorption and x-ray Compton-Raman scattering.
If the electrons are in a solid that is either iso-
tropic, or alternatively has a high degree of sym-
metryy then it has been proven ' ' that x-ray in-
elastic scattering is related~ to x-ray absorption:

(
d'o((d)~~' ' 1 d'&(~)&[

d(od A ] (o d(d d~)~

where k and & are the momentum transfer and the
energy transfer, respectively, and r is the orbital
radius of a bound electron. The validity of this re-
lation has been proven via approximations in the
calculation of the matrix elements, ~ and also from
first principles using current conservation rules. ~'~~

It has recently also been proven for x-ray inelastic
scattering in the forward direction (k ~ r «1) by
model calculations. l' Suzuki~ used relation (1) to
confirm the existence of x-ray Raman scattering
experimentally. Thus, this relation can be con-
sidered to be a general link between x-ray Raman
and absorption spectra, regardless of one's choice
of electron wave functions —a choice which can in-
fluence considerably the results of a calculation of
these two spectral shapes.

Relation (1) can be used in two ways to study
solid state effects on electrons. First, one can
make use of the soft x-ray absorption spectrum due
to the inner level electrons to obtain the outer elec-
tron x-ray Compton profile (provided that the two
experiments are independent). The validity of the
one electron model in solids, or many body effects,
for example, could then be studied without making
ad hoc assumpbons about core electron wave func-
tions. Conversely, x-ray Raman experiments may
prove to be a solution to the many experimental
difficulties encountered in preparing samples suit-
able for soft x-ray absorption experiments. The
information obtained from x-ray Raman spectra
arises from the bulk of the sample material, so
surface states and impurities exert very small in-
fluence on the spectra. This is in sharp contrast
to the ease for soft x-ray absorption. The difficul-
ties pertaining to obtaining a strong soft white x-
ray source similarly do not exist in obtaining ex-
perimental x-ray Raman spectra. An important
drawback to using x-ray Raman scattering experi-
ments in place of absorption experiments lies in
the fact that the energy resolution of the scattering
experiment is inferior to that available now for x-
ray absorption. One can reasonably expect, how-

ever, that the energy resolution will improve in the
future.

EXPERIMENT

In this work, the relation between x-ray Raman
and soft x-ray absorption spectra is verified ex-

perimentally for metallic lithium. An inelastic
scattering experiment was performed using copper
Ea, Kn~ radiation scattered through an angle of
28 =115'+1 . These conditions correspond to mo-
mentum transfer )t= (6.6V a0. 019)&&10' m ', and
k.r-1.4. The choice of sample and experimental
conditions permit the verification of relation (1).

The double-crystal spectrometer and the data-
analysis techniques were described in an earlier
publication. ~ Corrections to the total experimental
profile included: (i) a linear background subtrac-
tion; (ii) removal of the elastic scattering com-
ponent of the spectrum; and (iii) a Fourier decon-
volution of the inelastic scattering spectrum in or-
der to correct for instrumental distortion. The ex-
perimental background was determined through
long-time measurements beyond the short wave-
length side and also beyond the long-wavelength
side of the scattered spectrum. A straight line
drawn through these points, passing under the
scattering data, was taken to be the background.
The total scattered spectrum, with the background
subtracted, consists of elastic and inelastic scat-
tering parts. The elastically scattered component
(Rayleigh scattering) is, under these experimental
conditions, well separated from the Compton-
Raman component, rendering its removal a simple
task. The copper Ke&Eo& fluorescence spectrum
at 28 = 115', necessary for performing the Fourier
deconvolution, was obtained under the same astig-
matic conditions as the spectrum from lithium.
The instrumental correction~s is now standard in
the field, and it will not be further discussed here.

The resultant inelastic scattering spectrum was
compared to the soft x-ray absorption spectrum ob-
tained by Baker and Tomboulian. 6 Their published
data points were curve fitted to e " on the long-
wavelength side of the absorption peak. (The other
side of the peak was left untouched. ) Since the
published data ends at 155 eV, the long-wavelength
side of the absorption data was extrapolated, via
the fitted curve, as far as the scattering data ex-
tended. Using Eg. (1), the core electron contribu-
tion was obtained by multiplying the soft x-ray ab-
sorption data by the inverse of the transfer energy
and then by fitting the result to the structure of the
total profile, thereby obtaining the normalization
constant. The core-electron contribution (on an
arbitrary intensity scale) is shown in Fig. 1, along
with the x-ray inelastic scattering spectrum. The
energy resolution in this experiment was 2. 4 eV.

DISCUSSION

In the present work, the prominence of the x-ray
Raman is a distinct aid in carrying out the core-
to-total profile normalization. At larger momen-
tum transfers, the Compton and Raman components
overlap, yieMing the lithium Compton profiles
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FIG. 1. Gompton-Raman spectrum of lithium for &

=6. 87 x10 m . The spectrum eras corrected for back-
ground, elastic scattering, and instrumental distortion,
The core contriubtion, indicated with the open circles,
was estimated using Eq. (1) and the soft x-ray absorp-
tion data of Baker and Tomboulian.

found in the literature, for example, in Refs. 8
and 16. %'e note again, however, that the struc-
ture (x-ray Raman) has been seen before, for ex-
ample in Ref. 7, although with less experimental
resolution. In this report, not only is the core
contribution clearly visible, but there is also a
strong indication of where the valence electron
profile ends. The entire experimental profile after
this point is expected to be due solely to the core
electron scattering. This point, as predicted in a
random-phase approximation (RPA) is indicated
by~ ~inFig. 1:

= {klkr) -2(klkr),
where k& is the Fermi momentum and k, the mo-
mentum transfer, is as indicated above. It is
evident that the valence-electron contribution to
the total profile of inelastic scattering continues
beyond the predicted cutoff point. The position of
sp ~ is found to be about 15/~ higher than the posi-
tion predicted in the random-phase approximation.
This is not the first time that a discrepancy has
been found between predicted and measured values
&f parameters calculated through a random phase
approximation. Such a discrepancy was reported
in the prediction of the plasmon cutoff, ' '~ and in
inelastic scattering experiments performed in the
region of intermediate momentum transfer. ' A
recent letter by Kliewer and Raether 8 explains the
apparent disagreement between theory and experi-
ment through calculations involving a generalization
of the Lindhard electron-gas dielectric function,
which incorporates the effects of damping. The
critical wave vector, which has been used to indi-
cate that value of k which separates low-k collec-
tive effects and high-k single-particle effects, is
seen now as an indicator of the onset of strong
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FIG. 2. Gompton profile for lithium conduction elec-
trons. The zero level for J (q) is indicated by the dashed
horizontal line.

plasmon damping. Significant collective effects
persist to wave vectors beyond this critical value.
They conclude that there is no definitive way to
separate collective from single-particle effects
for k's larger than k, fg f ~ It is reasonable to ex-
pect that a similar explanation will be forthcoming
in the case of the present discrepancy.

Although no measurements were made for ener-
gy transfer 4E&320 eV, it appears from Fig. 1
that the ratio of core-to-valence integrated pro-
files is not 2:l. In principle, one might expect
that the areas under the respective profiles
would be proportional to the number of electrons
at each energy level participating in the scattering.
It would appear that the scattering probabilities
for electrons at different energies are not, neces-
sarily, the same. It is not possible, here, to give
the vat.ues for the experimental integrated profiles
because the core electron contribution extends to
very large energy transfer-beyond our experimen-
tal range.

The valence electron Compton profile of lithium,
as found from the subtraction of the core electron
contribution from the total profQe, is given in
Fig. 2. The scale was changed from hE to q
(atomic units) in the usual manner. 8 This profile
was found to be unsymmetrical, having a half-
width at half-maximum of q =0.240+0. 018 a.u,
on the lower-energy-transfer side, and a half-width
at half-maximum of q=0. 2V2+0. 018 a.u. on the
higher-energy-transfer side. Such asymmetry
was noted, for example, in beryllium by Currat
et al. , who "symmetrized" their valence electron
Compton profile by averaging the aq sides before
deriving electron momentum distributions. A
similar asymmetry has also been noted in Be by
Suzuki. The impulse approximation does not ap-
pear to be an adequate description of the valence
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electron Compton profile in this momentum-trans-
fer region. (The impulse approximation cannot
yield a nonsymmetrical profile. )

We note that Fig. 1 shows that the intensity of
the core contribution, estimated from the absorp-
tion data, slightly exceeds the total intensity for
inelastic scattering in the energy range around
75 eV, resulting in negative values of Z(q) at q- —O. 5 (Fig. 2). This overestimation can be at-
tributed either to an improper normalization of the
absorption data or to a real effect @which indicates
the fact that the differential cross section for in-
elastic scattering cannot be given by a simple sum

of core and valence contributions. The differential

cross section contains a cross term involving both
the core and the valence electrons, not necessarily
being positive.

In conclusion, the present investigation confirms
earlier theoretical predictions about the compati-
bility of soft x-ray absorption and x-ray Raman
spectroscopy, and at the same time proves that
Etl. (1) is valid for k r 1.4, within the limits of
experimental errors. Another conclusion is that
previously reported asymmetries in the valence
electron Compton profile of Be are also present in
the case of Li, and that the simple random phase
approximation does not predict, to better than 15%,
some features of the Compton spectrum.
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