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Momentum Transfer Dependence of Inelastic X-Ray Scattering from the LiK Edge
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Inelastic x-ray scattering from theK edge of lithium metal at 30 K is measured at momentum
transfersq ­ 8.8 and97.3 nm21 with 80 meV energy resolution. The transition from dipolar (1s ! p,
q ­ 8.8 nm21) to monopolar (1s ! s, q ­ 97.3 nm21) excitations is demonstrated by differences in
the spectra reflecting either thep or s partial density of states above the Li Fermi level. The Mahan-
Nozières-De Dominicis theory is utilized to determineboth threshold exponentsa0 and a1 from the
presentK-edge data. [S0031-9007(97)02892-5]

PACS numbers: 78.70.Dm, 71.45.Gm, 78.70.Ck
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The relevance of many-body effects in the x-ray a
sorption and emission spectra of simple metals has b
widely discussed since the pioneering work of Mah
Nozières, and De Dominicis [1,2] (MND), and up to mo
refined recent theories [3–5]. The screening of the co
hole potential by the conduction electrons with energ
close to the Fermi level induces anomalies in the abso
tion and emission thresholds, which can be described
the near-threshold region by a power law. In its simpl
formulation [1,2], the spectral shapeIsh̄vd near an x-ray
thresholdh̄v0 can be expressed as follows:

Ish̄vd ~
X̀
l­0

jWlsh̄vdj2
µ

j

h̄sv 2 v0d

∂a

, (1)

wherej is a range parameter of the order of the kine
energy of the electrons at the Fermi level, andjWlj

2 is
proportional to the transition density of states (TDO
between the core level and the conduction electron st
with angular quantum numberl. The many-body effect
arising from the screening of the core hole by the vale
electrons, is contained in the threshold exponentsal . The
threshold intensity is enhanced or reduced with resp
to the one-electron TDOS depending upon the sign
the magnitude ofal . These exponents are proportion
to the phase shifts,dl, describing the scattering of th
conduction electrons from the core-hole, and are expe
to be related among each other and to the total singula
index, a, by a series of sum rules [1,6]. Equation (1)
expected to be valid in the near-threshold region, typica
within a fraction of the range parameterj.

The experimental observation of threshold anoma
is obscured by the core-hole lifetime, the experimen
resolution, the shape of the density of states, and even
additional broadening due to phonons. The importanc
these effects has been well established in theL2,3 edges
of Na, Mg, and Al [7,8], and has been reviewed by Citr
et al. [7], Mahan [8], and Ohtaka and Tanabe [9].

The case of the LiK edge is still partly unclear. Ex
perimental values are available fora anda1, but they are
inconsistent among each other when the relations impo
by the sum rules are utilized [10]. Usinga1 ø 0, as de-
termined from x-ray absorption measurements [7,11]a
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is derived to be 0.17, anda0 ­ 0.33. Similarly, using
a ­ 0.23, as determined from the Li1s x-ray photo-
emission line shape [12], one obtainsa1 ­ 20.11 and
a0 ­ 0.42. The inconsistencies amonga1 and a, as
well as the large positive value ofa0 (which should
lead to a very peaked absorption threshold for1s ! s
transitions), could be due to different factors: the u
lized theoretical line shape may be too simplistic, an
or the sum rules may not be applicable because t
neglect the possible dependence of the exponents
the exchange interaction among the core and the
lence electrons [13]. The simple line shape expres
in Eq. (1) has the advantage of a reasonably easy c
parison with the experimental data without too many p
rameters entering in the fit, and can be justified th
oretically when limited to energy ranges comparab
to the intrinsic threshold linewidth [7,9]. In summary
it appears that, in lithium, the only way to obtain con
vincing values of the threshold exponents is by their
dependent experimental determination. This is possib
in principle, using electron energy loss spectrosco
(EELS) [14] or inelastic x-ray scattering (IXS) [15] to de
termine the momentum transfer (h̄q) dependence of exci-
tations from the considered core level to states just ab
the Fermi level. In fact, for1yq large with respect to the
spatial extensionr0 of the core-hole wave function, the
interaction operatorei $q?$r can be approximated by$q ? $r.
Then, the inelastic scattering is formally identical to x-ra
absorption (emission) in the dipole approximation, and t
direction of the wave vector$q plays the role of the polar-
ization vector $e [16]. On the contrary, at largeq, i.e.,
for q $ q0 ­ 1yr0, all poles in the spherical harmonic
expansion ofei $q?$r contribute to the spectrum, providing
that there are final states with the appropriate symmetry
couple to the core wave function.

The q-dependent TDOS for the Li K edge
(r0 ø 0.02 nm and q0 ­ 50 nm21), calculated by
Doniachet al. [15], shows that, forqr $ 1, the 1s ! p
and 1s ! d excitations are suppressed and only t
monopolar1s ! s transitions are left. Momentum de
pendent EELS data were taken withq values in theø0
to 12 nm21 range [14]:a1 ø 0 was confirmed from the
© 1997 The American Physical Society 2843
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small q data, while at the largerq values—still not large
enough to suppress the dipolar contribution—no spec
modifications were detected that could be associa
with a value ofa0 different from that ofa1. Similarly,
momentum dependent IXS measurements on lithi
were performed up toq ­ 19 nm21 [17]. In this case,
however, the energy resolution of 0.8 eV, large compa
to the Li K-edge intrinsic width ofø300 meV, limited
the capability to pinpoint anyq dependence in theK-edge
shape. This scenario motivated the present inelastic x
scattering study.

In this Letter we reportq-dependent high energy reso
lution inelastic x-ray measurements of the lithium me
K edge. Our results show the transition from dip
lar 1s ! p excitations atq ­ 8.8 nm21, to monopolar
1s ! s excitations atq ­ 97.3 nm21. The observedq
dependence of the IXS spectra is consistent with the
culated partialp ands densities of states in lithium. The
analysis of the near-edge spectral shape at these twq
values, which are either well below or aboveq0, allows
the independent experimental determination of the thre
old exponentsa0 anda1. We obtain a negative value fo
a0, which is inconsistent with the positive one predict
by the sum rules, while the value ofa1 confirms previous
results. Our values ofa0 and a1 are, however, in very
good agreement with those calculated by Girvin and Ho
field taking into account exchange effects [13]. Therefo
our results strongly support their view that the exchan
interaction among the core hole and the conduction e
trons is important in the screening of the core-ho
potential, and that this process contributes to the de
mination of the observed shape of theK-edge threshold in
lithium. More generally, this work demonstrates that IX
from low Z element core levels can now be perform
with an energy resolution comparable to EELS in an e
tendedq range.

The experiment was performed on the inelastic x-r
scattering beam line BL21-ID16 at the European Sy
chrotron Radiation Facility. Undulator radiation wa
monochromatized by a cryogenically cooled Si(11
double crystal, followed by a Si(444) dispersive fou
crystal device [Si(444) nondispersive two-crystal d
vice], and the measured resolution function could
well approximated by a Gaussian of 40 (210) me
full-width-half-maximum (FWHM) at ø10 keV x-ray
energies. The incident flux on the sample was typica
1 s5d 3 1011 photonsys. The scattered radiation was an
alyzed in the horizontal plane by a Rowland circle crys
spectrometer with a radius of 1 m, operating at a fixed
ergy of 9885 eV. The overall experimental resolution w
either 80 or 210 meV in the two monochromator config
rations as determined from elastic scattering measurem
[18]. The sample was a polycrystalline lithium metal ro
of 12 mm diameter (Goodfellow) kept in vacuum at 30
Spectra were recorded at scattering angles of 10± and 150±,
corresponding to momentum transfers 8.8 and97.3 nm21,
and toqr values of 0.174 and 1.93, respectively. Ther
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fore, in theK-edge threshold region, on the basis of th
results of Ref. [15], the spectrum atq ­ 8.8 nm21 should
be dominated by1s ! p dipolar excitations as in photo-
absorption, while atq ­ 97.3 nm21, only the 1s ! s
monopolar excitations should contribute.

The top of Figs. 1(a) and 1(b) reports the spectra
q ­ 8.8 nm21 [Fig. 1(a)] andq ­ 97.3 nm21 [Fig. 1(b)]
as a function of the energy transferh̄v, which is the
difference between incident (h̄v1) and scattered (̄hv2)
photon energies, minus the LiK-edge threshold energy

FIG. 1. Inelastic x-ray scattering spectra from the LiK edge
at momentum transfersq ­ 8.8 nm21 (a) and97.3 nm21 (b)
as a function of energy transfer,̄hv, minus the Li K-edge
absorption threshold valueE1s ­ 54.9 eV. This energy scale
corresponds also to that of the one-electron energiesE referred
to the Fermi energyEF (E-EF). The data are shown with
their error bars. The bottom panels show thep (a) and s
(b) partial densities of states (dashed lines), and its empty p
above the Fermi level convoluted with the broadening functio
as described in the text (solid line).
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E1s ­ 54.9 eV [11]. In the one-electron picture, thi
energy scale corresponds also to the electron energE
referred to the Fermi energyEF . In the spectrum at
q ­ 8.8 nm21, the half-height position of the edge
located at 54.9 eV, and the width corresponding to 1
to 90% intensity is 400 meV. The change in slope, b
visible in the upper part of the edge, is consistent w
previous observations [11]. The edge is followed
two broad features of comparable intensity atø0.5 and
3.4 eV, separated by a minimum at about 2.5 eV. In
spectrum at momentum transferq ­ 97.3 nm21, shown
in Fig. 1(b), there are few clear spectral differences.
particular, (i) the edge width is reduced to 240 me
(ii) the change of slope in the upper part of the edge
no longer visible, and (iii) the two features have chang
their relative weight, with the second one increasing
intensity by approximately a factor of 2.

The bottom panels of Figs. 1(a) and 1(b) report cal
lated p and s partial densities of states (DOS) (dash
lines) [19]. The empty part of these partial DOS ha
been convoluted with a 40 meV FWHM Lorentzian curv
representing the Li1s core-hole lifetime [7], and two
Gaussian curves of 200 and 80 meV FWHM, rep
senting, respectively, the phonon broadening [20] a
the instrumental resolution (solid line). The consisten
between experiment and convoluted partial empty DOS
apparent. The 400 meV edge width atq ­ 8.8 nm21 is
explained by the risingp DOS at the Fermi level, lead
ing to a change of slope at the edge [11]. Similarly, t
edge-width reduction atq ­ 97.3 nm21 is a consequence
of the s DOS, which is monotonically decreasing arou
the Fermi level. Moreover, the energy position of the fi
two features above the edge, as well as their relative
tensity, are in good agreement with the experimental sp
tra. These observations demonstrate that the observq
dependence in the core absorption spectra is due to di
ent selection rules, namely, the dipolar1s ! p channel
at q ­ 8.8 nm21, and the monopolar1s ! s channel at
q ­ 97.3 nm21. Our results sensibly extend theq range
covered by the previous EELS measurements [14], wh
no q dependence of the edge shape was found for mom
tum transfers up to12 nm21.

The relevance of many-body effects on the shape of
Li K edge, and itsq dependence, cannot be reliably d
termined from the data shown in Fig. 1 as a conseque
of their statistical accuracy. An increase by a factor
5 in the incident photon flux was obtained by removi
the second crystal pair of the dispersive monochroma
This induces an increase of the total energy resolution
ø210 meV [18], a value still comparable to the intrins
width of the Li K-edge threshold.

The experimental data up to 0.4 eV above thre
old, taken atq ­ 8.8 and 97.3 nm21, are reported in
Figs. 2(a) and 2(b), together with the correspond
fits and error analysis to be discussed in the followin
In this region, it is reasonable to neglect the ene
dependence of the transition matrix element and of
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FIG. 2. Inelastic x-ray scattering spectra in the immedia
vicinity of the Li K edge atq ­ 8.8 nm21 (a) and97.3 nm21

(b). The data (±), shown with their error bars, are superimpose
to the fit (solid line) obtained as explained in the text. Th
dotted line corresponds to the background whose slope has b
determined from the data below the edge. The bottom pan
report the difference between the data and the fit for each d
point in standard deviation units (sd). The dashed line in
top panel of (b) has been obtained keeping constant in the
the values ofa0 and of the Gaussian broadening, respective
to 0.274 and 290 meV FWHM.

threshold exponents [9]. The fitting function, ther
fore, has been modeled by the product of the par
empty densities of states shown in Fig. 1 (p DOS at
q ­ 8.8 nm21 and s DOS at q ­ 97.3 nm21) times
the energy dependent termf1yh̄sv 2 v0dgal . The
broadening is introduced by the convolution of th
model function with a Lorentzian of 40 meV FWHM
representing the lifetime broadening [7], and with
Gaussian of adjustable width, expected to beø300 meV
2845
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FWHM, accounting for the phonon broadenin
(ø200 meV [20]) and the instrumental resolution
function (210 meV). The background was determine
by a linear fit of the data in the pre-edge region (h̄v:51
to 53.5 eV), and the slope was kept constant in the
of the edge shape [21]. The background corresponds
the dotted lines in Fig. 2. The fits to the experiment
curves were performed using standardx2 minimization.
A constant background, the Gaussian width, the intens
(including the range parameterj), and the threshold expo-
nental were left as free parameters. In the bottom pan
of Figs. 2(a) and 2(b), we show the difference betwe
the data and the fitting function in units of 1 standa
deviation (sd) for each data point. The best fit give
a0 ­ 20.18 6 0.07 and a1 ­ 0.05 6 0.03. The un-
certainties were determined from the parameter’s valu
corresponding to either an increase by a factor of 2 of t
x2, or when the fit yielded unacceptable values for th
width of the resolution function. The best value fo
the Gaussian broadening was 290 meV FWHM in bo
spectra, consistent with our energy resolution and t
expected phonon broadening.

The value ofa1 is comparable with those determine
by soft x-ray absorption and EELS measurements. T
a0 value, however, is in disagreement with the predictio
that transitions to final states ofs symmetry should give
a large positivea0 (a0 ø 0.33 or ø0.42 using the sum
rules and the previous experimental values of eithera1 or
a). The size of this inconsistency is emphasized by t
comparison among the experimental spectrum, the bes
and the dashed line in the top panel of Fig. 2(b), which
obtained repeating the fit witha0 fixed to 0.274 (derived
using oura1 and the sum rules) and the Gaussian wid
to 290 meV FWHM.

In contrast, our values ofa0 and a1 are in very good
agreement with those derived by Girvin and Hopfie
[13], who included exchange in the calculation of th
phase shiftsdl. They obtaina0 ­ 20.164 and a1 ­
10.044. The present independent determination ofa0
anda1 confirms, therefore, the relevance of magnetic i
teractions in the screening of the lithium1s core hole.
These exchange effects, well known for localized ele
tronic states and well understood whenever one can uti
an atomic picture, have always been a challenge in alm
free-electron-like systems as lithium. The possibility
access them experimentally renews important challen
to the theory, and may provide a framework to get i
formation on spin-dependent electron-electron correlat
functions.

In summary, we have shown that different final sta
symmetries of an excited core electron can be prob
by varying the momentum transfer in an inelastic x-ra
scattering experiment. In the specific case of lithiu
metal, the transition from dipolar to monopolar transition
2846
d

fit
to
l

ty

ls
n

d
s

es
e

e

h
e

e
n

e
fit,
is

h

-

-
ze
st

es
-
n

e
d

y

s

is convincingly demonstrated by the comparison of t
q-dependent spectral shapes with the partial empty den
of states above the Fermi level. The data analy
underlines the importance of exchange effects in t
description of theK edge in lithium.

We acknowledge valuable discussions with M. Alta
relli, and the technical assistance by B. Gorges and J
Ribois.
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