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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 th& edge of lithium metal at 30 K is measured at momentum
transfersy = 8.8 and97.3 nm™! with 80 meV energy resolution. The transition from dipolar & p,
g = 8.8 nm™!) to monopolar (s — s, ¢ = 97.3 nm™!) excitations is demonstrated by differences in
the spectra reflecting either theor s partial density of states above the Li Fermi level. The Mahan-
Nozieres-De Dominicis theory is utilized to determibeth threshold exponents, and «; from the
presentk-edge data. [S0031-9007(97)02892-5]

PACS numbers: 78.70.Dm, 71.45.Gm, 78.70.Ck

The relevance of many-body effects in the x-ray ab-is derived to be 0.17, and, = 0.33. Similarly, using
sorption and emission spectra of simple metals has beamn = 0.23, as determined from the Lls x-ray photo-
widely discussed since the pioneering work of Mahangmission line shape [12], one obtaiag = —0.11 and
Noziéres, and De Dominicis [1,2] (MND), and up to more «y = 0.42. The inconsistencies among; and «, as
refined recent theories [3—5]. The screening of the corewell as the large positive value at, (which should
hole potential by the conduction electrons with energiedead to a very peaked absorption threshold fer— s
close to the Fermi level induces anomalies in the absorpransitions), could be due to different factors: the uti-
tion and emission thresholds, which can be described ifized theoretical line shape may be too simplistic, and/
the near-threshold region by a power law. In its simplesbr the sum rules may not be applicable because they
formulation [1,2], the spectral shagéiw) near an x-ray neglect the possible dependence of the exponents on

thresholdiiwy can be expressed as follows: the exchange interaction among the core and the va-
* 5 & a lence electrons [13]. The simple line shape expressed
I(hw) < > |W(io) <ﬁ(w = w0)> : (1) in Eq. (1) has the advantage of a reasonably easy com-

=0

parison with the experimental data without too many pa-
where ¢ is a range parameter of the order of the kineticrameters entering in the fit, and can be justified the-
energy of the electrons at the Fermi level, dfid|> is  oretically when limited to energy ranges comparable
proportional to the transition density of states (TDOS)to the intrinsic threshold linewidth [7,9]. In summary,
between the core level and the conduction electron statés appears that, in lithium, the only way to obtain con-
with angular quantum numbér The many-body effect, vincing values of the threshold exponents is by their in-
arising from the screening of the core hole by the valencélependent experimental determination. This is possible,
electrons, is contained in the threshold exponentsThe  in principle, using electron energy loss spectroscopy
threshold intensity is enhanced or reduced with respeqEELS) [14] or inelastic x-ray scattering (IXS) [15] to de-
to the one-electron TDOS depending upon the sign angermine the momentum transfeiq) dependence of exci-
the magnitude ofy;. These exponents are proportional tations from the considered core level to states just above
to the phase shiftsy;, describing the scattering of the the Fermi level. In fact, foi /4 large with respect to the
conduction electrons from the core-hole, and are expectespatial extension of the core-hole wave function, the
to be related among each other and to the total singularitinteraction operatoe’é” can be approximated by - 7.
index, «, by a series of sum rules [1,6]. Equation (1) is Then, the inelastic scattering is formally identical to x-ray
expected to be valid in the near-threshold region, typicallyabsorption (emission) in the dipole approximation, and the
within a fraction of the range parametér direction of the wave vectaj plays the role of the polar-
The experimental observation of threshold anomalieszation vectore [16]. On the contrary, at large, i.e.,
is obscured by the core-hole lifetime, the experimentafor ¢ = g9 = 1/r¢, all poles in the spherical harmonics
resolution, the shape of the density of states, and eventuakpansion ofe’?” contribute to the spectrum, providing
additional broadening due to phonons. The importance dhat there are final states with the appropriate symmetry to
these effects has been well established infthe edges couple to the core wave function.
of Na, Mg, and Al [7,8], and has been reviewed by Citrin The g¢-dependent TDOS for the LiK edge
et al. [7], Mahan [8], and Ohtaka and Tanabe [9]. (ro = 0.02nm and gy =50 nm™!), calculated by
The case of the LK edge is still partly unclear. Ex- Doniachet al.[15], shows that, foyr = 1, thels — p
perimental values are available ferand«;, but they are and 1s — d excitations are suppressed and only the
inconsistent among each other when the relations imposedonopolarls — s transitions are left. Momentum de-
by the sum rules are utilized [10]. Using = 0, as de- pendent EELS data were taken wighvalues in the=0
termined from x-ray absorption measurements [7,b1], to 12 nm™! range [14]:a; = 0 was confirmed from the
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small g data, while at the largey values—still not large fore, in the K-edge threshold region, on the basis of the
enough to suppress the dipolar contribution—no spectrakesults of Ref. [15], the spectrum @t= 8.8 nm~' should
modifications were detected that could be associatede dominated byts — p dipolar excitations as in photo-
with a value ofaq different from that ofa;. Similarly,  absorption, while aty = 97.3 nm™!, only the 1s — s
momentum dependent IXS measurements on lithiunmonopolar excitations should contribute.
were performed up tg = 19 nm~! [17]. In this case, The top of Figs. 1(a) and 1(b) reports the spectra at
however, the energy resolution of 0.8 eV, large compareg = 8.8 nm™! [Fig. 1(a)] andg = 97.3 nm™! [Fig. 1(b)]
to the Li K-edge intrinsic width of=300 meV, limited as a function of the energy transféw, which is the
the capability to pinpoint any dependence in thE-edge difference between incidentif;) and scattered/w-)
shape. This scenario motivated the present inelastic x-rgghoton energies, minus the [&-edge threshold energy,
scattering study.

In this Letter we report-dependent high energy reso-

lution inelastic x-ray measurements of the lithium metal )

K edge. Our results show the transition from dipo- ~ 600

lar 1s — p excitations atg = 8.8 nm~!, to monopolar S :

ls — s excitations atg = 97.3 nm~!'. The observed; < 500 F

dependence of the IXS spectra is consistent with the cal-  § ,, &t

culated partialp ands densities of states in lithium. The S 3

analysis of the near-edge spectral shape at thesegtwo £ 300 [

values, which are either well below or aboyg, allows 5 C

the independent experimental determination of the thresh- = 200 - q=88mm!
old exponentsyy anda;. We obtain a negative value for

ag, Which is inconsistent with the positive one predicted
by the sum rules, while the value afi confirms previous
results. Our values of, and «; are, however, in very 8
good agreement with those calculated by Girvin and Hop- 2
field taking into account exchange effects [13]. Therefore,

our results strongly support their view that the exchange
interaction among the core hole and the conduction elec-

trons is important in the screening of the core-hole
potential, and that this process contributes to the deter- 1000 ———
mination of the observed shape of tkieedge threshold in ;
lithium. More generally, this work demonstrates that IXS
from low Z element core levels can now be performed
with an energy resolution comparable to EELS in an ex-
tendedq range.

The experiment was performed on the inelastic x-ray
scattering beam line BL21-ID16 at the European Syn-
chrotron Radiation Facility. Undulator radiation was
monochromatized by a cryogenically cooled Si(111)
double crystal, followed by a Si(444) dispersive four- 400 ppE¥gt g oo
crystal device [Si(444) nondispersive two-crystal de- e
vice], and the measured resolution function could be 3
well approximated by a Gaussian of 40 (210) meV E
full-width-half-maximum (FWHM) at =10 keV x-ray & f
energies. The incident flux on the sample was typically
1 (5) x 10! photongs. The scattered radiation was an- )
alyzed in the horizontal plane by a Rowland circle crystal E-E ,ho -E_(eV)
spectrometer with a radius of 1 m, Qperatlng ata f_lxed enI_:IG. 1. Inelastic x-ray scattering spectra from theK iedge
ergy of 9885 eV. The pverall experimental resolution WaSt momentum transfers = 8.8 nm~! (a) and97.3 nm! (b)
either 80 or 210 meV in the two monochromator configu-as a function of energy transfefiw, minus the LiK-edge
rations as determined from elastic scattering measuremendbsorption threshold valug;; = 54.9 eV. This energy scale
[18]. The sample was a polycrystalline lithium metal rod corresponds also to that of the one-electron enetgjiesferred
of 12 mm diameter (Goodfellow) kept in vacuum at 30 K. (© the Fermi energy (E-Er). The data are shown with

. their error bars. The bottom panels show the(a) and s
Spectra were recorded at scattering angles 6&bd 150, (b) partial densities of states (dashed lines), and its empty part

corresponding to momentum transfers 8.8 83 nm™!,  ahove the Fermi level convoluted with the broadening functions
and togr values of 0.174 and 1.93, respectively. There-as described in the text (solid line).
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E;; = 549 eV [11]. In the one-electron picture, this 14000 T T T T T T T T T T T T
energy scale corresponds also to the electron engrgy ~ P
referred to the Fermi energgr. In the spectrum at > 12000 | ]
g = 8.8 nm~!, the half-height position of the edge is « 10000 - E
located at 54.9 eV, and the width corresponding to 10% 2 i ]
to 90% intensity is 400 meV. The change in slope, best é 8000 ]
visible in the upper part of the edge, is consistent with 3
previous observations [11]. The edge is followed by g 6000 - ]
two broad features of comparable intensity=&.5 and | [

T
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Residual [sd]
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3.4 eV, separated by a minimum at about 2.5 eV. In the 4000 1
in Fig. 1(b), there are few clear spectral differences. In R B e o e e P B I
particular, (i) the edge width is reduced to 240 meV, 2 /\

0 R A e
no longer visible, and (iii) the two features have changed 1
intensity by approximately a factor of 2. 08 -06 04 -02 0 02 | 'ol,4'

The bottom panels of Figs. 1(a) and 1(b) report calcu- E-E ,ho-E_(eV)

lines) [19]. The empty part of these partial DOS have 3000 T T
been convoluted with a 40 meV FWHM Lorentzian curve, P
Gaussian curves of 200 and 80 meV FWHM, repre-
senting, respectively, the phonon broadening [20] and
between experiment and convoluted partial empty DOS is
apparent. The 400 meV edge width@at= 8.8 nm™! is
ing to a change of slope at the edge [11]. Similarly, the [ ihessspiiills
edge-width reduction af = 97.3 nm™! is a consequence 2500 Ll bt e
the Fermi level. Moreover, the energy position of the first 0’(5) E'% M f\ N R A AR
two features above the edge, as well as their relative in- E LA \j \/ V \/ R

spectrum at momentum transfer= 97.3 nm™!, shown 2000 O ot i

(ii) the change of slope in the upper part of the edge is ! /\/\ y

their relative weight, with the second one increasing in 2 fﬁ, NM L W
lated p and s partial densities of states (DOS) (dashed

representing the Lils core-hole lifetime [7], and two

the instrumental resolution (solid line). The consistency

explained by the risingg DOS at the Fermi level, lead-

of the s DOS, which is monotonically decreasing around ErT

tensity, are in good agreement with the experimental spec- E

Residual [sd]
=)
(9.1

tra. These observations demonstrate that the observed A5 B i L E
dependence in the core absorption spectra is due to differ- 08 06 04 02 0 02 04 06
. X E-E ,hw-E (eV)
ent selection rules, namely, the dipoles — p channel F s
atg = 8.8 nm"', and the monopolats — s channel at  F|G. 2. Inelastic x-ray scattering spectra in the immediate
g = 97.3 nm~!. Our results sensibly extend tlgerange vicinity of the Li K edge atg = 8.8 nm~! (a) and97.3 nm™!
covered by the previous EELS measurements [14], wher&). The data ¢), shown with their error bars, are superimposed
no ¢ dependence of the edge shape was found for momerij the fit (solid line) obtained as explained in the text. The
tum transfers up td2 nm-". otted line corresponds to the background whose slope has been
determined from the data below the edge. The bottom panels
The relevance of many-body effects on the shape of thesport the difference between the data and the fit for each data
Li K edge, and itg; dependence, cannot be reliably de-point in standard deviation units (sd). The dashed line in the
termined from the data shown in Fig. 1 as a consequendep panel of (b) has been obtained keeping constant in the fit
of their statistical accuracy. An increase by a factor ofthe values ofa, and of the Gaussian broadening, respectively,
5 in the incident photon flux was obtained by removingto 0.274 and 290 meV FWHM.
the second crystal pair of the dispersive monochromator.
This induces an increase of the total energy resolution tthreshold exponents [9]. The fitting function, there-
~210 meV [18], a value still comparable to the intrinsic fore, has been modeled by the product of the partial
width of the Li K-edge threshold. empty densities of states shown in Fig. ¢ DOS at
The experimental data up to 0.4 eV above threshg = 8.8 nm~! and s DOS at ¢ = 97.3 nm™!) times
old, taken atg = 8.8 and 97.3 nm~!, are reported in the energy dependent termil/fi(w — wo)]*. The
Figs. 2(a) and 2(b), together with the correspondingoroadening is introduced by the convolution of this
fits and error analysis to be discussed in the followingmodel function with a Lorentzian of 40 meV FWHM
In this region, it is reasonable to neglect the energyepresenting the lifetime broadening [7], and with a
dependence of the transition matrix element and of th&aussian of adjustable width, expected to=B800 meV
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FWHM, accounting for the phonon broadeningis convincingly demonstrated by the comparison of the
(=200 meV [20]) and the instrumental resolution g-dependent spectral shapes with the partial empty density
function (210 meV). The background was determinedof states above the Fermi level. The data analysis
by a linear fit of the data in the pre-edge regidiw(51  underlines the importance of exchange effects in the
to 53.5 eV), and the slope was kept constant in the fidlescription of thek edge in lithium.

of the edge shape [21]. The background corresponds to We acknowledge valuable discussions with M. Alta-
the dotted lines in Fig. 2. The fits to the experimentalrelli, and the technical assistance by B. Gorges and J.-F.
curves were performed using standgrd minimization.  Ribois.
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(including the range parametgj, and the threshold expo-
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