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Inelastic X-Ray Scattering as a Probe of the Many-Body Local-Field Factor in Metals
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We report the first measurement of the many-body local-field factorGs $q, vd for a simple metal
(Al) at large wave vectors. Inelastic x-ray measurements of the dynamical structure factor are
analyzed usingab initio calculations of the noninteracting polarizability. Our measuredGs $q, vd
is in agreement with available theory forq , 1.5kF , unlike earlier electron energy-loss results;
however, for q , 2kF our Gs $q, vd is a factor of 2 stronger than most theoretical predictions.
We have also measured the polarizability fornoninteractingelectrons at a wave vector for which
Gs $q, vd > 1. [S0031-9007(96)00863-0]

PACS numbers: 71.45.Gm, 78.70.Ck
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Electron-electron interactions play a central role
determining many of the physical properties of met
including the excitation spectrum. Consideration of th
interactions in terms of the random phase approxima
(RPA) by Bohm and Pines [1], and the introduction
exchange-correlation corrections by Hubbard [2], da
back more than forty years, have formed the basis
an enormous theoretical effort aimed at understan
the effects of electron-electron interactions at meta
densities.

In the case of the nearly-free-electron metals,
impact of the ion-core lattice (band structure) on
electronic excitations has been presumed to be sm
However, recent x-ray measurements [3] and fi
principles evaluations of the dynamical density respo
of Al [4,5] and Be [5] have shown that band structu
effects cannot be neglected. Unfortunately, calculati
of the effects of dynamical correlations for electro
propagating in the actual band structure of Al—
any other metal—are not yet available. It is th
of interest that Fleszar, Quong, and Eguiluz [4] ha
suggested that x-raymeasurementsof the dynamical
structure factor for large wave vectors could now
used to probe the details of the correlations in te
of a Hubbard-like many-body local-field factor (LFF
Gs $q, vd [6].

In this Letter we report the first measurement of
many-body LFF for aluminum at large wave vecto
Our results were obtained from inelastic x-ray scat
ing measurements, combined with calculations of the
namical density response fornoninteractingelectron-hole
pairs. We find the experimentally determined LFF
be more than twice as strong as theoretical predict
[7–13] for the interacting electron gas in the critic
2kF region. On the other hand, and contrary to elect
energy-loss determinations [14], our measured LFF i
agreement with theory [7–13] forq # 1.5kF . Our re-
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sults indicate that the frequency dependence of the LF
weak in the most interesting spectral region, in which
response contains the well-known double-peak struc
of Al [15].

Furthermore, we have made the first identification
a wave vector transfer for which the “experimenta
Gs $q, vd > 1 over a widev interval. This finding allows
unique insight into the dynamics of electrons in a me
since for this special wave vector the x-ray photo
probe the response of “bare,” or noninteracting, electr
hole pairs. Interestingly, we find that,for this selective
experimental condition,the noninteracting polarizability
calculated from Kohn-Sham [16] states is in excelle
agreement with the loss spectrum up toh̄v , 35 eV,
and that it provides a fair approximation for even larg
energies.

X-ray measurements of the dynamical structure fac
Ss $q, vd [17] were obtained on single-crystal aluminu
samples using the Oak Ridge National Laboratory X-
bend-magnet beam line at the National Synchrotron Li
Source. The measurements were made in reflection
ometry with 5.7 keV x rays for a range of wave ve
tors around2kF in the [013] and [001] directions (kF is
the Fermi wave vector; for Al,kF  1.75 Å21). Spec-
tra were collected over an energy-loss range of,80 eV
with respect to the elastic line, using a sagittal-focusi
pyrolitic graphite analyzer crystal (,0.4± mosaic), in
conjunction with a linear, position-sensitive detect
Nonuniformitiesfs610 15d%g in the response of the mo
saic analyzer-detector system were calibrated (using
elastic scattering) by scanning the energy of the incid
beam over the energy range of the detector [Fig. 1(
In order to ensure adequate statistical precision for
energy-loss measurements, we used a rather coarse 2
energy resolution (full width at half maximum of the ela
tic line). The tail of the elastic line [shown in Fig. 1(a
was obtained assuming symmetry with the energy-g
© 1996 The American Physical Society
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FIG. 1. (a),(b) Empty circles: measuredSs $q, vd for Al along
the [013] and [001] directions; thick solid line:Sexp corre-
sponding to Eq. (1) forGs $q, vd  Gexps $q, vd of Fig. 2; thin
solid lines: loss spectra for noninteracting electrons,Ss0ds $q, vd
[Eq. (1) for n  0]; dotted lines: RPA spectra,SRPAs $q, vd
[Eq. (1) for Gs $q, vd  0]. (c) X-ray spectra forq  q0 
1.5kF [interpolated between1.43kF and 1.6kF to correspond
to Gexps $q, vd > 1], and for q  2.57kF [for which nsqd ! 0;
solid lines: theoretical spectra fornoninteractingelectron-hole
pairs (see text). (Calculations convoluted with the 2.9 eV m
surement resolution.)

side of the elastic peak, and using measurements in
loss-free regionsDE , 13 eVd on the energy-loss sid
for q  2.57kF ; this composite peak shape was sca
to the measured elastic peak at each wave vector
subtracted.

The open circles in Fig. 1 showSs $q, vd measured
along the [013] and [001] directions. The absolute sc
for Ss $q, vd was determined by using thef-sum rule
[17] and the measured data forq , 1.7kF [18]. The
results of Fig. 1 show the well-known evolution of th
excitation spectrum of simple metals, changing from
sharp plasmon loss for a relatively small wave vec
sq  0.71kFd to the double-peak structure [15], whic
first appears forq , 1.4kF . Note that a vestige of this
structure remains even for the largestq in Fig. 1(a).
These results are similar to those reported by Platzm
et al. [19] and Schülkeet al. [20]; however, the presen
data were obtained more closely spaced about2kf in
order to investigate theq dependence of the many-bod
effect.

We discuss the physics contained in our data
the basis of the following expression for the dynamic
structure factor:
-

e

d

e

r

n

n
l

Ss $q, vd 

2 2h̄VN Imhx s0df1 2 nsss1 2 Gs $q, vddddx s0dg21j $G0, $G00 ,

(1)

where n is the bare Coulomb interaction,x s0d is the
so-called irreducible polarizability fornoninteracting
electron-hole pairs, andVN is the normalization volume
All quantities inside the braces in Eq. (1) are matri
in reciprocals $Gd space; the braces as a whole repre
the $G  0, $G0  0 element of the spatial Fourier tran
form of the density-response functionxs $x, $x0; vd [1,21].
Short-range correlations are introduced inx via the
many-body LFFGs $q, vd; these correlationsare probed
by the short wavelengths afforded by x rays.

We emphasize that Eq. (1) is formally exact, sinc
amounts to a definition ofGs $q, vd [22]. The evaluation
of this quantity for a realistic model of a metal is
outstanding problem in condensed matter physics
so far, has lacked experimental input. In this Letter
extractGs $q, vd from the measured inelastic cross secti
through the use of Eq. (1), in conjunction withab initio
evaluations of the noninteracting “bubble”x s0d.

This task is simplified considerably by the fact th
through explicit calculation, we have determined that
crystal local fields (i.e., the off-diagonal elements of
matrix x

s0d
$G, $G0) are negligible for Al. Thus, all quantitie

entering Eq. (1)—in particular, the LFF—can be trea
as scalars. (We note that this is not a universal resul
the “simple” metals; for example, in the case of Cs,
matrix nature of the noninteracting responsex

s0d
$G, $G0 plays a

crucial role [23].)
Now, Gs $q, vd is in general expected to be complex

nonzero frequencies, a reflection of the inherent dam
of the one-electron excitations. Kramers-Krönig transfo
of the data to obtain the Rexexp is not possible because t
need to remove the elastic line from the inelastic sca
ing limits the reliability of data for smallv’s, and, further-
more, for mostq’s of interest, the response of the valen
electrons overlaps that of core statessh̄v ø 72 eVd, which
are not included in our pseudopotential-based calcula
[21]. Therefore, in this study we extract a complex LFF
which we denoteGexps $q, vd—by a least-squares determ
nation of ReGexps $q, vd and ImGexps $q, vd such that Eq. (1
matches the measured data over the 10–70 eV energ
range on the basis of asingle (complex) value for eac
wave vector. The results of this analysis are prese
in Fig. 2, and the corresponding spectraSexp are plotted in
Figs. 1(a) and 1(b). The fact thatGexps $q, vd yieldsquanti-
tativeagreement with the measured data over a large r
of q’s and v’s indicates directly that the frequency d
pendence of the LFF is weak for the region sensitive
the many-body effect,̄hv , 35 eV; tests with 10 eV fre
quency windows confirmed this result [24].

It is apparent from Figs. 1(a) and 1(b) that
many-body LFF makes a substantial contribution to
1347
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FIG. 2. Real and imaginary parts of the measured LF
Gexps $q, vd, for Al (full and empty symbols, respectively)
Representative LFF’s calculated for jellium withrS  2.07 are
also shown; see text for details. The error bars forGexps $q, vd
correspond to a65% uncertainty in the measurements o
Figs. 1(a) and 1(b).

measured intensities as soon as the wave vector tran
become large enough that the response is mainly inco
ent, i.e., dominated by electron-hole pair excitation.
effect, the x-ray spectrum displays a clear “crossov
from a regime sq # kFd for which the response is
dominated by the average effects of the Coulomb int
action—i.e., the RPA, for whichGs $q, vd  0, works
reasonably well—to the regimesq $ kFd for which the
many-body LFF plays a dominant role. Such a crosso
is easily visualized in Figs. 1(a) and 1(b).We emphasize
that it is the large impact of the many-body effect for en
gies up toh̄v , 40 eV that has allowed us to extract th
LFF for Al.

It is interesting to note that the effect of the LFF in th
present problem is qualitatively similar to the continuum
exciton effect discussed at length by Hanke and Sh
[25] in their seminal many-body calculations of the op
cal spectra of semiconductors. The exchange-correla
interactions built into the LFF—or the “electron-hole a
traction” [25]—bring about a large enhancement of t
low-v side of the inelastic x-ray scattering spectrum
Al, in much the same way as the continuum-exciton eff
in, e.g., Si. However, here the many-body effect tak
place for largeq’s [26], while in the optical response i
occurs forq  0.

From Fig. 2 we have that, to a good approximatio
the experimentally determined LFF is real. Thus, in t
same figure we compareGexps $q, vd with a sampling of the
many real,static,LFF’s reported for jellium with the den-
sity of Al, rS  2.07—namely, the results Vashishta an
Singwi (VS) [8], Utsumi and Ichimaru (UI) [9], Richard
son and Ashcroft (RA) [10], and Brosens, Devreese, a
Lemmens (BDL) [11], as well as the local-density appro
mation (LDA) [16], and the quantum Monte Carlo simul
tions of Moroni, Ceperley, and Senatore (MCS) [12]. A
1348
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the theoretical values (RA, UI, BDL, MCS) are in goo
agreement withGexps $q, vd up to q , 1.5kF . This result
is consistent with the plasmon dispersion calculations
Al by Quong and Eguiluz [4] (which were performed
LDA, and agreed very well with electron energy-loss m
surements), and resolves a long-standing difference
tween electron energy-loss measurements of the LFF
and theory [7–13]. However, in the importantq ! 2kF

incoherent-response regime, which has not been meas
previously, the experimental LFF differs significantly—it
becomes much larger—than the theoretical predictions.

This experimental finding, which clearly suggests t
even in a simple metal such as Al the dynamical electro
correlations are quite strong, poses a challenge to the
Although the result of BDL [11] agrees remarkably w
with Gexps $q, vd up to q , 2kF —but not beyond—the
significance of this agreement is not at all obvious, si
the calculations of BDL did not account for the screen
of the exchange ladders. Furthermore, adynamicalLFF
obtained by the same group [13] differs markedly fro
our measurement—for example, in the 20–30 eV ran
its real part is closer to the result of MCS.

Referring to Fig. 2, we have thatGexps $q, vd  1 for
q ; q0 , 1.5kF . Most importantly, this equality hold
(approximately) over a large frequency interval—w
argued above that our results are consistent with a w
v dependence of the LFF for energies below,35 eV.
What is striking about this result is that it means th
for q  q0, the x rays in effect probe the response
noninteracting electron-hole pairs.This result affords
a unique opportunity to probe the details of the ba
excited-state band structure in a solid.

In Fig. 1(c) we compare the experimental spectr
for q  q0 with that calculated from Eq. (1) fornsqd ;
0 [or Gexps $q, vd  1], which we call Ss0ds $q, vd. The
agreement of the latter with experiment is extrem
good, especially considering that the calculation conta
no adjustable parameters, and that we are compa
absolute intensities. This agreement is possible onl
the presence of a weak frequency dependence ofGs $q, vd.

One may ask whether such agreement is to be expe
sinceSs0ds $q, vd is obtained from Kohn-Sham states [16
for which it is well known that there is no Koopmans-lik
theorem. Furthermore, the meaning of the wave ve
q0 is tied up with the fact thatGs $q, vd was defined in
Eq. (1) to includeall the many-body correlations [22]—
while the band-structure calculations underlying our
traction of Gexps $q, vd include exchange and correlatio
within the LDA [16]. However, we have also computed
fully “undressed”Ss0d from eigensolutions of the ground
state problem in the Hartree approximation. The “tr
noninteracting” spectrum so obtained was indistingui
able [on the scale of Fig. 1(c)] with theSs0d we present
in Fig. 1(c), obtained from LDA eignesolutions. Thus,
least within the context of this LDA-based test, the m
suredGexp does contain the entire many-body effect, a
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the response of (undressed) Kohn-Sham electrons i
deed the one being probed by the x rays forq  q0.

As the Coulomb interaction andxs0d fall off for large
q, electron-electron interactions become negligible. T
large-q behavior of the spectrumsq  2.57kFd is also
included in Fig. 1(c). As was the case forq  q0,
the noninteracting response calculated from eigens
tions of the density-functional ground state (in LDA) a
counts rather well for the main features of the obser
spectrum.

We note that the spectra for noninteracting electr
in jellium do not reproduce the data shown in Fig. 1
(this conclusion holds for all wave vectors). Thus,
Gexps $q, vd were to be obtained on the basis ofx s0d

for jellium (Lindhard function), a substantialv depen-
dence would be required—unlike our experimental
sult for Bloch electrons. (In fact, that is what was do
in the past to extract static LFF’s from electron [1
and x-ray scattering [26] data; in light of the spurio
strong v dependence just alluded to, such results
ambiguous.)

In summary, we have presented the first measure
of the dynamical many-body LFF for Al in the cruci
q ! 2kF regime. Available theory [7–13] is in agre
ment with our LFF forq , 1.5kF ; the long-standing dif
ferences between theory and electron-energy loss da
these wave vectors can be attributed to an analysis o
data [14] based on the polarizability for electrons in
lium. On the other hand, our results indicate that ma
body correlations are much stronger than predicted
theory for the larger wave vectors accessible to x r
We hope these first experimental results forq $ 2kF will
stimulate fundamental theoretical work on the electr
correlation problem. The development of new capabili
at both second and third generation synchrotron facil
now opens the exciting prospect of performing similar
perimental investigations for a large variety of syste
including transition metals.
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