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The dynamic structure factor S(k, co) of beryllium is determined by inelastic x-ray scattering ex-
periments for a wide region of momentum transfer k. The results show that the dispersion curve
deviates from random-phase-approximation (RPA) predictions, especially for k&k„while for
k )k+ it splits into two branches. The lower branch, corresponding to the plasmonlike component,
shows a negative slope for 0.9kF & k & 1.5kF, whereas for greater values of k it remains nondisper-
sive. The upper branch shows considerable dispersion and tends to become parallel to the recoil en-

ergy curve. The observed deviations from RPA can be attributed to short-range correlation effects
and the existence of higher-order excitations according to the theory of Awa et al.

INTRODUCTION

The dynamic structure factor S(k,co) for electrons of
simple metals has been the subject of extensive theoretical
and experimental work. '

Experimental methods for the study of S(k,co) are
based on scattering experiments using either fast electrons
or x rays. In such scattering experiments the incident
beam interacts with the scatterer with a consequent
transfer of momentum A'k and energy %co. The differen-
tial cross section according to the Born approximation,
for the case of x rays is
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where (e /mc ) is the Rayleigh-Thompson scattering
cross section, ei, ~i and e2, ~2 are the polarization vector
and the frequency of the incident and scattered x ray,
respectively, with co2—co& in the present case. S(k,co) is
the dynamic structure factor, which contains the max-
imum possible information that can be obtained from any
scattering experiment and is the Fourier transform of the
space- and time-dependent density-density correlation
function. It thus furnishes a direct measure of the
density-fluctuation spectrum of the electrons of the
scatterer.

As is well known, according to random-phase-
approximation (RPA) theory, ' plasmons exist when k is
smaller than a critical wave vector k„which determines
the limit between collective mode and single-particle exci-
tations. In the region k & k, the dynamic structure factor
S(k,co) is separated into two parts, one coming from the
single-particle excitation and the other from plasmon ex-
citation.

Early electron scattering experiments confirmed the
existence of plasmon excitation and hence the validity of
the RPA theory. Nevertheless small deviations from
RPA predictions in the range of small momentum
transfer were observed. The main points of these
discrepancies are (i) the experimentally deduced dispersion
curve falls lower than RPA predictions, and (ii) the width

of the experimentally observed plasmon excitation is
larger than theoretically predicted. This implies the ex-
istence of some damping mechanism for k (k, which is
not included in the RPA theory.

X-ray experiments have also confirmed the existence of
plasmon excitation and the validity of RPA. However
subsequent experiments ' showed considerable disagree-
ments with RPA predictions. The most important was
the persistence of plasmons far beyond the critical wave
vector k, and a double-peak structure. Further experi-
mental work confirmed the inadequacy of RPA in the
region of intermediate and large momentum transfer.

The above experimental findings are common to such
diverse systems as Al, Be, C, and Li, indicating that they
result from the properties of the conduction-electron gas
rather than from different band structures. Furthermore,
calculations within the framework of RPA considering
band-structure effects have shown that such effects will
modify, even in the most favorable case, the free-electron
spectrum of simple metals by a few percent.

Thus the failure of RPA to describe experimental re-
sults in the region of intermediate and large momentum
transfer, was attributed to the fact that short-range elec-
tron correlation effects are ignored within that approxima-
tion. ' Many authors' ' . have attempted, without total
success, to reproduce the experimental results by extend-
ing the. RPA with the inclusion of short-range correlation
effects and some damping mechanism.

Experiments using x-ray scattering showed that
plasm on excitations in lithium continue all the way
through the particle-hole continuum and that a second
peak appears for high k. In other experimental work on
beryllium it has been shown that in addition to the per-
sistence of plasmons above k„ there is a flattening in the
dispersion curve (for k )k, ) which then continues with a
negative slope.

The above features could not be explained in the con-
text of the post-RPA theories. However it is interesting
to note that the negative slope may suggest the possibility
of bound-plasmon formation' or superAuid heliumlike
behavior of the electron gas, ' as has been proposed in dif-
ferent theoretical approaches.
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Therefore it was considered necessary to carry out mea-
surements for the determination of the dynamic structure
factor S(k,co) in order to verify previous observations, ex-
tend them over a large region of transferred momentum k
and examine the shape of S'(k, co) in this region, obtain a
more complete picture of the dispersion curve, and finally
compare these experimental results with existing theories.
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The energy analysis of scattered x-ray radiation is ac-
complished with the aid of a horizontal x-ray spectrome-
ter which has been constructed to meet the specific re-
quirements of the present work. This is essentially a
Johan-type curved-crystal spectrometer and is an im-
proved version of similar instruments described else-
~here. '"

The layout of this spectrometer is shown schematically
in Fig. l. A quartz single crystal cut along the [2243]
direction is used as the analyzing crystal (AC). Polycrys-
talline Be was used as the scatterer (S). However, in order
to measure in regions in which Bragg reflections were
prominent, two Be single crystals cut parallel and perpen-
dicular to the c axis, respectively, were used. The scatter-
er (S) was placed inside the focusing circle and was bent as
indicated in Fig. 1. Due to this geometry the scattering
angle is determined with high accuracy depending only
upon the scatterer thickness. In the present work the
thickness of all the samples was about 2 mm. This im-
plies an error in the scattering angle of +0.5'. The
transferred momentum k is related to the scattering angle
(t and the wavelength of the incident beam

k =(4m/A, )sin(P/2), '

and thus the resulting error in the transferred momentum
k is +0.03 A '. In order to avoid x-ray scattering and
absorption by air, the samples were mounted in a vacuum
chamber. For the same reason most of the path of the
scattered beam was through evacuated tubes. %'ith the

FIG. 1. Lay out of the horizontal x-ray spectrometer. XRT,
position of the x-ray tube. S, scatterer; VC, vacuum chamber;
VT, vacuum tubes; AC, analyzing crystal; C, counter; SM, step
motor.

FIG. 2. Typical spectrum of the inelastically scattered radia-
tion.

aid of a rotary transmission attachment the sample was
rotated about a vertical axis to P/2 when the scattering
angle changes by P. This is necessary in order to have the
same error at all scattering angles. A copper anticathode
x-ray tube was used, operated at 60 kV and 30 mA. The
spectrometer was adjusted to the spectral region near the
Cu KP line which is used as the primary beam. The use
of a single line instead of the more intense doublet Cu
Ka&a2 is preferred due to the undistorted spectrum ob-
tained with the singlet as discussed elsewhere. ' The full
width at half maximum (FWHM) of the primary beam is
8.1 eV, including the 5.84 eV natural width of Cu EI3
line, ' resulting in a resolving power of 1095. The analog
detector is fixed on a remote-controlled table, permitting
micrometric positioning of the detector, which moves
along the Rowland circle as indicated in Fig. (1). At each
scattering angle the intensity of the scattered radiation is
recorded by the counter for each micrometric reading of
the detector position. It is a simple matter to convert the
distance scale to an energy scale.

Figure 2 shows a typic'al spectrum (raw data) of scat-
tered radiation from polycrystalline beryllium. The
scattering angle is 39 corresponding to k =1.53k~, where
kz is the Fermi wave vector. The open circles in Fig. 2
(and in Fig. 3) are drawn to incorporate the statistical er-
ror. The position of the maximum elastic component is
marked with R. The background has been subtracted and
the remaining spectrum has also been corrected for ab-
sorption. The spectrum thus obtained contains both elas-
tic and inelastic components of the scattered radiation.
The elastic component (Fig. 2, dashed line) is obtained by
a standard procedure with the aid of a "dummy experi-
ment" described elsewhere. Subsequently this elastic
component was subtracted from the measured spectrum
and thus the inelastic component is obtained.

Figure 3 shows the resulting inelastic component of
eight out of twenty-six of the measured spectra for
characteristic regions of momentum transfer, as indicated
at the upper corner of each spectrum. The y axis
represents the intensity of the spectrum normalized to un-
ity, while the x axis represents the energy loss in eV units
of the inelastically scattered x-ray photons. The inelastic
component is the interesting part of the spectrum, as it is
directly related to the dynamic structure factor S(k, co).
The structure factor has also been calculated within the
RPA approximation. T'he result has been convoluted with
the elastic component of the scattered radiation and has
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FIG. 3. Dynamic structure factor spectra as a function of en-

ergy for different regions of transferred momentum k.

been plotted with a dashed linc 1n thc corresponding spec-
tra of Fig. 3. The discrepancy between RPA theory and
experimental results is obvious.

The essential features of S(k,co), as shown in Fig. 3, are
as follows.

(i) For k values less than kFT (where kFT ——1. lkF), it is
clear that the position of the maximum in S(k,co) shifts
towards higher energy as the transferred momentum k ap-
proaches AT.

(ii) For k values greater than kFT, a shoulder appears in
the high-energy region which becomes more pronounced
as k increases. Indeed, as k increases the shoulder first
resolves into a second peak and finally, at sufficiently
high k, the higher-energy peak dominates the spectrum.

(iii} The peak shape varies such that the (FWHM) in-
tensity increases with k.

Figure 4 shows the dispersion curve which represents
the variation of the energy of the peak in S(k,co) with
transferred momentum k. For the purpose of clarity the
vertical scale has been normalized with ~&, which is the
plasmon energy corresponding to k =0, and the horizon-
tal scale normalized with k~. The boundaries A and 8
indicate the region within which single-particle excitation
is expected. For comparison, the dispersion curve corre-

sponding to free-electron recoil is shown as curve C while
curve D is the dispersion curve predicted by RPA. The
experimental curve of Fig. 4 shows the following interest-
ing features.

(i) The region of k & k, where there is a lowering of the
dispersion curve relative to the RPA predicted curve.

(ii) Plasmonlike component persists for k & k„and at
k=k~T the dispersion curve splits into two branches.

(iii) The lower branch corresponds to a plasmonlike
component. A negative slope is observed in the region of
0.9k~ & k & 1.5kF, while for greater values of k it remains
almost nondispersive until the continuum limit has been
reached.

(iv) The upper branch, which corresponds to the second
peak that appears in S(k,co), shows considerable disper-
sion and for large values of k tends to become parallel to
the recoil energy curve C.

The FWHM intensity of the observed spectra S(k,co) is
shown in Fig. 5 as a function of the momentum transfer,
in units of k~ (quadratic scale). In the same figure the
FWHM of S(lt, co), predicted by RPA theory after convo-
lution with the primary-radiation spectrum, is also plot-
ted. It is apparent that there is a discontinuity for k =k,
in agreement with previous experiments using fast elec-
trons. "

DISCUS SIGN

The purpose of this discussion is to compare the ob-
served dispersion curves, with currently available theoreti-
cal models and experimental results of other work-
ers. ' ' ' ' Considering, first of all, the dispersion curve
(Fig. 4), for k & k„ it can be said that basically there is an
agreement between the results of the present work and
with previous experimental results ' as well as the RPA
theory, if corrections for short-range correlations are tak-
en into account.

Furthermore, in the region of k, & k & kp the plasmon-
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S(k,~) spectra vs the momentum transfer.

like component persists in the excitation spectrum (Fig.
4). However, it should be remarked that the experimental
appearance of S(k,co) for values of k around k, hardly
justifies the distinction in interpreting the peak as
plasmon or "plasmonlike. " This statement is reinforced
by reference to the spectra for k =0.63k~ and k =0.78kF
(Fig. 3), where the second high-energy peak is insignifi-
cant. Therefore the critical wave vector k, must not be
considered as a sharp limit below which plasmons exist
while beyond this limit they disappear, but rather as de-
fining the onset of the region of stronger plasmon damp-
ing. This is also supported from the discontinuity ob-
served for k =k, in the FWHM curve (Fig. 5). It is also
apparent, from Fig. 5, that there is a linear dependence of
FWHM with k for k ~k„while for k&k, additional
terms seem to be present. In the region of k & kzz the ex-
perimental curve lies below the theoretical curve (dashed
line in Fig. 5) and this means that RPA predicts stronger
damping effects than required for the interpretation of
our data.

In the region of k~ & k & 1.5k~ the dispersion curve
(Fig. 4) shows a negative slope. In the same region the ap-
pearance of a second peak begins. These results are in
very good agreement with our previous results on berylli-
um and consistent with the results of other experimental
work using x rays.

As was mentioned, in the region of k & 1.5kF, the
plasmonlike component is nondispersive while the upper
branch is strongly dispersive ten'ding to become parallel to
the recoil energy curve. These features have also been ob-
served in the case of lithium.

In previous electron scattering experiments for k & kF
a second branch was not observed in the dispersion curve
while the experimental points seem to follow the upper
branch of the dispersion curve presented here. This
disagreement is probably due to the fact that electron
scattering experiments are less appropriate in this region
of intermediate and large momentum transfer k, as point-

ed out and discussed in detail elsewhere.
Quite recently Schulke et aI. ' reported that the

double-peak structure of S(k,co) in Li "seems not to be a
universal property of the strongly correlated gas" and
"apparently has its origin in the band structure. " They
interpreted their results with the two-band model theory
of E-Ni Foo et al. However, in a later paper, it was
shown that the above-mentioned model has "several
unusual and unrealistic features" and concluded, as was
mentioned in the Introduction, that band-structure effects
modify by a few percent the free-electron spectrum. The
only available full band-structure calculation of the
S(k,co) by Taut and Hanke, ' revealed a double-peak
structure for k & k, for Be. However, there is a disagree-
ment among this calculation, our results, and the results
of a two-band model, regarding the peak energies and
separation of the peaks in the doublet structure of what
they call "collective band-structure peak. " This fact,
along with the fact that it is hard to understand boundary
collective excitation for k, ~G/2 (G a reciprocal-lattice
vector), lead to the conclusion that, at least in the case of
Be, where for all directions k, &G/2, the double-peak
structure is due to electron-correlation effects.
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FIG. 6. Shape of S(k,co) for different transfer momentum as
experimentally determined in the present work and calculated
from the theory of Awa et ai. (Ref. 26).
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FIG. 7. Dispersion curve of S(k, co) maxima. Solid and
dashed lines correspond to the theory of Awa et al. (Ref. 26)
while points are from present experimental work.

The existing post-RPA theories, those using the tech-
niques of decoupling terms of higher order from kinetic
equations for Wigner distribution functions, ' ' ' have
not succeeded in predicting the double-peak structure in
S(k,co) which is established experimentally. By introduc-
ing lifetime effects, Mukhopadhyay et al. were able to
reproduce the double structure, but the agreement with
experiment was poor. De Raedt and De Raedt obtained
a double-peak structure using the Mori formalism, but
they were forced to introduce arbitrary parameters
without any obvious physical meaning in order to fit their
theory with the experimental data. Using diagrammatic
techniques, Green et al. had also obtained a double-peak
structure in S(k,co) but without much success in fitting
the experimental data. Awa et al. , using the same tech-
niques and on the basis of the quasi-one-pair excitation
approximation, achieved a very good agreement with ex-
perimental results on lithium.

The results of the present work show also an excellent
agreement with the work of Awa et al. In Fig. 6 the ex-
perimentally deduced shape of S(k,co) and the calculated
forms by Awa et al. are shown for comparison. The
coincidence is remarkable considering that the calculated
spectra are not convoluted with the spectrum of primary
beam (the convolution should broaden the spectra).

The theoretical work of Awa et al. calculates the
dispersion curve and, most significantly, this shows two
branches, one corresponding to the plasmonlike com-
ponent (lower branch) and the other to the single-particle
excitation spectrum (upper branch) which shows strong
dispersion. It is worth mentioning that this theory is the
only one clearly predicting the existence of a double-
branch dispersion curve a'nd a negative slope for the
plasmonlike component. It is remarkable that the experi-
mentally observed negative slope in the region of
0.9k+ &k &1.5kF, reported in this paper and elsewhere,
appears almost exactly in the same region as the one
predicted by the theory of Awa et al.
(0.SkF & k & 1.4k~). For comparison, in Fig. 7, the
theoretical dispersion curve from the above-mentioned
theory has been plotted together with the experimental
points resulting from the present work.

Many theories incorporate exchange and short-range
correlation effects in order to reproduce the experimental
results. However, the, manner in which short-range ef-
fects are taken into account is most important for the suc-
cess of the theory in agreeing with the experimental data.
On the basis of the above-mentioned coincidence between
the theory of Awa et al. and the results of the present
work, it is concluded that the procedure which this theory
uses to take into account electron correlation is the most
successful.

In conclusion, the observed discrepancies between ex-
perimental results and RPA theory can be attributed, ac-
cording to the theory of Awa et al. to short-range corre-
lation effects and the existence of higher-order excitations
such as two-pair excitation and one-pair plasmon excita-
tion.
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