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The dynamic structure factor S(q,w) of electrons in Be metal was measured with 1-eV resolution
by means of inelastic scattering of synchrotron x radiation both on single crystals for a large num-
ber of different directions of q (among others, q||g100,&110,8101>8001) and on polycrystalline samples
with 0.45 a.u.<q <1.69 a.u. The experimental results were compared with model calculations,
which go beyond the random-phase approximation. The overall shape of experimental S(q,®) can
be understood when taking into account appropriately both state-dependent quasiparticle lifetime
and local-field corrections. The strongly q-orientation-dependent fine structure of S(q,w) can be in-
terpreted as being due to excitation gaps, which are generated by transitions to final states on Bragg
planes. This type of fine structure can be utilized to get information about the band structure in a
very direct manner. There is every indication that also the less q-orientation-dependent fine struc-
ture found in experimental S(q,®) is induced by ion-electron interaction, although another origin
(electron-electron interaction) cannot be ruled out completely.

I. INTRODUCTION

Inelastic x-ray scattering spectroscopy (IXSS) is best
suited to obtain information about the dynamic structure
factor S(q,w) of electrons in solids.! The range of
momentum (q) and energy (w) transfer is wide enough so
that short-range correlation can be investigated. Already
early IXSS measurements of S(q,w) on simple metals
have indicated the break down of the random phase ap-
proximation (RPA) for g >g. (¢g.= plasmon cutoff vec-
tor).2 Above all, a double-peak structure in S(q,w) found
in simple metals (Li,Be,Al) (Refs. 3 and 4) and graphite®
has induced a controversy about its origin. Because the
double-peak structure has been found for very different
systems roughly at the same energy position when scaling
the energy transfer to the Fermi energy,? many authors
tend to attribute this fine structure to a universal proper-
ty of the strongly correlated electron liquid. But not all
of them succeeded in reproducing the double-peak struc-
ture in their calculations of S(q,w) for an homogeneous
electron liquid. The first step to go beyond RPA was
done by Vashishta and Singwi® by introducing local-field
correction. But the static approximation of the local-field
correction could not result in a double-peak structure of
S(q,w). Later on, neither Pajanne’s’ formalism, based on
a boson formulation of interacting fermions, nor the
rigorous dielectric treatment of Utsumi and Ichimaru,?
which satisfied, besides others, the equation of continuity
and the frequency-moment sum rules, could reproduce
the double peak. The application of Mori’s memory-
function approach by De Raedt and De Raedt’ succeeded
in getting a double-peak structure. But they had to
represent the static structure factor S(gq) by means of pa-
rameters adjusted in a way to qualitative agreement with
experiment. Green et al.'° have treated the electron
liquid by taking into account rigorously the short-range
Coulomb interaction of electron pairs and by satisfying
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all conservation sum rules. They have obtained some fine
structure of S(q,w) but in disagreement with experi-
ment!! and without giving a sufficient physical explana-
tion of how this fine structure originates. Only by intro-
ducing a state-dependent lifetime via the imaginary part
of the self-energy, as first done by Mukhopadhyay
et al.,'? could a double-peak fine structure of S(q,w) be
reproduced. Objections against this approach, which is
equivalent to a relaxation-time approximation, have been
put forward among others by Mukhopadhyay and
Sjolander!® pointing to the fact that the continuity equa-
tion seems to be violated. Subsequently Awa et al.'*
Niklasson et al.,'> and Rahman and Vignale'® have
stressed the following physical grounds for the double-
peak structure, which appears by introducing higher-
order excitations such as two-pair excitations and one-
pair—one-plasmon excitations within the framework of
the quasi-one-pair excitation approximation:'* It is the
steep rise of the reciprocal lifetime, which occurs when
the quasiparticle momenta become large enough, so that
the quasiparticles start decaying by emitting a plasmon.
In this way the S(q,w) spectra are broadened beyond a
critical value of w, so that the peak is shifted to lower w
compared with the RPA-peak position. This general
gross feature of the simple metal S(q,w) has been well es-
tablished by IXSS experiments,'"!772° which have fol-
lowed the findings of Platzman and Eisenberger.* To
what extent the two w domains with very different life-
time broadening are well separated by a dip, so that a real
double-peak structure occurs rather than a one-
peak—one-shoulder structure, seems to depend strongly
on the model used for the lifetime in the theoretical stud-
ies (Refs. 12, 14—16, and 20. The more realistic these
models are, the more the dip is flattened or completely
washed out in the theoretical calculations. Moreover,
Niklasson?! has pointed out that the lifetime-induced
double-peak structure disappears nearly completely when
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the frequency dependence of the corresponding real part
of the self-energy is taken into account. Ng and Da-
browski?? came to the same conclusion. (The calculations
of Ref. 14 strongly deviate from those of Refs. 12, 15, 16,
and 20, with respect to the dip position, the dip disper-
sion, and the dip depth. Since the theoretical results of
Refs. 12, 15, 16, and 20 are in fairly good agreement one
with another, the discrepancy with Ref. 14 must either be
left unexplained or attributed to calculation errors in Ref.
14.) When comparing the calculated dip positions, if any,
with the dip position of corresponding experimental re-
sults as obtained with polycrystalline samples, the situa-
tion becomes still more confusing. The Li result of Priftis
et al.'® is not far from the theoretical result of Rahman
and Vignale'® (step model for the inverse lifetime), but is
very far from the calculated dip position of Awa et al.'*
The Be result of Vradis and Priftis'’ fits Awa’s!* calcula-
tions much better than those both of Rahman and Vig-
nale'® (a more realistic model for the inverse lifetime) and
of Mukhopadhyay et al.'?

Therefore, it seems advisable to look for another origin
of the S(q,w) fine structure, namely the electron-ion in-
teraction, where we keep in mind that the gross features
of the simple metal S(q,w) (deviation of the overall shape
from RPA) are well understood within the framework of
the quasi-one-pair excitation approximation by represent-
ing short-range correlations by a local-field correction®
and higher-order excitations by a lifetime of the quasipar-
ticle states. Considering of electron-ion interaction to be
the origin of the remaining fine structure of S(q,w) is
mainly suggested by recent high-resolution measure-
ments''?% on Li and Be metal, which have revealed a
much richer fine structure of S(q,w) than that seen in
former low-resolution experiments. Also, the full band-
structure calculation of S(q,w) for Be of Taut and
Hanke,?* to the knowledge of the authors the only one on
simple metals, is rather encouraging, since, for intermedi-
ate momentum transfer (g, <q <2kj), a rich and strong
fine structure has been found within the limits of the
RPA, which has been attributed to electron-ion interac-
tion. These findings were in disagreement with a very
general statement of Pendey et al.?* that even in the most
favorable cases band structure will modify the free elec-
tron S(q,») by only a few percent. This statement has
often been used as an argument in favor of the
correlation-induced origin of the double-peak structure.

Therefore, it seemed worthwhile to investigate S(q,w)
of beryllium metal experimentally with high-resolution,
high-statistical accuracy and for a large range of momen-
tum transfer g in order to get enough experimental data
which can be confronted with corresponding model cal-
culations. Beryllium was chosen, since it is, on the one
hand, a simple metal, so that d electrons are not involved,
but, on the other hand, it exhibits considerable deviations
from free-electron behavior, so that stronger effects of
electron-ion interaction could be expected than in former
measurements on Li.!' Part of the Be measurements
have already been published.?’

The rest of the paper is organized as follows: In Sec.
IT A a few fundamentals of IXSS are presented together
with references, which can be consulted for more details.

W. SCHULKE, H. NAGASAWA, S. MOURIKIS, AND A. KAPROLAT 40

In Sec. II B the effect of lattice-induced gaps in the one-
electron excitation spectrum on IXSS is shown at some-
what more length. Section II C gives a short survey of
the experimental setup and of data processing, including
references for more detailed presentation. In Sec. III the
results of the S(q,w) measurements on Be are summa-
rized. The discussion of the results in Sec. IV is arranged
as follows: First (Sec. IV A), the measurements on poly-
crystalline Be are confronted with model calculations for
an homogeneous system in order to stress the importance
of both lifetime effects and local-field corrections for the
understanding of the overall shape of S(q,w). Secondly
(Sec. IV B), the fine structure in the single crystal results
and its dependence on the direction of q is compared
with model calculations of S(q,®) so that the existence of
excitation gaps with final states on zone boundaries be-
comes evident. On the basis of this interpretation of
essential parts of the S(q,w) fine structure, a method of
probing the ground-state band structure by means of
IXSS is proposed. The remaining less-q-orientation-
dependent fine structure, which cannot be simply inter-
preted within the limits of a two-band model, is discussed
in Sec. IV C, where both realistic band-structure calcula-
tions of S(q,w) and model calculations going beyond the
two-band model are brought into play. Finally, in Sec. V
conclusions about the most probable origin of the S(q,w)
fine structure are drawn from the comparison of experi-
ment with calculations.

II. INELASTIC X-RAY SCATTERING
SPECTROSCOPY

A. Fundamentals

In the following, inelastic-scattering processes are con-
sidered, where a photon of energy fiw,, wave vector K;,
and polarization @, is scattered by the electron system
into a photon of energy #iw,, wave vector K,, and polar-
ization @5, so that the energy

fio=Mw,—w,) (1)
and the momentum
#iq=#(K,—K,); #ig~=2#K sin(6/2) ()

are transferred to the scattering system, where 6 is the
scattering angle. The second part of Eq. (2) holds for
0 << ;.

Therefore, a typical IXSS experiment consists in pro-
ducing a well-collimated beam of monochromatic pri-
mary photons, in selecting a certain solid angle element
dQ of the scattered beam, so that q is fixed, and in
analyzing this part of the scattered radiation to a resolu-
tion dw,. Strictly speaking, one is measuring the double-
differential cross section (DDCS) d 2o /d Qd ,.

Within the limits of a first-order perturbation treat-
ment, the DDCS is related to the dynamic structure fac-
tor S(q,w) of the scattering system:>>

d?0 /dQd w,= (2,8, r¥(w,/0,)S(q,0) , 3)

where 7 is the classical electron radius.
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As long as the intensity of the primary photon beam is
not measured, the DDCS is determined on a relative
scale. Utilizing the f sum rule

waS(q,w)wdeﬁqz/Zm , 4)

the measured DDCS can be brought to an absolute scale.
The fluctuation-dissipation theorem?® connects S(q,®)
with the dielectric response function Ime™ 1(q,w) via

S(q,0)=—(#g?/41%*n)Ime ™ (q,o) , (5)

where n is the electron density.

Since S(q,w) and Ime“‘(q,w) can be measured on an
absolute scale, the real and the imaginary parts of the
dielectric function

elq,w)=¢€,(q,0)t+ieq,w) (6)

can also be deduced from experiment by means of
Kramers-Kronig analysis, as shown in more detail in Ref.
27, provided all local-field effects?® are neglected.

B. Lattice-induced excitation gaps in IXSS

Intraband and interband transitions between one-
electron states, induced by the inelastic-scattering pro-
cess, are represented by the RPA-equivalent self-
consistent expression for €,(q,).?® In an homogeneous
electron system, the transitions for a given pair of q,w
can be represented as occurring between planes in k
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space perpendicular to q and separated by g, as shown in
Fig. 1(a), where the corresponding e€,(q,w) is also
sketched. Let one Fourier component V(g) of the
periodic crystal potential with g||q be switched on and let
transitions end up on the g-related Bragg plane
k-q=g?/2. Then, due to the V(g)-induced energy gap,
the energy transfer w, corresponding to this transition in
the homogeneous case, cannot be realized in the V(g)-
perturbed case, so that an excitation gap of width 2V (g)
occurs around

w,=(#g/2m)(g—q) @)

in €,(q,), as indicated in Fig. 1(b). Taking into account
all other Fourier components of the crystal potential, (i)
the excitation gap may get flattened to a certain extent,
so that only a dip remains; (ii) the dip position may get
shifted with respect to w, of Eq. (7) according to special
features of the band structure. Flattening of the dip and
shifting of the dip position also occur, when q is tilted
away from g.
According to

Ime Nq,0)=—€,(q,0)/[€2(q,0)+€Xq,0)], (8)

lattice-induced dips for q||g should also be detected in
Ime ™! and therefore also in S(q,®), where the dip posi-
tion on the w scale may be shifted a little bit with respect
to the €,-dip position due to the @ dependence of €;. In
special cases €,(q,®) can exhibit an additional zero
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FIG. 1. (a) Upper part: Transitions between one-electron states in momentum space of an homogeneous electron system as con-
nected with an inelastic-scattering process transferring momentum q and energy #w. Lower part: Corresponding €,(q,»). (b) Upper
part: Transitions to a Bragg plane in the extended zone schemes of an inhomogeneous electron system. Lower part: Corresponding
€,(q, ) within the limits of a two-band approximation, exhibiting an excitation gap of width 2V (g).
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within the dip, so that the condition for a collective exci-
tation might be met (zone boundary collective state), as
introduced by Foo and Hopfield®” and thoroughly dis-
cussed by Sturm and Oliveira.*

C. Experiment

The measurement of the DDCS was performed at the
Hamburger Synchrotronstrahlungslabor using synchro-
tron x-rays from the storage ring DORIS. The experi-
mental setup, consisting in a Ge(220)-double-crystal
monochromator and a Si(333) spherically bent crystal
analyzer, has been described in more detail elsewhere.!'!3!
Utilizing dispersion compensation,'32 1.0 eV overall en-
ergy resolution could be obtained with 6 X 10° useful pho-
tons of 5.95 keV at the scattering sample. The sample
crystal has been grown from 99.99% high-purity Be. The
experiment has been performed in transmission geometry
with 1.6-mm sample thickness. The scattering sample
was held in a scattering chamber evacuated to 10™°> Torr
in order to prevent air scattering. 7X10°~1X10* counts
were collected in a measuring point around the inelasti-
cally scattered peak. The Be data were processed in the
same way as the Li data,!! including absolute scaling by
utilizing the f sum rule, so that the experimental results
can be presented in the form of absolute values of the dy-
namic structure factor S(q, o).
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III. SUMMARY OF THE EXPERIMENTAL RESULTS

In Fig. 2 the experimental dynamic structure factors of
Be for q parallel to the most prominent reciprocal-lattice
vectors and for g values between ¢=0.45 a.u. and
g=1.69 a.u. are plotted together with some results on
polycrystalline samples. Thus g covers a range between
0.66g, and 2.48q, (q,=plasmon cutoff vector=0.68
a.u.). In Fig. 2 and in the following the direction of q al-
ways is indicated in the form “‘q||hkl,” where hkl refers to
a direction in reciprocal space parallel to the reciprocal-
lattice vector g, =hb;+kb,+Ib; (b},b,,b; basis vec-
tors of the reciprocal lattice). The very strong q-
orientation dependence of the S(q,w) fine structure is
striking: The differences between directions, which are
only 30° apart, amounts to more than 30% of the peak
value. The lowest degree of fine structure is found in the
ql| 100 spectra, the highest for q||110. The 101 spectra ex-
hibit the greatest similarity with the polycrystalline ones,
where even the polycrystalline spectra are not completely
free of fine structure: The shoulder in the ¢ =1.09 a.u.
and the ¢ =1.4 a.u. polycrystalline spectra grows into a
double-peak structure, which already has been noticed by
other authors*!® and has initiated a lot of theoretical
work, as mentioned in the Introduction. The dispersion
of the dip and peak positions in the S(q,®) fine structure
is only weak but by far not negligible. In the following
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FIG. 2. Survey of the experimental dynamic structure factors S(q,w) of Be metal both from single crystals and from polycrystal-
line (pc) material for values and directions of q as indicated. The small dots in the region of small-energy transfer #iw represent the
less-reliable part of the spectra because of strong superposition by the Rayleigh line in the rough data.
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we will distinguish between two kinds of fine structure,
one with very high g-orientation dependence, the other
with much less sensitivity to variations of the q orienta-
tion. The very different q-orientation sensitivity is
demonstrated by means of experiments, where the q
direction has been changed in small steps leaving
qg=1.09=const. The spectra of Fig. 3 have been ob-
tained by tilting q from 001 through 90° to 110. The
shoulder at roughly 12 eV of the 001 spectrum disappears
nearly completely by tilting q by less than 10°, whereas
the double-peak structure with a dip roughly at 32 eV
withstands a tilting by more than 30° without remarkable
change either in shape or in position on the @ scale.
Another example of a very orientation-sensitive fine
structure of Fig. 3 is the double peak of the 110 spec-
trum, which is strongly shifted and degraded by tilting q
by less than 15°. This strong orientation dependence of

o
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20 + .

10

110

hw (eV)

FIG. 3. Experimental dynamic structure factor S(q,) of Be
metal for ¢ =1.09 a.u. obtained by tilting of q from 001 (a¢=0)

into 110 (a¢=90°).

DYNAMIC STRUCTURE OF ELECTRONS IN Be METAL BY . ..

12 219

the 110-double-peak structure is again demonstrated in
Fig. 4, where q has been tilted by 30° from 110 to 100:
Tilting of less than 20° destroys the double-peak structure
nearly completely. In Fig. 5 the result of rotating q from
001 into 100 is displayed. Again the double-peak struc-
ture of the 001 orientation with a dip at 32 eV is very
stable against q rotation, so that even a tilting of more
than 40° changes the double-peak structure only into a
one-peak —one-shoulder structure, which persists till 60°.
On the other hand, the fine structure between 10 and 20
eV changes very rapidly.

Finally, the influence of multiple-scattering events on
the results could be estimated by measuring S(q,w) on
samples of very different thickness (1.5 and 4.5 mm, re-
spectively), as shown in Fig. 6. If multiple scattering
were of importance, the spectrum of the thicker sample
should be distorted compared to that of the thinner sam-

.

102 S(g,w) eV

-

FIG. 4. Experimental dynamic structure factor S(q,w) of Be
metal for ¢ =1.09 a.u. obtained by tilting of q from 110 (a=0)
into 100 (a=30°).
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FIG. 6. Experimental dynamic structure factor S(q,w) of Be
metal with q||110, g=1.09 a.u., and q||100, g =1.4 a.u., respec-
tively, for two different sample thicknesses D in order to demon-
strate the rather small influence of multiple scattering.
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ple, since the probability of multiple-scattering events is
increasing with sample thickness. We did not find any
difference outside. the statistical error (which was about
1% in Fig. 6 with the exception of the 100;D =4.5 mm
spectrum, where the statistical error was much higher).
Therefore, we conclude that multiple scattering at all is
of minor influence on the final result.

IV. DISCUSSION OF THE RESULTS

A. Polycrystalline spectra versus model calculation
for homogeneous systems

The very strong g-orientation dependence of the
BeS(q,w) fine structure, as shown in Sec. III, suggests its
lattice origin. On the contrary, the overall shape of the
spectra and possibly also the less-orientation-dependent
fine structure should already be understood as due to
properties of the homogeneous system. For example, in
Ref. 19, the one-peak-one-shoulder fine structure, as
seen even in the polycrystalline spectra, has been attribut-
ed to the momentum dependence of the quasiparticle life-
time. The most effective way to average over
orientation-dependent properties in order to get the
overall shape of the spectra in indeed to measure on poly-
crystalline samples. In doing so, of course, lattice effects
do not have to be eliminated completely, so that the poly-
crystalline spectra will not necessarily solely reflect prop-
erties of the homogeneous system. Nevertheless, it seems
justified to confront the polycrystalline results with
S(q,w) spectra, which were calculated by using the fol-
lowing different models for the homogeneous system (de-
scribed in more detail in Ref. 11):

(i) Random-phase approximation, taking into account
damping within the limits of a simple relaxation-time ap-
proximation with 1/7=0.03 a.u., and by allowing for lat-
tice effects only via the density of states effective mass of
Be, m * =1.13, as calculated by Shaw?? at the Fermi level.

(ii) RPA with m*=1.13, but replacing the Lindhard
free-particle polarizability®* by an expression, first intro-
duced by Mukhopadhyay, Kalia, and Singwi (MKS),!?
which takes into account the momentum-dependent
quasiparticle inverse lifetime I'(p) in a way shown in Egs.
(10) and (14) of Ref. 11. The inverse lifetime I'(p) has
been calculated by means of Quinn’s formalism® by in-
troducing higher-order excitations (both two-pair excita-
tions and one-pair—plasmon excitations). Within the lim-
its of Quinn’s formalism we used the plasmon-pole model
for the response function Im[1/e(q,w+i8(q)] first intro-
duced by Lundquist,’® where the plasmon-dispersion law
has been fitted to both the Be measurements of Eisen-
berger and Platzman® and our Be data as shown in Fig. 2,
so that the plasmon pole w(q) follows the empirical equa-
tion

0’ (q)=[w} +#kjq>/3m]f(q)+(#ig*/2m )* , 9
with

1 for g <gq,

Ja= exp[ —2(¢—gq,)*] for ¢ >gq, ,
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where ), is the free-electron plasmon frequency, fiky is
the Fermi momentum, and g, =0.66 a.u. is the plasmon
cutoff vector of Be. 8(g) (in a.u.) has been chosen in such
a way that the widths of the experimental S(q,w) curves

are reproduced:

8(q)=60+0.115qé for g <gq,. (6,=0.06 a.u.)
=0.43¢> for g, <q <1.5k; (10)
=gkp/V2 forg > 1.5k .

The resulting inverse lifetime I'(p) is shown in Fig. 7 to-
gether with T'(p) as obtained by using the pure RPA ex-
pression for the response function. In both cases a steep
rise of the inverse lifetime is found near a momentum py,
where for p > p, the decay of a quasiparticle by emitting
a plasmon becomes possible:

wlq,)=#pd—k}) . (11)

Therefore, in a very simple way I'(p) can be represented
in a model with a step at p, (see Fig. 7).

(iii) Local-field- and lifetime-corrected scheme by using
the MKS form of the free-particle polarizability of (ii),
but by making additionally a local-field correction, first
introduced by Hubbard’’ [see Eq. (7) of Ref. 11]. The
static approximation G(g) of the local-field correction
factor G(g,w), as calculated by Utsumi and Ichimaru®®
and shown in Fig. 8, has been utilized. The scheme (iii)
for calculating S(q,) might seem somewhat “ad hoc,”
but there exists a well-established theoretical foundation
for proceeding this way. It was given within the frame-
work of the so-called quasi-one-pair excitation approxi-
mation by Awa et al.'* The fundamental objection
against this scheme, namely that it violates the conserva-
tion of local electron number, has been met both by Awa
et al.'* and by Niklasson et al.’> The authors state that
the violation of the continuity equation is of minor im-
portance, in so far as electron correlation in the inter-

Mp)la.u)

FIG. 7. Momentum-dependent inverse quasiparticle lifetime
I'(p). Dashed line: step model, dashed-dotted line: RPA, solid
line: plasmon-pole model on the basis of experimental data.
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FIG. 8. Static local-field correction factor G(q) for r,=1.87
a.u. (Be) according to Ref. 38.

mediate wave number and frequency regime is concerned.
Therefore, we feel justified to apply the scheme (iii) also
to calculations of S(q,®) within the limits of a two-band
approximation, as shown later in Sec. IV B.

In Fig. 9 the results of the model calculations accord-
ing to the three schemes (i)-(iii) has been confronted with
the polycrystalline experiment. In order to facilitate the
comparison, the experimental and calculated “peak posi-
tions” are listed in Table I. Because of the remaining fine
structure of the experimental curves, the peak position is
defined, in a somewhat arbitrary manner, to be the center
of gravity at 2 peak intensity, where we are well aware
that this definition diminishes the differences between the
various theoretical models because of the appreciable
asymmetry of the theoretical curves. Nevertheless it be-
comes evident that by proceeding from model (i) to (iii)
the agreement with experiment is improved for all values
of g, where for small g the experimental peak positions
are at somewhat smaller, for larger g at somewhat larger
energies compared with model (iii). Therefore, it may be
concluded that the simple RPA is far from reproducing
the experimental overall shape of S(q,w). Only when
momentum-dependent lifetime broadening together with
local-field corrections are added, the main features of
short-range correlation are represented appropriately , so
that agreement between experiment and calculation be-
comes satisfactory. Small deviations to any side should
not be overestimated in view of the remaining experimen-
tal fine structure.

TABLE 1. Experimental (polycrystalline Be) and calculated
“peak position” of S(q,w) in eV for different models.

calc.
local-field
q and lifetime lifetime
(a.u.) expt. corr. corr. RPA
0.77 22.7 23.6 24.7 25.7
1.09 25.2 24.3 28.2 30.8
1.40 29.8 27.4 324 35.6
1.69 36.9 33.6 39.8 43.2
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One may wonder why in our calculations the
momentum-dependent lifetime does not produce a dis-
tinct fine structure of S(q,w) in contrast to former calcu-
lations in Refs. 14—16. We have found that a fine struc-
ture, as came out in Refs. 14—-16, can only be reproduced
by using rather simple models for the momentum-
dependent lifetime. This is demonstrated in Fig. 10,
where we found for Be with ¢ =1.69 a.u. a distinct dip
only by using the step model of Fig. 7. The RPA model
produced a weak shoulder, whereas the plasmon-pole
model, which takes into account realistic values for
dispersion and broadening of the dielectric response, did
not lead to any kind of fine structure. Moreover, it
should be stressed that the step model-induced dip is in
the wrong position by 8 eV, when compared with experi-
ment. Therefore, the above comparison of model calcula-
tions with experiment does not support the assumption
that the less-q-orientation-dependent part of the S(q,w)
fine structure can be understood as due to the short-range
correlations of the homogeneous system, so that a more
detailed investigation about the origin of the S(q,w) fine
structure is necessary and will be given in Secs. IV B and
IVC. Nevertheless, we have not tested thoroughly
whether introducing the frequency-dependent real part of
the self-energy, as done by Niklasson,?! could produce a
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fine structure as found in the pc experiment. We did not
take into account the real part of the self-energy in all
our calculations, since we felt that this real part is already
contained in the local-field factor G(g) in an average
fashiolr;, as already pointed out by Mukhopadhyay
et al.

B. g-orientation-dependent fine structure
versus model calculations

By considering a two-band model, we have concluded
in Sec. II B that excitation gaps due to the periodic po-
tential of the electron-ion interaction should produce a
diplike fine structure of S(q,w). A dip corresponding to
a certain reciprocal-lattice vector g should become
strongly visible whenever q coincides with the direction
of g, assuming the Fourier component V(g) is different
from zero. In order to prove this statement, we will con-
front experimental S(q,») spectra having q|| 100, 001,
101, 102, 110, and 103 with calculated spectra. The cal-
culations were performed on the basis of a simple model
band structure, where only those Fourier coefficients
V(q) of a local pseudopotential were taken into account,
whose reciprocal-lattice vectors are both parallel or anti-
parallel to the q orientation of the corresponding experi-
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FIG. 9. Comparison of S(q,w) of polycrystalline Be metal (lower part) with theoretical S(q,w) (upper part) calculated according
to different models of a homogenecous electron system of Be density and allowing for lattice effects by means of a density-of-state mass
m*=1.13. Dashed line: RPA, dashed-dotted line: RPA together with momentum-dependent quasiparticle lifetime, solid line:
local-field-corrected and momentum-dependent quasiparticle lifetime.
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FIG. 10. Experimental polycrystalline S(q,w) of Be for
g=1.69 a.u. confronted with calculated S(q,w), local-field
corrected and with momentum-dependent lifetime according to
the three models for I'(p) of Fig. 7. 1: step model, 2: RPA, 3:
plasmon-pole model.

mental spectrum and do not have values larger than
2(q +kg) (kp=Fermi momentum). The pseudopotential
used is the local approximation of the nonlocal pseudopo-
tential given in Eq. (2) of Ref. 39, where the lattice poten-
tial of Loucks and Cutler*® has been inserted. The nonlo-
cal term of Eq. (2) of Ref. 39 has been evaluated with
both states on the Fermi sphere of free-electron radius us-
ing free atomic Clementi-1s-core states.*! The following
pseudopotential Fourier coefficients have been obtained
(in a.u.): ¥(100)=0.094; V(002)=.156; V' (101)=.124,
V(102)=0.04; V(110)=0.06; V(103)=0.047; ¥V (200)
=0.026; V' (004)=0.048. The further theoretical treat-
ment of S(q,w) followed the scheme (iii) of Sec. IVA
(local-field and lifetime corrections), also allowing for the
nonlocal character of the pseudopotential by means of a
density of states mass m*=1.13.3* [With one exception,
the above-given Fourier coefficients were large enough to
reproduce a diplike structure of equal or even larger size
than that found in the experiment. Only for q|103,
V' (103) had to be set at 0.085 a.u. to better fit the experi-
ment.] In Figs. 11 and 12, experimental and model-
calculated dynamical structure factors are confronted for
different directions of q. Dip-type fine structures, which
belong together, can be identified and are marked by ar-
rows (broken arrows in cases where the fine structure is
less distinct in the spectra). In order to get a more quan-
titative comparison as far as the dip position is con-
cerned, the third derivative of S(q,w) is plotted in Figs.
11 and 12. The dip position, as listed in Table II, is
defined as the zero of the third derivative. [The definition
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FIG. 11. Lower part: Smoothed experimental S(q,w)
(dashed line); third derivative of experimental S(q,w®) (solid line)
for g||100, 001, and 101. Upper part: Model calculated S(q,®)
(dashed line); third derivative of calculated S(q,) (solid line).
Solid arrows are pointing to excitation-gap-induced dips (zeros
of the third derivative), indexing of the arrows according to the
Bragg-plane involved; dashed arrows indicate less-pronounced
dips.

is correct when the dip can be represented as an inverse
Lorentzian superimposing a section of a free electron
S(q,w), where the section can be approximated by a par-
abola.] Summarizing, it can be stated that for all
reciprocal-lattice vectors from g;,, to g,03, an excitation-

Be calc.

b0z gn o102 ”0/_

110 Gl 103

A
\ —
r \ ro \ r / \i g
\ h \ ' 1 c
1 b Lo \ >
s WA BNA LA s
/ / /

@ \ \ =1
z \ 4 FASaVA VI Ve Ll
AV LR VA FAVA VAR VA FA e I

L / L/ \
et / N N ' o =
LA N o S St It =
v 3
MNPy Bf expt. | A . L . -
o | N gh102 | alogh 1o | A1 gih 103 >

A A -

L ' - ;o - ;o he]

Pt
~rN ;v
i

v \\
\
\
.
’ \ ’ \
- L \
1 / \ / \
i \ i \ ' \
| IA/\ \ W . N/ -
\ / \
Il LR PUA A, NAVEIN JASN 0
\ 4 N
]
/

T iatat:

T T B N | - L1 - 1 L1

0 20 40 0 20 40 0 20 40
hw (eV)

FIG. 12. Same as Fig. 10, but for q||102, 110, and 103.
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TABLE II. Experimental and model calculated dip position
of S(q,w) in eV for different orientations of q and related to
Bragg planes as indicated.

q orientation Bragg plane expt. calc.
100 100 10.2£1.0 8.1

200 35.4£2.0 334

001 002 13.8%+0.5 11.9

004 37.6+2.0 38.0

101 101 13.6£1.0 12.7

102 102 19.5+0.5 19.5

110 110 24.6%+0.5 24.8

103 103 29.1£1.0 29.6

gap-induced diplike fine structure can be identified. The
dip is well defined in the experimental curves and is found
within less than 0.5 eV at the calculated position in those
cases where both the corresponding Bragg plane is com-
pletely surrounded by unoccupied k-space of the extend-
ed zone scheme, and the final states are within the low-
damped region of Fig. 7. The excitation-gap-induced fine
structure of the experimental curves is reduced to a
shoulder, and its “dip position,” according to the above
definition, is found at larger #iw compared to the calcula-
tion by up to 2 eV in those cases, where the correspond-
ing Bragg plane bounds occupied k space of the extended
zone scheme (gq0, 8oo2> and g;o;). In the latter case, de-
tails of the band structure near the Fermi level seem to be
much more decisive, so that a simple two-band model
cannot fully account for the lattice-induced fine struc-
ture. Within the region of strong damping of the final
states (g,qo and ggy), both the experimental and the
theoretical fine structure are washed out nearly complete-
ly. Another verification that lattice-induced excitation
gaps are the origin of the diplike fine structure has been
given in Ref. 20 by investigating the dispersion of the dip
position both in experiment and in model calculations.

Assuming the interpretation of the fine structure as
given above is correct, we can utilize the dispersion of the
dip position to probe the occupied part of the band struc-
ture E(k) being guided by the following consideration:
Let q be parallel to a certain reciprocal-lattice vector g.
Then the dip position %w,(q) on curves of €,(q,®), which
were obtained by Kramers-Kronig analysis of the experi-
mental S(q,w), corresponds to final states with wave vec-
tor k' and energy E(k’) on Bragg planes in the extended
zone scheme, given by k’-g=g?/2. The corresponding
initial states are characterized by a wave vector k given
by

k=k'—q, (12)
whose energy is connected with the energy transfer
fiw,(q) via

E(K)=E(k')—fw,(q) . (13)

Therefore, by changing g the dispersion of the occupied
energy bands E(k) can be observed relative to the energy
E(k’), where k' is fixed to the Bragg plane. This band-
structure information is averaged over a plane in k space
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given by
k.g=k-g=glg/2—q), (14)

where each k is connected with the corresponding k' via
Eq. (12). Therefore, mainly the gross features of the band
structure, e.g., the exchange-correlation induced band-
width,*? can be probed and compared with theoretical
calculations. This aspect of IXSS measurements has not
yet been investigated systematically. Only the 110 spec-
tra have been evaluated that way in a rather preliminary
manner. In Fig. 13 the experimental 110-€,(q,w) curves
are plotted. The dip position (zero of the third derivative
of €,) is marked by an arrow. The band dispersion can
directly be seen by the movement of the arrows relative
to the broken line, which indicates roughly the k, =0 po-
sition. In Fig. 14 the dip position #w, is plotted relative
to fiwy=%w, (g=1.4 a.u.) as a function of k,. The ex-
perimental dispersion [#iw,—#iw,(q)] has been compared
both with a free-electron parabola and with band-
structure calculations of Refs. 43 and 44, whereby k, =0

| Be g1 110
i s qla.u)
201 ! 077
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3 10+ : 1.09
= | 1:
w05t :
os | 14
| 1.69
05r i
1 1 'L 4 1 1
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FIG. 13. Experimental €,(q,®) [obtained by Kramers-Kronig
transformation of S(q,w)] of Be for q||110 and different values
of g. Dip position (zero of the third derivative of ¢,) is marked
by an arrow. Dashed line indicates #iw,.
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FIG. 14. Points: experimental dispersion of the relative dip
position as a function of k,. Lines: calculated I'-K bands by
identifying k,=0 with the ' point. Solid line: Ref. 44.
Dotted-dashed line: Ref. 43. Dashed lines: free electron.

has been identified with the I point. The experimental
data of Fig. 14 are still too poor either to settle on a par-
ticular band-structure calculation or to estimate the
amount of self-energy corrections to the band structure.*?
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Nevertheless, both sufficient statistical accuracy and a
narrow mesh of g values seems to be achievable, so that
sensitive tests of band-structure calculations could be per-
formed, especially if the averaging over planes in k space
is already included in the band-structure calculated data.

C. Discussion of the less-q-orientation-dependent
fine structure

All fine structure of S(q,w) discussed so far in Sec.
IV B exhibits a strong q-orientation dependence. The
prototype of a less q-orientation-dependent fine structure,
the dip of the 001 spectra near 32 eV for ¢=1.09 a.u.,
which withstands tilting by more than 40° from 001, so
that it even persists in polycrystalline samples, shall now
be discussed. There exist the following three indications
that also this kind of fine structure could be lattice in-
duced, though not in a simple manner, as discussed for
structures in Sec. IV B, since it cannot be attributed to an
excitation gap of a single Bragg-plane:

(i) The “32-eV” fine structure disappears for certain
directions of g, e.g., for q||100.

(ii) The “32-eV” fine structure is reproduced in the
only full band-structure calculation of Be-S(q,w) for
q||001, performed by Taut and Hanke,”® as demonstrated
in Fig. 15, where the calculated S(q,) curves (normal-
ized to the experimental peaks) are confronted with cor-
responding measurements of nearly equal q values. At
first sight, the theoretical and experimental curves seem
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FIG. 15. Points: experimental S(q,®) of Be for q||001 and g.,, values as indicated. Solid line: calculated S(q,w) of Ref. 23 nor-
malized to the experimental peaks. The energy transfer #iw=E, corresponds to the steplike rise of the reciprocal lifetime at p, as
shown in Fig. 7.
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to be very different. But it has to be kept in mind that
the calculations of Ref. 23 have been performed without
taking into account the state-dependent lifetime (imagi-
nary part of the self-energy) of excited quasiparticles as
done in our calculations. If the authors of Ref. 23 had
used the step model for the reciprocal lifetime of Fig. 7,
that part of the calculated S(q,w) with #iw > E, where

Eo=(#ig /m*)(po—*#q /2) (15)

and p, is defined by Eq. (11), would have been strongly
broadened, whereas the part with %w < E, would be left
much less broadened, so that the intensity ratio of the
peaks on both sides of E, for ¢g=1.09/1.11 a.u. possibly
would have become reversed. When comparing experi-
ment and calculation in Fig. 15, the one-to-one
correspondence of all peaks (indicated by arrows) is re-
markable, although small deviations of their positions on
the o scale have to be admitted, possibly due to
correlation-induced variations of the bandwidths. It
should be stressed that the full band-structure calculation

Be expt o Be calc.

10? S(F,w) (eV')

FIG. 16. Experimental (points) and model-calculated (solid
line) g-orientation dependence of S(q,w) of Be for ¢ =1.09 a.u.
a is the angle of q with 001. ¥;,(103)=0.18 a.u.; ¥,(002)=0.16
a.u.; 0(103)=0.4 a.u.; 0(002)=0.83 a.u.
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even reproduces a fine structure, which has been attribut-
ed to an excitation gap due to the 002 Bragg plane.

(iii) Both the position of the ““32-eV” fine structure and
its stability against the variation of q orientation can be
reproduced by means of the following relatively simple
model calculation, which possibly makes the physical ori-
gin of this fine structure more transparent: Because the
position of the “32-eV” dip is not far from the 103 dip,
which has been found for q|[103, it can be assumed that
the ““32-eV” dip for q||001 is due to an excitation gas as a
consequence of the collective action of those 103-type
Bragg planes, which are cutting g, in one point. In or-
der to prove this assumption in a physically transparent
manner, we used, in principle, the same simple model cal-
culation as in Sec. IV B. For this reason we divided the
whole k space of the extended zone scheme into six
prisms, each parallel to q and each associated with one of
the above-mentioned 103-type Bragg planes. Each prism
was defined in such a way that points on its sectional
plane with the associated 103-type Bragg plane have a
shorter perpendicular distance to the corresponding 103-
type reciprocal-lattice vector than points on its sectional
plane with other 103-type Bragg planes to the corre-
sponding 103-type reciprocal-lattice vectors. The contri-

expt. L Be calc.

gla.u)

102 S(g.w) (ev)
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FIG. 17. Experimental (points) and model-calculated (solid.
line) g dispersion of S(q,®) of Be for q||001. Model parameters
same as in Fig. 16.
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butions to S(q,w) of transitions between states within one
prism were again calculated within the limits of a simple
model band structure, where only those Fourier
coefficients V(g) of a local pseudopotential were taken
into account, which correspond either to tg,, where g, is
a 103-type reciprocal-lattice vector, associated with the
prism, or to a reciprocal-lattice vector g,, whose orienta-
tion is nearly parallel or antiparallel to q. In contrast to
the model calculations of Sec. IV B, we simulated addi-
tionally a variation of the band-gap width on the Bragg-
plane by assuming V(g) to vary as

V(g,/2)=V0(g1/2)exp(—kf/20'f/2) ) (16)

with k;-g, ,=0. For these model calculations, V(g) and
o serve as free parameters and are chosen in Figs. 16 and
17 to fit the S(q,w) fine structure of the spectrum with
q||001, ¢ =1.09 a.u. (a=0°). Therefore, since we have
fitted only one spectrum, the variation of the spectra both
with q orientation (see Fig. 16) and with g values (see Fig.
17) are not much influenced by parametrizing. More-
over, it should be emphasized that in any case the posi-
tion of the calculated fine structure is mainly determined
by m*, which has been taken from the first-principle cal-
culations.®

Comparison of the calculated q-orientation dependence
of Fig. 16 with experiment leads to the conclusion that
the model produces roughly the same stability of the
“32-eV” dip against variations of the q orientation as
seen in the experiment, whereas the dip around 12 eV,
which we attributed to the 002 Bragg plane, is very
strongly q-orientation dependent both in experiment and
calculation.

Also, the model calculated dispersion of the less-q-
orientation-dependent fine structure, as shown in Fig. 17,
is in fairly good agreement with experiment.

Therefore, it seems to be rather probable that also the
less-q-orientation-dependent fine structure of S(q,w) can
be attributed to lattice effects (electron-ion interaction).
This statement also applies to the polycrystalline sample,
since the solid angle spanned by the q orientation with
stable ““32-eV” fine structure is roughly 2.57.

On the one hand, it cannot be excluded completely that
at least part of the less-q-orientation-dependent fine
structure is due to special features of electron-electron in-
teraction, where, in the case of the 100 and 110 spectra,
such a fine structure had to be superimposed completely
by a strong lattice-induced structure. Such an interpreta-
tion might be supported by the fact that we needed in
Sec. IV B a 103 Fourier coefficient of the pseudopotential,
which had to be by 100% larger than the calculated one,
in order to account for the q||103 dip, whereas all other
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Fourier coefficients were large enough to reproduce the
experimental fine structure.

But, on the other hand, the most plausible explanation
of the g-orientation-independent fine structure on the
basis of electron-electron interaction proposed so far,
namely the introduction of higher order (two-pair and
one-pair—one-plasmon excitations) via the quasiparticle
lifetime, did not reproduce this fine structure either at the
right position or with the correct strength when calcula-
tions were done in a realistic manner, as shown in Sec.
IV A. For reasons we have already mentioned in Sec.
IV A, we have not tested whether the frequency depen-
dence of the real part of the self-energy can account for a
g-orientation-independent fine structure at a position and
with a strength we have found experimentally. The cal-
culation of Niklasson?' does not seem to be very en-
couraging in this respect.

V. CONCLUSIONS

The comparison of experimental dynamic structure
factors S(q,w) of single crystalline and polycrystalline Be
metal over a wide range of q with model calculated ones
have lead to the following conclusions.

(i) A mean field theory such as the RPA, together with
restriction to single excitations, cannot account appropri-
ately for short-range electron correlation.

(ii)) Only when taking into account both short-range
fluctuations (local-field corrections) and multiple excita-
tions via a state-dependent quasiparticle lifetime, the
short-range electron correlations can be allowed for in
such a way that the overall features of the dynamical
structure factor are correctly represented.

(iii) The fine structure of the dynamical structure fac-
tor, in so far it is strongly g-orientation dependent, could
be attributed to excitation gaps as due to Bragg planes of
the extended zone scheme. Therefore, in principle, the
fine structure of S(q,®) can be utilized for band-structure
probing.

(iv) There exist strong indications that even the less-q-
orientation-dependent fine structure of S(q,) has to be
attributed to ion-electron interaction, although an
electron-correlation-induced origin cannot be completely
ruled out.
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