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Dynamic Structure Factor of Diamond and LiF Measured Using Inelastic X-Ray Scattering
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The dynamic structure factors S� �q, v� of diamond and LiF have been measured using inelastic x-ray
scattering. The experimental data are compared to results of ab initio calculations, which take into
account the interaction of the excited electron with the remaining hole. In diamond, the vicinity of the
indirect band gap and its momentum dependence are studied. In LiF, a larger energy range, which covers
the fundamental exciton, the plasmon, and several interband transitions, is investigated. Calculations and
measurements agree quite well and emphasize the need to properly include the interaction of the excited
electron in the conduction band with the hole in the valence band.

PACS numbers: 71.15.Cr, 78.70.Ck
The dynamic structure factor S� �q, v� of valence elec-
trons in condensed matter is the Fourier transform in space
and time of the time-dependent density-density correla-
tion function. S� �q, v� can be measured on an absolute
scale by inelastic scattering of x rays (IXS) or electrons
(electron energy loss spectroscopy, EELS). So far, mostly
simple metals like Be, Li, Na, or Al [1,2] have been stud-
ied with IXS. The experimental results were compared to
calculations based on jellium and model pseudopotential
band-structure calculations. Correlation effects beyond the
random-phase approximation (RPA) were treated with a
local-field factor. The agreement was fairly good for small
momentum transfers, and some fine structure at interme-
diate momentum transfers was attributed to band-structure
effects. First-principles calculations by Fleszar et al. and
Quong et al. [3] supported this picture. By destroying the
long-range order by melting the sample, this fine structure
almost disappeared, which was used as an argument for
the explanations based on band-structure effects. Band-
structure effects also cause a negative dispersion of the
plasmon in Cs [4].

Here we have studied insulators where band-structure
effects are much stronger. Comparison with theory uses
ab initio calculations of S� �q, v� including the electron-
hole interaction. A similar scheme has yielded the imagi-
nary part of the macroscopic ( �q � 0) dielectric function
e2�v� in semiconductors and insulators [5]. Now the
method has been extended to calculation of e2� �q, v�, and
S� �q, v� via the fluctuation-dissipation theorem [6].

We wish to observe energy and momentum of the indi-
rect band gap in diamond near 0.75GX and h̄v � 5.5 eV
0031-9007�00�84(17)�3907(4)$15.00
and to measure S� �q, v� between 0.35 and 2.3 Å21 (0.23
and 1.49 GX) and between 0 and 35 eV in LiF along the
(001) direction. The experimental setup is described, there
is a short description of the theoretical calculations, and
the experimental data are presented. A comparison of the-
ory and experiment follows.

We have used inelastic x-ray scattering to determine
S� �q, v�, which is simply proportional to the double-
differential scattering cross section. The experiments
were performed at beam line X21 at the National
Synchrotron Light Source, Brookhaven National Lab-
oratory. X rays of the wiggler are monochromatized
and focused by a cylindrically bent and asymmetrically
cut Si(220) monochromator. The energy resolution is
0.6 eV at 7.93 keV, and the flux is 2 3 1011 photons�s.
Scattered photons are energy-analyzed by a spherically
bent Si(444) crystal at a fixed scattering angle of 85.8±

and diffracted into a Si(Li) detector. Energy transfer is
measured by tuning incident energy, thus maintaining the
energy resolution. The momentum resolution (FWHM)
is dominated by the size of the analyzer crystal and
varies between 0.5 Å21 at q � 0.3 Å21 (0.23 GX in
LiF) and 0.3 Å21 at q � 2.3 Å21 (1.49 GX in LiF).
To study diamond, the size of the analyzer was reduced
to obtain a momentum resolution of 0.1 Å21. The
momentum transfer depends on the scattering angle 2Q

as q � 4p�l sin�Q�, where l is the wavelength of the
radiation, and it is nearly constant within our energy
range of interest. The overall energy resolution, includ-
ing the energy width of the incident beam, contributions
from the size of focus, and the energy resolution of the
© 2000 The American Physical Society 3907
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crystal analyzer, is 0.7 eV. The experimental setup is
described in detail elsewhere [7,8].

The diamond crystal used in the experiment had dimen-
sions 4 3 4 3 0.5 mm3. For LiF, several 0.5 mm thick
crystals were used with other dimensions varying between
5 3 10 and 10 3 10 mm2. The crystal surfaces were
in all cases (001) surfaces. The widths of the rocking
curves were limited by the divergence of the incident beam
(�0.08±). Samples were measured in a transmission ge-
ometry to reduce the influence of the source size on the
analyzer energy resolution.

The theoretical calculations were made with a scheme
that is an extension of Ref. [5]. The technique calculates
e2� �q, v� using an effective Hamiltonian obtained from the
Bethe-Salpeter equation. The effective Hamiltonian in-
cludes a one-particle term, a “direct” term, which de-
scribes the attractive interaction between the electron and
the hole, and the accompanying repulsive “exchange” term.
One-particle eigenstates were used as a basis for describing
the electron-hole pair wave function and were calculated
using the pseudopotential method [9] and the local-density
approximation (LDA) [10]. Single-particle energies were
corrected based on GW calculations [11]. A bare Coulomb
interaction was used for the “exchange” term and the “di-
rect” term was screened using the Levine-Louie-Hybertsen
model [12]. Phonon effects were neglected. Unlike in
Ref. [5], now the electron-hole pair has a finite momen-
tum, and the matrix elements �i, j; �kjPj0� [Eq. (19) in
Ref. [5] ] involve the density fluctuation operator P � r̂

y

�q.
We found that a finer �k grid is needed to describe the elec-
tron-hole pair at finite q.

Experimental data (open circles) and results of theo-
retical calculations (solid and broken lines) are shown in
Figs. 1 to 3; measurement uncertainties are smaller than
the symbol size or given by small vertical lines. The maxi-
mum error of the energy scale is 0.2 eV. We used the f
sum rule as described by Schülke et al. [13] to normal-
ize experimental data for diamond between 5 and 140 eV.
Theoretical data were automatically correctly normalized.
In LiF, we could not use the f sum rule for normalization,
because we measured oscillator strength only up to 65 eV,
so we scaled experiment to theory.

For medium momentum transfers, experiment and the-
ory show a similar behavior in diamond: after a small rise
at about 5.5 eV (see Fig. 1) the intensity varies little un-
til a steep rise at about 11 eV (see Fig. 2). The shape of
the first steep rise in the experimental spectra varies little
between 1.26 GX and 1.64 GX. In the theory, this first rise
shifts to lower energy transfer and becomes less steep for
both models, but the overall agreement is much better when
including the electron-hole interaction. The q dependence
of the intensity of the first rise near �5.5 eV is almost
identical in experiment and theory, and such agreement
can be achieved only by including the electron-hole inter-
action in the theory. Also, experiment and theory both
indicate that the band gap is not observed in the first
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FIG. 1. 2Im�e21� �q, v�� of diamond near the band gap as a
function of momentum transfer in the GX direction. The circles
are experimental data, the solid lines are theoretical data calcu-
lated including the electron-hole interactions in the final state,
and the broken lines are theoretical data calculated without the
electron-hole interactions. The intensities for all spectra are in
absolute values on the same scale. Only a constant background
is added to the theoretical data.

Brillouin zone at q � 0.64 GX, but instead in the second
Brillouin zone at q � 1.34 GX. This is due to the sym-
metry of the Bloch states. The valence band maximum
(VBM) is at G, and the conduction band minimum (CBM)
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FIG. 2. 2Im�e21� �q, v�� of diamond from 2 to 22 eV as a
function of momentum transfer in the GX direction. The sym-
bols and constant background are the same as in Fig. 1. This
energy range covers the first low-lying transitions including the
band gap. The plasmon, however, is observed at approximately
30 eV.
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FIG. 3. 2Im�e21� �q, v�� of LiF as a function of momentum
transfer in the GX direction. The symbols are the same as in
Fig. 1.

is at approximately 0.75 GX on the D line (G to X; see,
e.g., Refs. [11,14,15]). Near the VBM, a Bloch state has
the form jcn �k�VBM�� 	 jf2pa ,t1 � 2 jf2pa,t2�. Here a

is a Cartesian direction, and f2s,t and f2pa ,t are atomic
states on one of the two sites t in the unit cell. Near the
CBM, Bloch states have the form

jcn0 �k0�CBM�� 	
X

t�t1,t2

exp�i �k0 ? �t� �A� �k0�jf2s,t�

1 B� �k0� jf2pa,t�� , (1)

and a is the Cartesian axis of the D line parallel to �q.
Analogous orbitals on equivalent sites are combined with
opposite signs at the VBM and with indicated phases
at the CBM. This induces a cancellation so that the
transition matrix element �cn0 �k0�CBM� jei �q?�r jcn �k�VBM��
is small for �q � �k0 � 0.75 GX and �k � 0 and construc-
tive interference for �q � �k0 1 �G � 1.25 GX, where �G is
the reciprocal-lattice vector at 2 GX, and CBM states at
�k0 � 20.75 GX are probed [16].

In absorption and reflectivity measurements the momen-
tum of the absorbed or reflected photon is too low to pro-
vide a large enough momentum transfer to observe such an
indirect band gap. When such a gap is observed the nec-
essary momentum is provided by a phonon, so that three
particles are involved in the transition (photon, phonon,
and electron). The cross section is still very low and the
experiment cannot determine the momentum of the phonon
even within units of the Brillouin zone. That can be done
only with scattering methods such as IXS, in which energy
and momentum are transferred by the scattered particle.

In LiF, we have studied and compared the energy loss
spectra between 10 and 35 eV. A similar energy and
smaller momentum range have been studied with EELS
by Fields et al. [17]. The main features in the spectra (see
Fig. 3) are the very narrow exciton around 14 eV and the
nominal plasmon around 25 eV [17,18]. Some intermedi-
ate transitions, which are lower in intensity, are also clearly
observed. At energies above 35 eV, core hole excitations
of F 2s electrons are observed (calculated at 33 eV), and
at 61 eV Li 1s electrons are excited.

The difference between the theoretical models with/
without the electron-hole interaction is significant. Ne-
glecting the interaction, all energies of the peaks are higher
by �3 eV, because the attraction pulls states down in
energy, and the exciton is not reproduced, because an ex-
citon is a bound electron-hole pair. Comparing the experi-
ment with theory, it is obvious that a proper treatment of
the interaction of the electron with the hole is necessary.
The theoretical value for the exciton energy is too low by
	0.6 eV, which is large compared to the width of the ex-
citon of 0.5 eV, but is acceptable for ab initio calculations
that include no adjustable parameters.

The plasmon is reproduced as well. Its energy and width
as a function of momentum transfer agree very well for the
experimental data and the calculations including the inter-
action of the excited electron with the hole. Calculations
by Michiels et al. [19] reproduced the energy and intensity
of the plasmon as a function of momentum transfer quite
well, but the calculated width was too small. Between the
exciton and the plasmon, smaller peaks are modeled well
as interband transitions that evolve with momentum trans-
fer. For the lowest momentum transfer, both experiment
and theory including electron-hole interaction show peaks
at 15 and 18 eV, with the 15 eV one higher in intensity. In-
creasing the momentum transfer, the two peaks merge into
one peak near 18 eV. Increasing the momentum transfer
even further, this peak narrows, indicating that the transi-
tions move closer in energy. Again, theory without elec-
tron-hole interactions is different.

To summarize, we measured the dynamic structure fac-
tor S� �q, v� of LiF in the (001) direction and the indirect
band gap in diamond and compared the experimental re-
sults to ab initio calculations. The band gap in diamond
is observed only in the second Brillouin zone, a result
reproduced by theory, and neglecting electron-hole inter-
actions leads to less accurate results. In LiF, the agree-
ment between experiment and theory is good only if the
electron-hole interaction is included. Its neglect results in
energies of transitions that are too high and a complete
absence of the experimentally observed exciton peak and
fine structure.

This demonstrates the study of the band structure and es-
pecially an indirect band gap with IXS. Here only simple
(regarding electronic structure) compounds and light ele-
ments like diamond or LiF were studied. With the increas-
ing availability of highly monochromatic x-ray beam with
higher energies, the study of heavier and more complex
systems becomes more feasible. One application could be
3909
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the study of high-Tc superconductors with IXS. The re-
quired energy resolution would be 	5 meV, which is eas-
ily achieved with current techniques [20]. As in the present
case, the cross section is very small, and absorption by the
sample is larger, so that this experiment is not easily per-
formed [21].
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