
Giant dipole resonance of Ba in Ba8Si46: An approach for studying high-pressure induced phase
transitions of nanostructured materials

H. Sternemann,1 C. Sternemann,1 J. S. Tse,2 S. Desgreniers,3 Y. Q. Cai,4 G. Vankó,5,6 N. Hiraoka,4 A. Schacht,1

J. A. Soininen,7 and M. Tolan1

1Fachbereich Physik/DELTA, Universität Dortmund, Maria-Göppert-Mayer-Straße 2, D-44221 Dortmund, Germany
2Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, Canada

3Department of Physics, University of Ottawa, Ontario, Canada
4National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan

5European Synchrotron Radiation Facility, Boîte Postale 220, F-38043 Grenoble Cedex, France
6KFKI Research Institute for Particle and Nuclear Physics, P. O. Box 49, H-1525 Budapest, Hungary

7Division of X-ray Physics, Department of Physical Sciences, University of Helsinki, P. O. Box 64, FIN-00014 Helsinki, Finland
�Received 27 April 2007; published 5 June 2007�

The giant dipole resonance of Ba embedded into the complex Si host lattice structure of Ba8Si46 has been
observed under ambient and high-pressure conditions. The measurements have been accomplished using non-
resonant inelastic x-ray scattering for different momentum transfers. The resonance appears as a broad feature
between 100- and 150-eV energy loss for low momentum transfer but vanishes for high momentum transfer.
Calculations within the time-dependent local-density approximation have been performed by means of a
real-space multiple-scattering Green’s-function approach. The results reproduce the shape and the width of the
observed resonance. Modulations of the giant resonance spectra are predicted by computations ranging from
ambient pressure up to 20 GPa which can be used to study the local environment of the Ba guest. A corre-
sponding experimental setup for high-pressure studies is presented, potential applications to study the phase
transitions of Ba clathrates are discussed, and first experimental results are shown.
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I. INTRODUCTION

Silicon clathrates are networks built up from different Si
nanocages that can contain guest atoms. These materials
have attracted much interest in the last years due to their
special physical properties. Depending on the guest atom the
clathrates exhibit a wide range of behavior from supercon-
ductivity to magnetic order. The guest atom can also induce
special band-electronic and thermoelectric structure in the
system. Finally, for various doped clathrates surprising high-
pressure properties have been revealed �see, e.g., Ref. 1 for a
comprehensive overview�. The Si clathrate Ba8Si46 is of spe-
cial interest showing three phase transitions under hydro-
static pressure. Around 5–7 GPa Kume et al.2 found a re-
versible collapse of vibrational Raman modes giving a hint
to a second-order phase transition. This result is supported by
x-ray-absorption near-edge structure �XANES� measure-
ments of the Ba LIII edge by San Miguel et al.3 indicating an
energy shift of the edge onset position. The transition is at-
tributed to a displacement of the Ba dopants2,4 from the cen-
ter of the cages which should also lead to electronic recon-
figuration between the Ba and the Si atoms of the host
lattice.3 However, by extended x-ray-absorption fine-
structure �EXAFS� analysis a maximum displacement of the
dopants of only 0.3 Å has been estimated.3 Between 11.5 and
14 GPa San Miguel et al.3 observed a drastic reduction of the
lattice constant by x-ray diffraction �XRD� whereas the dif-
fraction pattern shows no change in the crystal structure. The
mechanism of this isostructural volume collapse is not fully
understood. So it is predicted by Yang et al.4 by employing
band-structure calculations that the Fermi surface changes
dramatically in the region of the volume collapse. Iitaka,5

instead, proposed that some of the Si atoms are released from
the Si46 network by pressure leading to vacancies and thus to
a smaller lattice constant without a change of the structure
visible for XRD. Finally, above 40 GPa Ba8Si46 becomes
irreversely amorphous.1 To determine the mechanism of the
phase transitions a study of the changes in the local environ-
ment and the electronic structure of the guest atom is re-
quired.

Provided that the enclathrated atoms show atomic giant
dipole resonances, as is the case for atomic Ba, their study
can be used to obtain a deeper understanding of its local and
electronic structure. The giant dipole resonance of atomic
and ionized Ba in the 4d-f transition regime is an extensively
studied phenomenon caused by collective excitations of 4d
electrons.6–9 Shape and strength of such giant resonances are
at a first view an intrinsic feature of the atom itself. However,
when such an atom is placed inside complex surroundings,
e.g., cagelike nanostructures, modulations in the fine struc-
ture of the resonances are predicted.10 They can be directly
attributed to the symmetry of the cage and the position of the
intercalated atom. This was emphasized by Luberek and
Wendin11 who presented calculations of the x-ray-absorption
near-edge spectra of endohedral fullerenes Ba@Cn. The
modeled spectra show fingerprintlike structures in the shape
of the giant resonance depending on the size and the shape of
the carbon cages as well as the position of the guest atom.
Thus these features are very sensitive to changes of the local
environment of the Ba atom and are caused by standing
waves of the scattered electron within the carbon cages. A
strong distortion of the Xe 4d-f giant resonance in Xe@C60
was predicted recently by computations of Amusia et al.12

Experimentally, the Ba giant resonance has been observed in
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a solid for, e.g., YBa2Cu3O7+x.
13 In 2005 experimental evi-

dence was found in ionized Ce@C82 by Mitsuke et al.14

which shows that such a resonance appears when the reso-
nating atom is trapped inside a complex cagelike environ-
ment. However, the latter experiment indicates the existence
of the resonance but hardly allows conclusions on its particu-
lar shape and shape modulation. Ba8Si46 has a comparable
structure to the Ba@Cn network and therefore the Ba giant
resonance spectrum in the clathrate is expected to be like-
wise sensitive to its surrounding. This is of special interest in
the view of high-pressure studies as changes in the local
environment, e.g., off-center positions of the guest atoms in
the Si cages, can be induced across phase transitions and
would manifest themselves in the modulation of the reso-
nance’s shape.

With the focus on the future potential of high-pressure
experiments, nonresonant inelastic x-ray scattering �NRIXS�
is the only method to study giant resonances under extreme
pressure. It is complementary to soft x-ray absorption and
electron energy-loss spectroscopy since low-energy transi-
tions can be measured under experimental conditions which
exclude electrons and soft x rays as probes. The measured
quantity in such experiments can be directly related to the
dynamic structure factor S�q ,��� where q is the momentum
transfer and �� is the energy loss. The incident energy can
be chosen freely and thus allows the study of shallow ab-
sorption edges �between a few eV and 1 keV� using hard x
rays of about 10 keV. This yields a high bulk sensitivity and
makes high-pressure experiments using, e.g., diamond-anvil
cells feasible.15,16 Varying the scattering angle, i.e., the mo-
mentum transfer q, the spectra can be measured in the dipole
limit �low q� or with dominating contributions from nondi-
pole transitions �high q� �see, e.g., Refs. 17 and 18�. As long
as the dipole approximation is valid NRIXS spectra mea-
sured for energy losses close to a core electron binding en-
ergy can be compared with x-ray-absorption spectra mea-
sured with incident energies in the regime of the binding
energy.19 High-pressure NRIXS studies have been restricted
up to now to K edges of low Z elements. Due to the very low
core-level cross section for the study of heavier elements the
exploration of alternative edges is necessary. It has been
shown recently that the Ba NIV,V edges in Ba8Si46 are acces-
sible using NRIXS.20

In this paper a detailed study of the Ba giant dipole reso-
nance in the complex silicon clathrate network of Ba8Si46 at
ambient and high pressure is presented with reference to
the structural and electronic changes in the system. Spectra
have been measured at different momentum transfers q
using NRIXS and are compared to q-dependent calculations
performed with a real-space multiple-scattering �RSMS�
Green’s-function approach within local-density
approximation21 �LDA�, and RSMS x-ray-absorption calcu-
lations within time-dependent local-density approximation22

�TDLDA�. In the latter calculations the distortion of the Ba
giant resonance’s shape for different Si environments is em-
phasized. Moreover, a setup for high-pressure experiments
on Ba8Si46 is described and first results are presented along
with theoretical predictions of the resonance’s shape modu-
lation at high pressure. The experiments performed under
ambient and high-pressure conditions are described in Sec.

II. Within Sec. III the theoretical approaches for the calcula-
tions of the measured spectra are presented and it is followed
by a discussion of the results in Sec. IV. Finally, the conclu-
sion and a short outlook are given.

II. EXPERIMENT

The ambient pressure experiment was performed at beam-
line ID16 of the European Synchrotron Radiation Facility
�ESRF� using a crystal spectrometer in Rowland-circle ge-
ometry. The analyzer energy was fixed at 12.4 keV at the
Ge�880� reflection of the spherical Ge analyzer crystal. The
spectra were measured by scanning the incident energy using
a Si�111� monochromator with a simultaneous adjustment
of the undulator gaps. The spot size of the x-ray beam at
the sample position was 50�100 �m2 �horizontally
�vertically�. An energy resolution of 1.6 eV was achieved.
The Ba8Si46 sample, a fine polycrystalline powder, has been
prepared as described in a previous paper20 and precharac-
terized by x-ray diffraction. The powder was pressed into an
aluminum sample holder and measured in reflection geom-
etry for momentum transfers of 1.50 and 6.42 a.u. The high-
pressure measurements were accomplished at the Taiwan
beamline BL12XU of SPring-8. A spherical Si�777� analyzer
was used with a fixed analyzer energy of 13.85 keV. A total-
energy resolution of 2 eV dominated by the incident beam
was obtained. The incident radiation was focused to a spot
size of 20�25 �m2 at the sample position. The high pres-
sure was applied by means of a Merrill-Basset diamond-
anvil cell �DAC�. The Ba8Si46 powder was loaded into
a drilled hole of 125-�m diameter in a preintended
100-�m-thick Be gasket together with a ruby chip as pres-
sure calibrant for standard luminescence method. This gasket
was placed between the cut end face of the diamonds within
the DAC. The beam path was chosen through the Be gasket
and a tungsten slit of 50�500 �m2 mounted in front of the
analyzer arm was brought close to the gasket to reduce scat-
tering from Be. Pressures of 1 and 8 GPa were applied and
the Ba giant resonance was measured in transmission
geometry at a scattering angle of 20° �q=1.29 a.u�. All mea-
sured spectra were normalized with a monitor signal and
corrected for the background, absorption, and scattering
cross section.20

III. THEORY

The silicon clathrate type I has the space group Pm3̄n and
it consists of two different types of Si cages, Si20 and Si24,
where each Si atom is shared by four cages. The unit cell
consists of 46 Si atoms forming two dodecahedra and six
tetrakaidecahedra, so that the number of the larger cages is
three times the number of the smaller ones. With the Ba
atoms occupying the eight resulting cages this leads to the
structure formula Ba8Si46. According to Fig. 2 of Ref. 3 the
lattice constant at ambient pressure of about 10.35 Å de-
creases to 10.3, 10.1, and 9.6 Å for 1, 8, and 20 GPa, respec-
tively.

The momentum transfer dependence of the NRIXS spec-
tra was calculated with an adaptation of the real-space
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multiple-scattering �RSMS� approach FEFF8.2 �Ref. 23� for
NRIXS.21 The contributions from Ba inside a small and a
large cage were calculated separately and the resulting spec-
tra were the sum weighted by the multiplicity of the cages as
discussed above. The spectra of the Si L edges were calcu-
lated for the three different symmetry positions occurring in
the Si46 network and weighted accordingly. Finally, all cal-
culated spectra were convoluted with the experimental reso-
lution of 1.6 eV. The measurements were performed at a
finite momentum transfer so that also nondipole transitions
appear. Therefore the contribution of Ba 4d-d monopole
transitions to the total Ba8Si46 spectum was extracted from
the computations which appears for energy losses at about
98 eV. Contributions from other nondipole transitions were
found to be negligible within the computation. The near-edge
regime of all spectra was calculated by inversion of the full-
multiple-scattering matrix for a cluster of about 200 atoms.
For the far-edge region the path expansion was used with a
maximum path length of 12 Å.24 Although this theoretical
approach is able to calculate the momentum transfer depen-
dence of NRIXS spectra it cannot account for collective phe-
nomena which play an important role in giant resonances.

Collective phenomena can be incorporated in the dipole
limit employing the TDLDA implementation of the FEFF

code.22 The average over the different contributions to the
spectra were calculated the same way as was done for the
q-dependent case. The total x-ray-absorption spectrum
�XAS� is modeled by a sum of all Ba and Si contributions
and can, within the dipole limit, be compared to the mea-
sured NRIXS spectrum. TDLDA calculations were per-
formed within the random-phase approximation �RPA� and
with the exchange correlation kernel fxc by Ankudinov, Nes-
vizhsky, and Rehr22 �ANR�. In RPA only the external elec-
tromagnetic field of the x rays is screened by core polariza-
tion whereas ANR also includes the frequency-dependent
screening of the interaction between the excited electron and
the core hole. The calculations for the Ba8Si46 under high
pressure have been performed in the same way as for ambi-
ent pressure. The structure was assumed to be unchanged
apart from the lattice constant which was chosen according
to Ref. 3 as described above.

IV. DISCUSSION

The NRIXS spectra of Ba8Si46 for the low and the high
momentum transfer measured at ambient pressure are shown
in Fig. 1. The Ba NIV,V edges �92.6/89.9 eV� are indicated
by A, the onset of the underlying Si LII,III �99.8 eV� and Si LI

edges �150 eV� of the host lattice by C and D, respectively.
The intense broad feature denoted by B appears only for the
measurement in the dipole limit with low momentum trans-
fer and is absent for large q. At such high momentum trans-
fers single-particle hole instead of collective excitations are
probed and the weight of contributions from multipole tran-
sitions is increased. Therefore feature B can be attributed to
the 4d-f giant dipole resonance of Ba. It shows good agree-
ment in energy position and width with the experimental
photoabsorption cross section of atomic Ba as discussed by
Richter et al.7 These results are compared with computations

of the q-dependent NRIXS spectra in Fig. 1. The q depen-
dence of the underlying Si edges is reproduced very well by
the calculations. Since this approach does not use the time-
dependent density-functional theory �TDDFT� the observed
resonance B originating from collective 4d electron
excitations25 cannot be reproduced in the dipole contribution.
The spectral weight of the dipole transitions predicted by the
computations is transferred to the broad resoncance peak at
higher energy losses in the experiment. Also, for high mo-
mentum transfer the calculations are not able to model the
Ba NIV,V edge onset A adequately. These results emphasize
that collective effects have to be accounted for.

The TDLDA computations are compared with the experi-
mental spectra of the giant resonance for low momentum
transfer in Fig. 2. The overall agreement between experiment
and calculations is very good. The width and the relative
strength of the giant resonance with respect to the calculated
Si edges agree very well with the experiment. The compari-
son of both calculations show that the general feature of the
giant resonance can already be explained within RPA. Nev-
ertheless, the inclusion of photoelectron-core-hole screening
improves the agreement at the onset of the resonance. Re-
maining differences between the experiment and the theory
above 115 eV might be related to the onset of double ioniza-
tion as discussed by Richter et al.7 Moreover, for finite q, as
is the case for the experimental data in this work, still a
certain nondipolar contribution is expected which is not ac-
counted for in the calculated XAS spectra. The inset of Fig.
2 presents the calculations of the Ba contribution from the
two different cages. They show a significant modulation of
the giant resonance which is comparable to effects discussed
by Luberek et al.11 for Ba@Cn. These spectra indicate that
the shape of the Ba 4d-f giant resonance in Ba clathrates or
similar structures are strongly influenced by the local envi-
ronment and thus the giant resonance yields a fingerprint of
the surrounding atomic configuration.
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FIG. 1. �Color online� Experimental NRIXS spectra of Ba8Si46

for q=1.50 a.u. �top� and q=6.42 a.u. �bottom� with associated
RSMS calculations for the Si contribution and the full Ba8Si46 spec-
trum. The contribution arising from Ba 4d-d excitations is indicated
separately. A is the Ba NIV,V edge, C and D are the onsets of the
underlying Si LII,III and LI edges. The broad feature B only visible
in the dipole limit can be attributed to the Ba 4d-f giant dipole
resonance.
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The 4d-f giant dipole resonance of Ba enclathrated in Si
cages of Ba8Si46 dominates the NRIXS spectra for low mo-
mentum transfer for energy losses above the NIV,V threshold
and can be reproduced accurately by TDLDA calculations.
Moreover, these computations predict significant modifica-
tions of the shape of this resonance for different local envi-
ronments which indicates the potential to study phase transi-
tions in high-pressure experiments using NRIXS spectra of
giant resonances.

The high-pressure experiment was accomplished by mea-
suring the Ba giant resonance of Ba8Si46 at q=1.29 a.u. for
pressures of 1 and 8 GPa. The results presented in Fig. 3
show the first NRIXS measurements of non-K edges under
high-pressure conditions. The comparison between these
spectra at 1 and 8 GPa with the results for ambient pressure
emphasizes that the signal from the Ba8Si46 can be extracted
properly when measured in a DAC. These spectra are con-
fronted with calculations of the giant resonance at pressures
of 1, 8, and 20 GPa. Within the actual accuracy of the ex-
periment it is difficult to judge if an increase of spectral
weight for 4d-d excitations around energy losses of 98 eV at
high pressure can be observed. Such a change could be due
to an increase of filled and empty d bands near the Fermi
level across the phase transition at 7 GPa which was dis-
cussed in Refs. 3 and 4. A conclusion on the pressure in-
duced changes of the giant resonance’s shape as predicted by
theory for energy losses above 107 eV cannot be drawn
within the limits of the experiment. Nevertheless, the statis-

tics and the signal-to-noise ratio of the high-pressure signal
can be improved significantly by using special DAC opti-
mized for the use with a multianalyzer setup together with
different gasket material so that detailed differences between
the spectra become observable. Such experiments allow the
study of giant resonances under high-pressure conditions
which opens a wide field of applications concerning the
structural and electronic pressure dependence of a broad
range of materials.

V. CONCLUSIONS

In conclusion, the 4d-f giant resonance of Ba was studied
for Ba8Si46 and, as a collective phenomenon, it was success-
fully modeled by calculations within TDLDA. The influence
of the local environment of the Ba atom on the shape of the
giant resonance both for different symmetry positions and
different pressures was emphasized. Moreover, the onset of
the giant resonance in the vicinity of the Ba NIV,V edges was
measured under high-pressure conditions. This gives rise to
different applications for high-pressure NRIXS studies on
medium- and high-Z elements. Measurements of the Ba giant
resonance as a function of pressure by NRIXS yields enor-
mous potential for a combined probe of changes in the elec-
tronic and local structure across phase transitions. This
method can be applied in general for high-pressure studies
for a wide range of nanostructured materials with resonating
guest atoms caged in, e.g., clathrates or fullerenes.
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