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The bulk electronic band structures of BeTe and BeSe have been studied by resonant inelastic soft x-ray
scattering �RIXS� at the Be 1s edge. We derive direct and indirect bulk band gaps and observe the coexistence
of core excitons and momentum conservation. A quantitative analysis of the coherent spectral fraction gives
insight into the femtosecond time scale of the relevant dephasing processes. Experimental results agree very
well with calculations based on the Kramers-Heisenberg and density-functional theories.
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I. INTRODUCTION

Studying the electronic band structure of solids has been
one of the central tasks of surface and solid state science for
the last 30 years, and a vast variety of band structures has
been determined by combining angle-resolved photoelectron
spectroscopy �ARPES� with suitable theoretical calculations.
However, ARPES is limited to systems in which well-defined
and conductive surfaces can be prepared in an ultrahigh
vacuum �UHV� environment. Thus, for many materials �such
as the Be chalcogenides�, very little is known about their
electronic band structure, since they exhibit large band gaps
and poor conductivity, or since no simple surface preparation
routines exist �and a proper UHV transfer1,2 is difficult or
impossible�.

With the advent of high-brilliance third-generation syn-
chrotron sources, a new approach to study the bulk band
structure has been established, namely to utilize resonant in-
elastic x-ray scattering �RIXS� in the soft x-ray regime.3 In
RIXS, an electronic Raman scattering process is used to se-
lect specific excitations of valence electrons into unoccupied
conduction band states.4 In an alternative �but synonymous�
description, a core electron is resonantly excited into an un-
occupied state at a certain k value, and the resonant fluores-
cence decay of a valence electron with the same k value into
the core hole is detected. The observed RIXS spectrum hence
contains momentum-resolved information about the occu-
pied and unoccupied electronic states, which can be analyzed
on the basis of the Kramers-Heisenberg formalism. Because

the information depth is typically on the order of a few hun-
dred nanometers, the study of systems with poorly defined
surfaces or protective cap layers becomes possible.

Since the first resonant x-ray emission spectra using syn-
chrotron radiation,5 a vivid discussion of resonance effects in
RIXS has been conducted.5–14 Today it is widely accepted
that band structure effects can be readily observed, and that
this finding is true also for material systems with core
excitons.8,10,11 It is the purpose of this paper to demonstrate
that RIXS indeed describes the band structure of Be-
chalcogenides excellently and that the experimental spectra
agree very well with ab initio calculations based on band
structures derived with various approximations to the
density-functional theory. Furthermore, information about
the dephasing processes on a fs time scale can be gained.

The Be chalcogenides BeSe and BeTe are interesting ma-
terials among the class of II-VI semiconductors due to their
strongly covalent nature and hence relatively high mechani-
cal hardness. It is hence favorable to include Be-
chalcogenides into optoelectronic II-VI semiconductor de-
vices, e.g., laser diodes based on ZnSe, in order to improve
the lifetime of the device.15 Unlike all other II-VI semicon-
ductors, BeTe and BeSe possess an indirect band gap, the
size of which is experimentally not very well established.
VUV ellipsometry experiments give a direct band gap of
4.2 eV �5.55 eV� for BeTe �BeSe�,16 while optical reflection
experiments derive 4.35 eV �5.65 eV�.17 The indirect band
gap of BeTe is 2.8 eV �reflection� or 2.7 eV �absorption�,
while no experimental data for BeSe exists.18 As will be
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discussed below, such band gap information, both for the
indirect band gap as well as for direct band gaps at selected
points in the Brillouin zone, can be readily derived from the
experimental RIXS spectra.

II. EXPERIMENT AND THEORY

The experimental RIXS and fluorescence yield x-ray ab-
sorption �XAS� spectra were recorded at beamline 8.0 of the
Advanced Light Source, Lawrence Berkeley Laboratory. The
combined energy resolution of beamline and spectrometer
was chosen to be better than 0.25 eV. Thin epitaxial films of
BeTe �300 nm� and BeSe �800 nm� were grown with mo-
lecular beam epitaxy on GaAs�100� substrates. In the case of
BeTe, an additional ZnSe buffer layer �50 nm� and a ZnSe
cap layer �20 nm� were included to enhance the crystal qual-
ity and to prevent oxidation after removal from UHV, respec-
tively. Note that the ability to probe the band structure
through a protective cap layer is a unique feature of RIXS
studies. Theoretical RIXS spectra of BeTe and BeSe were
calculated on the basis of the Kramers-Heisenberg and den-
sity functional theories.19 The exchange-correlation func-
tional was given either by the local-density approximation
�LDA� or the exact-exchange �EXX� method.20 The calcula-
tions utilized pseudopotentials which were generated in ac-
cordance with the exchange-correlation functional �LDA-PP
and EXX-PP, resp.�.21 In these pseudopotential calculations,
theBe 1s core state was modeled as a localized Gaussian of
s-symmetry placed at the beryllium sites. An additional LDA
calculation was conducted by taking the Be 1s states explic-
itly into account �LDA-all�. For comparison with experi-
ment, all calculations were adjusted by energy offsets for
excitation and emission �constant for each material�, respec-
tively. These offsets were chosen such that the best agree-
ment between theoretical and experimental spectra was ob-
tained. This procedure leads to values for the indirect band
gap of 2.7 eV �3.6 eV� for BeTe �BeSe�, which is only
0.1 eV larger �smaller� than the values from a quasiparticle
calculation22 using the GW approximation.23

III. RESULTS AND DISCUSSION

The complete set of RIXS spectra as a function of exci-
tation energy is shown in Fig. 1 for BeTe �left� and BeSe
�right�. In the spectra with lowest excitation energy, “E” de-
notes the elastic scattering channel �i.e., the Rayleigh line�,
which shifts to higher emission energy as a function of ex-
citation energy �see right ordinates�. For BeSe, below the
absorption edge �114.9 eV�, the peak labeled “R” follows
this shift with a fixed energy separation. It is associated with
a constant �Raman-like� loss feature, which we attribute to
the excitation of a valence electron into the conduction band
with an energy of 6.9±0.15 eV. Due to momentum conser-
vation and a negligible momentum transfer of the soft x-ray
photons, this excitation must be a direct transition. Two
points in k-space are particularly suited for this transition,
first the L point, for which we calculate the largest theoretical
matrix element and which corresponds to a band gap of
6.6 eV,22 and second the X point, for which the virtual inter-

mediate state is closest to a real state �i.e., the conduction
band minimum�, corresponding to a band gap of 6.5 eV.22

No “R” features are observed for our BeTe sample, perhaps
due to signal attenuation in the ZnSe cap layer.

The spectra observed at the BeTe and BeSe absorption
onsets �above 113.5 eV and 114.9 eV, resp.� stem from
RIXS processes involving an excitation into the conduction
band minimum, i.e., at the X point. Consequently, the ob-
served spectral features �labeled X1 and X2� correspond to
the occupied electronic states at the X point. Furthermore, a
high-energy shoulder �S� is observed, which we interpret as
arising from scattering processes �e.g., electron-phonon scat-
tering� involving states near the valence band maximum
�VBM� at the � point. Such scattering processes “destroy”
the momentum information of some fraction of the RIXS
spectrum which is hence considered to be “incoherent.” In
order to obtain the desired coherent fraction, we have fol-
lowed the approach described in Ref. 11: a maximal fraction
of a spectrum with an excitation energy well above threshold
is taken as an “incoherent” reference spectrum and is sub-
tracted from each RIXS spectrum �with the apparent bound-
ary condition that no negative intensities occur�.

A comparison of the coherent fraction of the near-
threshold RIXS spectra �thin solid lines with noise� with the-
oretical spectra is shown in Figs. 2 and 3. In Fig. 2, the
theoretical spectra �smooth lines� were derived by EXX-PP
for BeTe and LDA-all for BeSe, which gave best agreement
with the experimental data, as will be discussed below. All
energies are given with respect to the VBM. The signal-to-
noise ratio of the experimental coherent fraction, by con-
struction, is small for spectra excited several eV above

FIG. 1. Resonant inelastic soft x-ray scattering �RIXS� spectra
of BeTe �left� and BeSe �right�. The excitation photon energy for
each spectrum is given at the right ordinate of each graph. The
elastic scattering channel �E�, major valence band emissions at
high-symmetry points in k-space �X1,X2,��, Raman-type disper-
sive features below the absorption edge �R�, and a shoulder �S� are
discussed in the text. The intensity of each spectrum was arbitrarily
rescaled for better viewing.
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threshold. For BeTe, it is further reduced due to the signal
attenuation by the ZnSe cap layer. Nevertheless, the overall
agreement between experiment and theory is remarkably
good, the largest deviations occurring near the bottom of the
valence band, which leads us to conclude that additional
scattering processes might play an important role in that
range. Furthermore, a few of the BeSe spectra exhibit an
additional shoulder at the VBM, which we ascribe to short-
comings in the employed subtraction method.

We observe that different exchange-correlation approxi-
mations were found to be best suited to describe the experi-
mental spectra for the two different materials. Figure 3
shows an exemplary comparison of the different approxima-
tions for selected excitation energies �EXX-PP, dashed;
LDA-PP, dotted; LDA-all, solid�. Note that the comparison
was limited to a few cases for visual clarity only; these are
representative of the overall trends. In the case of BeSe, the
best overall agreement was found for the two LDA ap-
proaches �after adjusting the theoretical band gaps to
3.6 eV�, with somewhat better results being obtained by tak-
ing the Be 1s state explicitly into account �LDA-all�. Note,
however, that the differences between LDA-PP and LDA-all
are very small. This fact suggests that the fulfillment of
optical-transition selection rules—as satisfied by a model
core state, e.g., an s-type Gaussian—is more important in
RIXS calculations than the exact description of the core

state. The improved description by LDA is a direct conse-
quence of the fact that in EXX a too narrow band width is
determined.20 In the case of BeTe, the significantly worse
signal to noise ratio of the experimental data makes a dis-
tinction between the different approximations more difficult.
The best agreement is found for the EXX approach and an
indirect band gap of 2.7 eV, while a reduction of the band
gap to 2.5 eV gives a slightly poorer, but still reasonable
agreement for the LDA approaches as well.

At one point in the development of RIXS for band struc-
ture determinations, it was strongly debated whether the ex-
istence of a core exciton would allow the collection of
momentum-resolved RIXS spectra at all.8–11 As shown in
Fig. 4 for BeTe and BeSe, the answer clearly is “yes.” Figure
4 presents nonresonant x-ray emission spectra �thus abbrevi-
ated “XES” rather than “RIXS”�, which were recorded at the
so-called “second threshold”24 �118.9 eV for BeTe and
121.8 eV for BeSe, corresponding to approx. 5.4 eV and
6.9 eV above the absorption onset, resp.�. At the “second
threshold,” the majority of excitations and de-excitations oc-
curs without retaining the momentum information �incoher-
ent emission�. However, a small number of processes leads
to a resonant scattering via a core-excitonic state together
with the excitation of a second electron �a kind of shake up
process�. In other words, a Be 1s core electron is excited into
the core-excitonic state and simultaneously an additional va-
lence electron is excited from the valence band into the con-

FIG. 2. Coherent fraction of the spectra in Fig. 1 �left: BeTe;
right: BeSe� and best theoretical spectra �noise-free curves� com-
puted using the local density approximation �LDA� with a direct
description of the core hole for BeSe, and using an exact-exchange
approach for BeTe. As the abscissa, the binding energy below the
valence band maximum �VBM� is used, and the denoted excitation
energies are referenced to the VBM.

FIG. 3. Coherent fraction of the spectra in Fig. 1 �left: BeTe;
right: BeSe� at selected excitation energies and theoretical spectra
�noise-free curves� computed using the local density approximation
�LDA� with a direct description of the core hole �solid line�, using
an exact-exchange approach �dashed line�, and using LDA with a
pseudopotential description of the Be 1s states �dotted line�. As an
abscissa, the binding energy below the valence band maximum
�VBM� is used, and the denoted excitation energies are referenced
to the VBM.
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duction band �or vice versa�, followed by the �coherent� de-
excitation process of the core-excitonic state alone. The latter
can be observed at a fixed photon energy a few eV above that
of the VBM, as shown in Fig. 4 on a magnified scale. Note,
that for both involved electrons k conservation is required,
but the shake up process may occur at a different k value as
compared to the core exciton which is expected to occur at
the X point.

The energy position of the core exciton in BeTe and BeSe
is 2.60.2 eV and 3.8±0.2 eV above the valence band maxi-
mum, respectively. These values agree well with a separate
determination based on the RIXS spectra in Fig. 1; compar-
ing the valence band maximum position with the Rayleigh
line at the absorption onset, one derives indirect core-
excitonic band gaps of 2.5±0.15 eV for BeTe and
3.8±0.15 eV for BeSe. The positions of the core excitons
coincide nicely with the onset of absorption in the experi-
mental XAS spectra �Fig. 4, solid dots� within the limits of
spectral resolution, as expected. The smooth solid XAS spec-
tra without dots were obtained from the band structure cal-
culations, taking matrix elements into account, but—as is the
case in one-particle theories—neglecting core hole effects.
While the theoretical spectra give a reasonable overall agree-
ment with experiment after alignment of the energy axis to
match the absorption edge onset, we find significant devia-
tions directly above the onset, in particular for the curvature
of the leading edge. This can be readily explained by the
presence of the core exciton states. Their position above the
VBM is in good agreement with the indirect band gaps dis-
cussed above.

As mentioned, the RIXS spectra also allow the determi-
nation of direct band gaps. The gap at the X point is derived
by using the above-determined indirect gap and adding the
energetic difference between emission from the upper occu-
pied states at the X and � point. This procedure derives
direct gaps at the X point of 6.80±0.15 eV for BeSe and
5.40±0.15 eV for BeTe, the former being close and the latter
being identical to the GW values in Refs. 20 and 22 �6.5 and
5.4 eV, respectively�. For BeSe, the direct gap at the X point
agrees very well with the separation between the Raman-like
loss feature �R� and the elastic line �6.9±0.15 eV�, as dis-
cussed above in conjunction with Fig. 1. The direct gap at
the � point is determined as the excitation energy �with re-
spect to the VBM� of the spectrum with strongest spectral
contribution from the VBM, leading to values of 4.5±0.2 eV
for BeTe and 5.7±0.2 eV for BeSe. These values exceed the
GW results by about 0.2 eV in both cases and the previously
obtained optical data by �0.2 and �0.1 eV, respectively.

The coherent fraction of each RIXS spectrum can be uti-
lized to extract temporal information about the dephasing
processes.3 Figure 5 presents the coherent fractions �left or-
dinate� for BeTe �open symbols� and BeSe �filled symbols�
as a function of excitation energy, plotted as energy above
the conduction band minimum. The error bars were deter-
mined empirically from the subtraction routine discussed
above. First, we observe that the coherent fraction decreases
rapidly with increasing excitation energy, which is due to the
fact that the probability for electron-phonon scattering pro-
cesses involving the emission or absorption of a phonon in-
creases when moving “up” from the conduction band mini-
mum. Secondly, the coherent fraction near threshold is
significantly larger for BeTe than for BeSe, which we can
possibly ascribe to the fact that the �Fröhlich� coupling be-
tween electrons and phonons is expected to be stronger in
BeSe than in BeTe.25 The derived coherent fractions from
Fig. 5 can directly be converted into dephasing times with a
“core hole clock” formalism.26 If the core hole decays before

FIG. 4. Combined emission �XES� and experimental �solid lines
with data points� as well as theoretical �thick solid lines� absorption
�XAS� spectra of BeTe �top� and BeSe �bottom�. All spectra are
shown on a joint energy scale with respect to the valence band
maximum �VBM�. The XES spectra were recorded at the “second
threshold” �BeTe: h�=118.9 eV, BeSe: h�=121.8 eV�. The emis-
sion from core excitons is shown on enlarged scales.

FIG. 5. Coherent fraction �left� and dephasing time �right� of the
RIXS spectra of BeTe and BeSe as a function of excitation energy
above the conduction band minimum �CBM�. Error bars are based
on the uncertainty in determining the correct coherent fraction by
the subtraction method described in the text.
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phonon scattering takes place, the x-ray absorption/emission
process can be considered as a coherent �one-step� inelastic
scattering process; if the phonon scattering time is shorter the
coherence between x-ray excitation and emission process
and hence k conservation is destroyed. Based on the Be 1s
lifetime of �13 fs,27 we can compute26 the dephasing time �
as a function of excitation energy �right ordinate of Fig. 5�.
Note that the Be 1s core hole lifetime is expected to be very
similar for Be metal and the semiconductors probed here,
since it is primarily determined by the time scale of the Au-
ger decay �even if, like in the present case, the radiative
decay channel is investigated�. We find that � can be as long
as 120 fs �6 fs� for BeTe �BeSe� directly at threshold, and
diminishes to less than 3 fs above the threshold. This dem-
onstrates the capability of RIXS to study the dynamics of
electron-phonon coupling on the femtosecond time scale.

IV. SUMMARY

We find that the coherent fraction of resonant soft x-ray
scattering spectra of BeTe and BeSe agrees very well with
theoretically calculated spectra based on the Kramers-
Heisenberg formalism and a band structure derived from
density functional theory. From the experimental data alone

we determine the band gaps of BeTe and BeSe, respectively
�BeTe: indirect: 2.6 eV, direct: 5.4 eV �X-point� and 4.5 eV
��-point�, BeSe: indirect: 3.8 eV, direct: 6.8 eV �X-point�
and 5.7 eV ��-point��, in good agreement with correspond-
ing theoretical values. By exciting emission spectra above
the second threshold, we find direct evidence for the pres-
ence of core excitons and their fluorescent decay in these
systems. Furthermore, we can derive information about the
relevant time scales for dephasing processes governed by
electron-phonon scattering as a function of excitation energy.
At threshold they are significantly larger for BeTe than for
BeSe and range from 120 fs �BeTe; at threshold� to 3 fs
�both; markedly above threshold�. In combination, these re-
sults demonstrate the versatility of RIXS to study electronic
and dynamic aspects of material systems which, for a variety
of reasons �including the presence of a protective cap layer�,
are not accessible with the conventional band structure
method of angle-resolved photoelectron spectroscopy.
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