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Resonant inelastic soft X-ray scattering at the 3p resonances in crystalline Ge is presented. Both stationary
and dispersive features are observed in a wide energy range above as well as below the ionization limits.
These observations are in agreement with theoretical predictions based on a two-step model where
the initially excited electron has no influence on the emission step. Excess population of states in the
conduction band is found, and discussed in terms of attosecond electron dynamics.
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1. Introduction

Resonant inelastic soft X-ray scattering (RIXS) has attracted con-
siderable interest as a tool to study electronic structure in solids,
atoms and molecules [1,2]. Especially important is the access to
dynamics on the ultrafast time scale, set by the lifetime of the
intermediate state, and the detuning energy [3]. Rates for vari-
ous processes are compared to the core hole decay rate in the
so-called ‘core-hole clock’ [4] scheme, and dynamic information
is also inherent in interference effects. Here we present a related
approach to dynamics in broad-band semiconductors, by consider-
ing the scattering process in Fig. 1. In the first step the incoming
energy, 1, is used to excite a core-hole state with energy wyy;,
and an electron with energy w in the conduction band. When
the lifetime of this state is short, both the latter energies are ill-
defined and features in the corresponding absorption spectrum
are smeared out. As a photon with energy w- is emitted, energy
conservation determines weyc, and if Wyrj corresponds to a well-
defined long-lived state, also the electron energy, w, becomes well
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defined. In this sense, the second step of the scattering process can
be regarded as a snap-shot, monitoring the energy of the excited
electron after the lifetime of the intermediate state. Here we present
RIXS spectra of Ge excited at short-lived (around 200as) inter-
mediate states with 3psp, 1, vacancies. Long-lived (around 4fs)
final states with 3ds; 3/, vacancies are populated, and the spec-
tra demonstrate that the electron dynamically populates certain
states in the conduction band. In addition, we show that, contrary
to what is often stated, localization/delocalization of the excited
electron is not essential for the dispersion properties of RIXS fea-
tures.

2. Experimental

The measurements were made at beamline 1511 [5] at MAX-
lab, Sweden. RIXS spectra of a nominally undoped Ge (100) wafer
were measured using a grazing incidence Rowland spectrometer
[6] collecting in the direction of polarization of the incoming radi-
ation. The energies of the monochromator and the spectrometer
were matched using the diffuse reflection of the incoming radi-
ation, and calibrated to better than 0.1 eV. Diffuse reflection also
established the spectrometer function (full width at half maximum
(FWHM) ~0.3 eV at 95eV). The resolution of the monochromator
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Fig. 1. (a) Schematics of the considered scattering process, in which the excitation of a core electron to a continuum is followed by a core-to-core transition. In the first step
of the process the excitation energy is shared between a core hole and en excited electron. Due to the short lifetime of the state, neither the energy of the core hole, nor of the
electron is well defined. We assume that the energy of the excited electron does not change during the decay, and the energy distribution of the electron in the well-defined
final state core hole state is determined both by the spread in the intermediate state and structure in the final state density of states. (b) Four core vacancies are involved in
the scattering process in Ge; the intermediate 3ps), and 3pq); core vacancies and the final 3dsj, and 3d3, vacancies. As the 3p;;; — 3ds; transition is dipole forbidden only
three different scattering paths contribute to the spectra, each corresponding to a well-defined electron energy.

was set to 0.05eV at 125 eV, allowing ~10'2 photons/s to be deliv-
ered in a 20 um x 50 wm spot. Spectra were acquired for ~0.5h
each.

3. Results and discussion

The measured RIXS spectra of crystalline Ge excited around the
3p thresholds are compared to theoretical predictions in Fig. 2.
Well above threshold, the spectra are dominated by two broad,
excitation-energy independent structures peaking at 92.1eV and
95.9eV. In addition, much narrower features, dispersing linearly
with the excitation energy, appear throughout the excitation-
energy range (120-135 eV). The theoretical foundation for RIXS was
thoroughly discussed several years ago [7,8], and the description is
still being refined [9]. In Fig. 2 the theory curves have been con-
structed from the scattering theory for the cross-section formulated
by Tulkki and Aberg [8]:

do(wr) O‘Z /°° (ﬂ) (@3p;—W3d, )83d; 3p; (@3p; +@)(dg3p; /dw)
d _ 2 2
wy I 0 (] ((,()3pj + w 0)1) + F3Pj
x 8w — w3q, —w —w2) dw (M

where 1"3pj is the lifetime width of the intermediate state, 3d;.,3p; is
the oscillator strength for transitions between 3p; and 3d; hole lev-
els with binding energies w3p,; and w34y respectively, and dg3p]. /dw
is the oscillator strength per energy for exciting an electron from the
3p;j level to an energy w in the conduction band. The predictions use

dg3pj /dw,based on band structure calculations, performed for cubic
germanium (Fd3m, a=5.6574A) by using the full-potential lin-
earized augmented plane wave method (FP-LAPW) as implemented
in the WIEN2k package [10]. Exchange and correlation effects were

taken into account through the local-density approximation (LDA)
as parameterized by Perdew and Wang [11]. The influence of the 3p
core hole on the electronic band states were included by formally
treating the excited atom as an impurity in a supercell of dimen-
sion 2 x 2 x 2. The dggpj/dw was then calculated by multiplying the
density of states by a dipole matrix element that accounts for the
transitions between the [ core states to the [+ 1 components of the
conduction band.

The conduction band density of states (DOS) is typical for the
diamond-structured elemental 4th period semiconductors (Fig. 3).
The introduction of a 3p core hole has little impact on the DOS, the
Coulomb potential basically uniformly shifting the features to lower
energies, without evidence of localization. On the other hand, the
matrix elements strongly emphasize s-type DOS, so that dg3pj/da)
is dominated by a fairly sharp structure close to the bottom of the
conduction band.

The agreement between the experimental results and the
predictions in Fig. 2 is excellent. Especially, both stationary fea-
tures, with a width corresponding to the lifetime broadening of
the intermediate states, and a set of narrow dispersive features,
are reproduced in the model. The discrepancy, beginning in the
124.5eV excited spectrum is due to the emergence of a second
dispersing feature not predicted by the model. Before further dis-
cussing this feature we make some general comments on the
dispersion behavior.

To arrive at Eq. (1) the intermediate and final states are assumed
to be orthogonal, and since interference is neglected, a two-step
picture can be maintained. In the first step the electron is excited
according to dggpj/dw, with an uncertainty in w due to the finite
lifetime of the 3p states (see Fig. 1), described by a Lorentz func-
tion centered atwg = w1 — w3p,, set by the denominator. The second
emission step to well-defined 3d hole states then unambiguously
determines w via §(wq — w3g, — @ = w> ). Thus, the decay can be said

to map the energy distribution of the electron in the intermedi-
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Fig. 2. Experimental and theoretical RIXS spectra on the emission energy scale, as a
function of excitation energy (shown on the right). The theoretical curves have been
normalized to main peak height for comparison of the spectral shape. They are based
on Eq. (1), and the theoretical oscillator strength, dg3pj /dw, shown in Fig. 3, with the
statistical intensity ratio (d,ggpg/2 /d(u)/(dg3p1/Z /dw) = 2. We use W3p, ) = 122.1eV,
w3p, , = 126.5eV, Wsq,, = 30eV, W34y, = 30.6eV,and ngj = 2.1eV,all close to lit-
erature values [18]. The final state lifetime width is accounted for by replacement of
the §-function by a Lorentzian with F3pj = 0.3 eV, and for the total spectral width we
convolute with a Gaussian (FWHM = 0.42 eV) function, which takes both inherent
broadening (FWHM =0.3 eV) [18] and the spectrometer function (FWHM=0.3eV)
into account. The finite width of the monochromator function has only a minute
influence on the predictions. To improve the agreement we use the core-to-core
oscillator strength ratios 83ds5.3p3), /g3t13/213p3/2 /g3l13/213p1/2 = 6/3/4.5, which differ
slightly from the statistical weights: 6/5/3. See text for a discussion of the mecha-
nisms for peak formation.

ate state. Essentially, this is determined by the product of dg3pj /dw
and the Lorentz function, and thus, the excitation-energy depen-
dence is entirely due to their relative energy position. Stationary as
well as dispersive features are now predicted, as can be realized by
e.g. considering high above-threshold excitation. Here the Lorentz
function is centered at electron energies where clg3pj /dw is almost
constant, and therefore the emission spectrum here takes the form
of the Lorentz function, with the center at the constant emission
energy wp = Wy — W3g, — Wo = —Wsd, + W3p;, simulating so-called
‘normal emission’. Simultaneously, a tail of the Lorentz function
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Fig. 3. Calculated s-, p- and d-local partial DOS in the ground state of Ge (a). Matrix
elements are calculated for the ground state and in the presence of a 3p core hole to
arrive at dg3p] /dw (b), which is used for the theoretical simulations in Figs. 2 and 4.

extends to low w where structures in dg3pj/ dw indeed are sharp
enough to determine the form of the emission spectrum (here the
Lorentz function is almost flat). As the features in dggpj /dw appear at
fixed w the corresponding spectral features disperse with excitation
energy.

‘Normal emission’ is often associated with an ‘incoherent’ pro-
cess, in which the emission has forgotten about how the core
hole was excited. Indeed, the scattering spectrum looks similar
to emission spectra excited by less selective means such as elec-
trons or ions. Considering the formalism, above, however, it must
be emphasized that this similarity is crucially dependent on the
distribution of the electron energy, w: in Eq. (1) ‘normal emission’
is retrieved above threshold only because dggpj /dw lacks struc-
ture.

Sharp dispersing features, on the other hand, have often been
seen as an indication of localization, and indeed this was also
done in an early study of the 3p edge in Ge, in which dispersing
features were observed in the electronic decay channel [12]. For
continuum excitations linear dispersion of the leading edge of the
spectra has been confirmed at below-threshold excitation [13,14],
and in the hard X-ray range it has been demonstrated that core-
to-core RIXS spectra excited below continuum thresholds can be
used to construct ‘lifetime-broadening-removed absorption spec-
tra’ [15,16]. The present results demonstrate that narrow, linearly
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Fig.4. Scattering data (see caption of Fig. 2) shown on the final state energy (energy
loss) scale. The energies of the most prominent features are marked. Note that final
states include both 3ds;; and 3dsj, vacancies (see Fig. 1), separated by 0.6eV. At
lower excitation energies (around 122.5 eV) close to the 3p;), resonance transitions
to 3dsp, vacancies dominate, giving the highest intensity at 30.8 eV energy loss. At
4.4eV higher excitation energy the 3p;; resonance give intensity only to 3ds, final
states, and consequently the peak shifts by 0.6 eV towards larger energy losses. The
resonant peak which is not accounted for by theory goes through two resonances
at around 126 eV and 130eV, the excitation energies at which the peak position is
33.4eV and 34.0eV, respectively. This indicates that, analogously, the shift is due to
a change of the spin-orbit coupling of the core vacancy, and that the excited electron
is excited to the same energy.

dispersing features can be observed in general for continuum exci-
tations throughout the resonance region, far above and far below
thresholds. Sharp dispersing features above continuum thresholds
have been presented earlier in GaP [17], but without detailed anal-
ysis.

The orthogonality condition used to derive Eq. (1) translates to
the assumption that the excited electron does not interact with
the rest of the system. It may (or may not) delocalize and/or scat-
ter against electrons and phonons during the absorption-emission
process. Since the electron does not influence the decay step, it is
not necessarily the electron energy which is measured in the RIXS

spectra, but the distribution of any non-interacting ‘excess energy’.
In this sense Eq. (1) is independent of the ‘coherency’ of the process.
This is entirely different in the case where momentum conserva-
tion in the scattering process is used to gain information about
crystal momenta, where dynamic change of the electron momenta
due to electron scattering immediately influences the RIXS spec-
tra [18]. Below we discuss other ways in which Eq. (1) may be
violated.

The emission data and the simulation are shown again on the
final state energy scale in Fig. 4. The peak(s) centered at energy
loss ~30.8 eV are well reproduced by the model. However, the two
rather sharp peaks with 0.6 eV splitting at energy loss centered at
33-34eV are not predicted within the simple theory. Features at
33.4eV and 34.0eV are resonantly enhanced at 126 eV and 130eV
excitation energy, respectively. This resonant behavior indicates
that they must be associated with the electrons at the same w, cou-
pled to 3ds, and 3dsp, holes, the first being emphasized at the
3p3p; resonance (around 126 eV), and the latter at 3pyj, (around
130eV), in agreement with dipole selection rules. The peaks are
situated 2.6eV above the main (predicted peaks), and they are
resonantly enhanced about the same energy distance above the
main resonances. In Fig. 3 we see that w for the resonance is
close to a sharp peak in the local DOS at around 3.5eV above
threshold, 1.8 eV above the main peak. Here dg3p}. /dw is relatively
small because the states are dominated by p and d character. The
p states are dipole forbidden and the matrix elements only give
little weight to the d-states, and therefore our theory does not
predict the states to be appreciably populated in the RIXS pro-
cess.

This observation shows the limits of the independent-particle
model, and we tentatively assign additional intensity to excess pop-
ulation of these states associated with a rather flat band along which
give alarge contribution to the density of states, but is dominated by
dipole forbidden angular momentum symmetry (see Fig. 5). These
states may be populated due to the dynamics in the scattering pro-
cess. Two mechanisms may be envisioned: any symmetry-breaking
coupling involving the excited electron and the local electronic sys-
tem allows for a dynamic rearrangement during the lifetime of the
intermediate state (around 200as) to populate the states which
primarily have p- and d-character. Another possibility is that the
relatively local nature of these states gives them additional inten-
sity in the scattering process. An electron wavepacket created in
a first step does not have time to recede far from the site during
the duration of the scattering process. Given sufficient Coulomb
interaction this may give excess intensity to localized final states.
Note that a two-step picture where an exciton is assumed to form
already in the first step is unphysical, because the energy uncer-
tainty in the 3p states is too large, or equivalently the time is
too short for the formation of an exciton. This type of dynamic
behaviour assumes an influence of the excited electron on the sec-
ond step of the process, which cannot be described by Eq. (1). Such
dynamics also puts a limit to the applicability of such equations
for constructing ‘lifetime-broadening-removed absorption spectra’
[15,16].

Finally, we relate the present results to the observation of
a sharp peak at around 4eV energy loss in L-edge RIXS of
Si, when excited below the edge [18,19]. Predictions based
on band structure calculations seem unable to explain this
feature [18] and it has been assigned to a surprisingly promi-
nent exciton state [19]. Here the detuning energy implies a
shortening of the scattering duration time to below femtosec-
onds, and we speculate that also in this case the time scale
become essential for the final state population. Together with
the present Ge results, this suggests that localization in simple
semiconductors sets an upper time constraint for electron/hole
mobility.
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Fig. 5. The s-, p-, and d-density of states in the presence of a core hole (a). In (b), (¢), and (d) we show the band-character plots, where the radii of the circles are proportional
to p-, s- and d-character of the states. It is seen that a fairly flat band around 4 eV is dominated by p-character.

4. Conclusions

In summary, we have demonstrated that both stationary ‘normal
emission’ and sharp dispersing features in RIXS can be described
in a two-step picture where there is no interaction between the
excited electron and the rest of the electron system. The fact that
localization is not prerequisite substantially extends the applica-
bility of RIXS, and it will be of importance at the new generation
VUV-FEL sources, where high-precision measurements will be per-
formed. Furthermore, we have demonstrated that, albeit a good
overall agreement, the simple model does not account for all details.
Dynamics during the scattering process can be addressed: we find
excess population of localized states in the conduction band during
the fast time scale of the scattering process.
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