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Anisotropy of unoccupied electron states and core hole relaxation in non-isotropic materials was 
investigated by means of core level spectroscopies. Angular-dependent X-ray Absorption Spectra 
(XAS) and Resonant Inelastic X-ray Scattering (RIXS) spectra were measured on the set  
of group-IV transition metal dichalcogenide compounds (TM=Ti, Zr, Hf), and on titanium dioxide 
(rutile). Our focus was on exploring systematic trends and tendencies of various spectra features 
with the composition of the materials and/or with the absorption edge. In the evaluation process, 
XAS spectra will be calculated, either by means of multiple-scattering real-space (RS-MS) 
formalism [1] or by means of charge transfer multiplet method [2].  

The angular-dependent absorption experiments were carried out at beamline C1 (XAS spectra of 
ZrS2 and ZrSe2 at Zr K-edge, TiSe2 and ZrSe2 at Se K-edge and HfS2 at Hf LI-edge) and at beamline 
A1 (XAS spectra of TiSe2, TiS2 and TiO2(rutile) at Ti K-edge). Transition-metal dichalcogenides 
are characterized by their layered structure and for this reason the spectra were measured in 
particular in out-of-plane and in-plane orientations. In-plane orientation represents the case  
of normal incidence when the electric field of x-ray beam probes intralayer bonds in sandwiches.  
In the case of out-of plane orientation, e.g. grazing incidence, weaker interlayer bonds between 
sandwiches are probed. Although the samples of dichalcogenides were prepared in the form of thin 
foils, all absorption spectra were recorded in total fluorescence yield using PIPS detector and  
7 pixel Si(Li), respectively, because the effective thickness of the samples at out-of-plane 
measurements was too large. The reliable signal in transmission mode was obtained only during  
in-plane measurements and was used solely as comparative data. The self-absorption effect in all 
measurements was corrected by means of FLUO code [3].  

Figure 1 displays the absorption measurements in out-of-plane an in-plane arrangements of TiS2  
and ZrS2 at Ti and at Zr K-edges, respectively. In both pairs of spectra, the individual 
characteristics like pre-peak, white line and oscillations above the edge are due to different nature 
of intralayer and interlayer bonds more intense and/or distinct in the case of in-plane measurements 
than in the latter. While strong intralayer bonds in metal-metal or chalcogen-chalcogen sandwiches 
are dominantly covalent, interlayer bonds between sandwiches are weak van der Waals forces.  

 
Figure 1: Angular-dependent XAS measurements of TiS2 at Ti K-edge (on the left) and ZrS2 at Zr K-
edge (on the right). The deviation of the beam and normal line to surface of layered samples was 10º at 
normal incidence (in-plane orientation) and 80º at grazing incidence (out-of-plane orientation). 



Further, there is also an apparent similarity in the general shape of the corresponding polarizations 
in TiS2 and ZrS2, which can be explained due to their similar structure. In both compounds,  
the metal site is always octahedral coordinated and their lattice parameters are also nearly the same. 
The only apparent difference is in the number of core electron shells of the metal atom and 
therefore the observed spectra must definitely correlate with each other. The differences between 
spectra will be presumably caused by different ways of relaxation of the core hole.  

Angular dependent 1s2p RIXS spectra of dichalcogenide compounds and rutile had been carried 
out on in-vaccuo Johann spectrometer at beamline W1. Since the working range of W1 
monochromator is 4 -11.5 keV, the measurements were performed only at Ti K-edge. As an 
analyzer was used spherically curved Si(331) crystal, the corresponding Bragg angle for  
Kα fluorescence was θ=57.06º. During the experiment, the excitation energy was gradually 
increased, generally in steps of 1 eV, through titanium edge and angular resolved Kα fluorescence 
was recorded by means of CCD camera. Concurrently measured intensity of the incident beam 
facilitated to normalize Kα fluorescence to the same intensity of the primary beam.  
The measurements of thin dichalcogenide foils were performed again each time both in  
out-of-plane and in-plane arrangements. Polarized spectra of bulk single crystal of rutile were 
measured perpendicular and parallel in respect to the c-axis.  

In Figure2, contour plots of 1s2p RIXS spectra of TiO2 (rutile) are presented. The sample of rutile 
was 1mm thick slice of bulk single crystal that was cut perpendicular to [001] direction. In the 
parallel arrangement, the incident x-ray beam was slightly deviated from c-axis (about 10º)  
in the [011] direction. In the perpendicular one, the beam was deviated about 10º from [011] 
direction. The presented plots exhibit wide contrast in two mutually perpendicular orientations that 
occurs due to slightly distorted octahedral arrangement in the rutile lattice. Changes can be 
observed particularly in the edge region. In comparison with the parallel arrangement, there is 
pronounced shoulder B in the perpendicular one and peak C is split in two distinct features. The 
more detailed information’s are expected to be obtained in the oncoming 1s3p RIXS experiments. 
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Figure 2: Contour plots of 1s2p RIXS spectra of TiO2 (rutile). The deviation of the polarization vector in 
respect to the c-axis was 80º in perpendicular arrangement (on the left) and 10º in parallel arrangement 
(on the right). 
 


