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Aim 

Resonant scattering experiments are essential to determine the element distribution if neither conventional 
X-rays nor neutrons provide sufficient scattering contrast.[1] This is the case for germanium antimony 
tellurides (GST materials), where the electron counts of Sb and Te difference by just one and thus have very 
similar atomic form factors. Substitution with indium or tin aggravates this problem. As GST materials are 
widely used as phase-change materials[2] and in addition have intriguing thermoelectric properties,[3] insight 
into structural details is required in order to understand how these properties are affected by the chemical 
surrounding of the atoms or building blocks.[4]  

The combination of resonant diffraction at the K absorption edges of In, Sn, Sb and Te (29.2 – 31.8 keV) 
with in-situ heating experiments is the method of choice to elucidate diffusion phenomena and phase 
transitions which occur in these materials at about 300 °C.[5]  

 

Experiments and Results 

In one part of the experiments, high-resolution diffraction data of model crystals with well-known structures 
were measured in order to obtain reliable dispersion correction terms Δf’ and Δf’’ via the Kramers-Kronig 
transform from fluorescence data. Corresponding values from various sources (e.g. NIST,[6] Henke[7] and 
CROSSEC[8] database) are often not accurate enough near the absorption edges because they are calculated 
theoretically for the pure elements and do not take into account the chemical environment of the compounds 
investigated. We used high quality crystals of SnSe2, CrSbSe3, PbTe, InSeI, SnTe and Sb2Te3 as reference 
compounds in order to compare various approaches and to obtain refined values from “calibration crystals” 
that can be used as constants in refinements of related compounds. Dispersion correction terms were refined 
with JANA2006[9] and compared with the theoretical ones and those calculated from fluorescence spectra (cf. 
Tab. 1). 



 

Tab.1: Comparision between some Δf’ correction terms from different sources. 

Compound Element Energy / keV NIST CROSSEC Fluorescence Refinement 

InSeI In 27.932 -5.52 -7.30 -6.96 -7.14 (3) 

SnSe2 Sn 29.195 -5.46 -7.63 -6.56 -7.05 (9) 

CrSbSe3 Sb 30.466 -5.52 -6.91 -6.24 -7.06 (4) 

PbTe Te 31.808 -5.39 -7.62 -6.28 -8.22 (15) 

With these insights it was possible to reliably refine the structures of single crystals of Ge3Sb~0.6In~1.4Te6, 
Ge1.3Sn0.7Sb2Te5, Ge0.6Sn0.4Sb2Te4 and Ge2Sb2Te5 with multiple datasets at the corresponding absorption 
edges and far from them with no constrained site occupancies. Additionally, in-situ temperature-dependent 
diffraction experiments at the absorption edge of Sb revealed reversible structural changes in the crystal 
structure of Ge2Sb2Te5 (P3̄m1, a = 4.2257(2) Å, c = 17.2809(18) Å, R1 = 0.037; cf. Fig. 1). 

 
Fig. 1: Crystal structure of Ge2Sb2Te5. Left: crystal structure at room temperature. A unit cell and the 
(pseudo)octahedral coordination are outlined. Middle: bond lengths, site occupancies and pseudooctahedral 
coordination around Te3. Top right: the regularity of the octahedral coordination decreases reversibly with increasing 
temperature. Bottom right: a GeTe-type layer detaches reversible from the block. 

These experiments prove the element distribution unambiguously. Joint refinements of multiple datasets 
outline the importance of reliable dispersion correction terms. In most cases, fluorescence data are an 
excellent source for Δf’. 

In further experiments, we obtained diffraction data from disordered compounds (GeTe)n(Sb2Te3) with 
4 ≤ n ≤ 17. Datasets were collected at room temperature near the absorption edges of Sb and Te, so that joint 
refinements of the average structure (Fm3̄m, a ≈ 6.00 Å) were possible. The real structure is characterized by 
cation defect short-range order in finite defect layers combined with local distortions, which leads to diffuse 
streaks in the diffraction patterns. Reconstructed undistorted reciprocal space volumes allowed us to extract 
the intensity distribution along these streaks and thus to develop a disorder model that clearly relates the 
features present in the diffuse scattering to certain structural features. A comparison between experimental 
and simulated data is shown in Fig. 2. 



 

The intensity distribution in these diffuse streaks was tracked in-situ until the high-temperature phase 
emerges at ~500 °C. At elevated temperatures, we observed an intermediate phase that corresponds to a 
trigonal superstructure of the NaCl type (cf. Fig. 2, right). This structure is long-range ordered as it lacks 
diffuse scattering; however, it is not thermodynamically stable compared to the trigonal layered structures 
which can be observed at room temperature. 

 
Fig. 2: Left: experimental diffuse streaks along 00ℓt (the equal directions -ℓt = ℓt are both depicted to corroborate the 
symmetry expected for this streak), and 11̄ℓt / 1̄1ℓt as well as 22̄ℓt / 2̄2ℓt (ℓt > 0) of a crystal with the composition 
(GeTe)6Sb2Te3 (top histogram in each graph) in comparison to corresponding simulated intensities (bottom histogram 
in each graph), λ/3 reflections (observed due to the high beam intensity) are indicated. Right part: Diffraction pattern of 
the intermediate-temperature phase of a crystal with the composition (GeTe)9Sb2Te3. 

Concluding, the mechanism of the phase transitions involves two parts: cation diffusion and a rearrangement 
of the anion substructure. These two parts of the phase transition are somehow independent and do not occur 
at the same time and/or temperature. Measurements at ID11 were very successful, and a large amount of data 
could be collected efficiently. The beamline proved ideal for our purposes. 

 

Outlook 

The data obtained demonstrate the potential of the method and allowed us to investigate the element 
distribution in multinary antimony tellurides at various temperatures. The results will be published soon, and 
will yield several papers. In addition, in-situ investigations allow drawing qualitative conclusions of the 
temperature dependent changes in the crystal structure. The experience gained concerning the influence of 
beam energy, measurement strategies and appropriate temperature and time regimes makes it easy to obtain 
high-quality data for future problems.  
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