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Introduction

Due to a significant contrast in conductivity and reflectivity between the crystalline and amorphous 
phases, phase transition materials can be used to store and encode data for non-volatile memory (Lencer 
et al. 2011). It is believed that the compositions lying on the GeTe–Sb2Te3 pseudobinary line (Ge3Sb2Te6, 
Ge2Sb2Te5, GeSb2Te4 and GeSb4Te7, let us denote them as GeSbTe) are the most promising materials for 
creating rewritable optical storage devices, since they have a short crystallization time, ideal reversibility 
between amorphous and crystalline states and high thermal stability (Qiao et al. 2019). To date,  
the crystal structures of GeSbTe alloys (let us denote them as c-GeSbTe) have been studied in detail 
(Lotnyk et al. 2016; Sun et al. 2007; Urban et al. 2013; Wang et al. 2017; Zhang et al. 2016; Zheng et al. 2019). 
Many studies have also been carried out in order to determine the short-range structure of GeSbTe 
amorphous alloys (let us denote them as a-GeSbTe) (Baker et al. 2006; Jóvári et al. 2008; Kolobov et al. 2004; 
Paesler et al. 2007); however, these structures are still being discussed (Qiao et al. 2019; Stellhorn et al. 
2020).

Mössbauer spectroscopy (MS) can be an effective tool for changes detecting in the local environment 
of atoms and their electronic structure during GeSbTe compounds amorphization. However, apart from 
the works (Bordovskii et al. 2021; Marchenko et al. 2021) and the work (Ledda et al. 1988), which presents 
the 121Sb Mössbauer spectra of GeSb2Te4, Ge2Sb2Te5 and GeSb4Te7 crystalline compounds, there are no 
Mössbauer studies of GeSbTe ternary compounds.

This work is devoted to studying the nature of the local environment of germanium atoms in Ge3Sb2Te6, 
Ge2Sb2Te5, GeSb2Te4 and GeSb4Te7 crystalline and amorphous films by absorption MS on 119Sn isotope.
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Abstract. The valence state and local environment of germanium atoms in Ge3Sb2Te6, Ge2Sb2Te5, GeSb2Te4 
and GeSb4Te7 amorphous and crystalline films were determined by Mössbauer spectroscopy on the 119Sn 
isotope. In crystalline films, divalent germanium is located in octahedral positions in a rhombohedrally 
distorted NaCl-type crystal lattice. In amorphous films, tetravalent germanium atoms form a tetrahedral 
system of chemical bonds. In all the films, the nearest environment of germanium contains mainly tellurium 
atoms.
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Experimental technique

Undoped and tin-doped X-ray Ge3Sb2Te6, Ge2Sb2Te5, GeSb2Te4, GeSb4Te7, Ge2.95Sn0.05Sb2Te6, 
Ge1.95Sn0.05Sb2Te5, Ge0.95Sn0.05Sb2Te4 and Ge1.95Sn0.05GeSb4Te4 amorphous films (let us denote them as 
a-Ge(Sn)SbTe) were obtained by magnetron sputtering of polycrystalline targets. The films were annealed 
at 150 °C to obtain GeSbTe and Ge(Sn)SbTe crystalline films. The films composition was monitored by 
the X-ray fluorescence analysis.

The Mössbauer spectra were measured with a SM 4201 TerLab spectrometer at 80 K using a Ca119mmSnO 
source. Isomer shifts (δ) of the 119Sn spectra are given relative to the CaSnO3 absorber.

Experimental results and their discussion
The Mössbauer spectra of 119Sn impurity atoms in Ge(Sn)SbTe amorphous and crystalline  

films are shown in Figs. 1 and 2. All spectra are single lines with a FWHM G ~ 1.30–1.36 mm/s.  
(The instrumental line width Gapp = 0.79(2) mm/s). The crystalline films spectra have isomer  
shifts δ ~ 3.49–3.54 mm/s; for amorphous films δ ~ 2.03–2.09 mm/s was obtained.

Fig. 1. Mössbauer spectra of 119Sn impurity atoms in Ge(Sn)Sb crystalline films and in the Ge0.98Sn0.02Te 
crystalline compound
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Fig. 2. Mössbauer spectra of 119Sn in Ge(Sn)Sb amorphous films and in the crystalline germanium GeSn

The 119Sn impurity atoms spectra of GeSbTe crystalline films correspond to the ionic compounds  
of divalent tin. Fig. 1 shows the 119Sn impurity atoms spectrum in the Ge0.98Sn0.02Te compound for which  
δ = 3.55(3) mm/s and G = 1.36(2) mm/s were obtained. These parameters correspond to divalent  
six-coordinated tin which isovalently replaces the divalent six-coordinated germanium atoms in the 
cationic node of the GeTe crystal lattice. GeTe compound crystallizes in a rhombohedrally distorted 
NaCl-type lattice, hence the broadening of the 119Sn impurity atoms spectrum in the Ge0.98Sn0.02Te solid 
solution. The broadening of ternary compounds spectra is also related with the presence of a high con-
centration of stoichiometric vacancies in the cationic sublattice of these compounds.

The data of Mössbauer spectroscopy on 119Sn impurity atoms for Ge(Sn)SbTe crystalline films comply 
with the results of the X-ray diffraction studies of metastable vacancy-disordered cubic GeSbTe crystal-
line compounds. Divalent tin Sn2+ (electronic configuration is 5s2px) replaces divalent germanium Ge2+ 
(electronic configuration is 4s2px) in positions 4 b of the rhombohedrally distorted NaCl-type crystal 
lattice, and there are only tellurium atoms in the nearest environment of six-coordinated germanium 
atoms. The latter circumstance explains the closeness of the isomer shifts of the 119Sn spectra  
in the GeSbTe crystalline compounds to the isomer shift of the 119Sn spectrum in the SnTe  
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compound (δ = 3.54(1) mm/s and G = 0. 94(2) mm/s) and also to the isomer shift of the 119Sn impurity 
atom in the GeTe compound. The broadening of the spectra of с-GeSbTe ternary compounds compared 
to the spectral width of SnTe is due to the rhombohedral distortion of the lattices of с-GeSbTe compounds 
(six Ge-Te bonds at sites with octahedral symmetry are divided into three short and three long bonds, 
as in a GeTe crystal) as well as to a high concentration of randomly distributed stoichiometric vacancies 
in the cationic sublattice (Lotnyk et al. 2016; Sun et al. 2007; Urban et al. 2013; Wang et al. 2017;  
Zhang et al. 2016; Zheng et al. 2019).

The first problem that Mössbauer spectroscopy can solve is the determination of the valence state 
and local coordination number of germanium atoms in GeSbTe amorphous films. The isomer shifts  
of the 119Sn spectra of Ge(Sn)Sb amorphous films have values close to the values of the isomer shifts  
of the spectra of impurity tin atoms 119Sn in monocrystalline germanium (δ = 1.79(1), see Fig. 2) and also 
close to the measured shift of the spectrum of gray tin α-Sn (δ = 2.10(1)) that form the area of isomer 
shifts of tetravalent tin compounds with a tetrahedral sp3 system of chemical bonds. Thus, impurity  
tin atoms in the structure of Ge(Sn)Sb amorphous films isovalently replace tetravalent germanium atoms, 
which form a tetrahedral system of chemical bonds (the local coordination number of germanium atoms 
in amorphous films is four).

The second problem solved using Mössbauer spectroscopy data is the determination of the chemical 
nature of atoms in the nearest environment of germanium atoms in GeSbTe amorphous films. It should 
be noted that, if germanium atoms are also present in the nearest environment of germanium atoms  
(i. e. the formation of Ge-Ge chemical bonds), the isomer shift of the 119Sn spectra of amorphous films 
should be ~ 1.80 mm/s (as for the spectrum of impurity tin atoms in monocrystalline Ge). At the same 
time, the spectra of all amorphous films have isomer shifts within δ ~ 2.06–2.09 mm/s. Note that  
the isomer shifts of the spectra of 119Sn impurity atoms in the Ge1.45Sn0.05Te8.5 glassy alloy are of the same 
range. Here the germanium (tin) atoms are tetravalent, forming a system of sp3 bonds (their coordination 
number is four) and having tellurium atoms in the local environment (Seregin et al. 1977; Seregina et al. 
1977). This conclusion can be confirmed by the fact that the isomer shift of the 119Sn spectra of Ge(Sn)
SbTe amorphous films monotonically increases from 2.03(1) mm/s for the Ge3Sb2Te6 compound (contains 
27.3 at.% of Ge) to 2.07(1) mm/s for the GeSb4Te7 compound (contains 8.3 at.% of Ge). Based on all  
the above, it should be concluded that there are tellurium atoms in the local environment of germanium 
atoms in the Ge(Sn)SbTe and GeSbTe amorphous films.

Kolobov et al., based on the results of XAFS to describe the order–disorder transition in Ge2Sb2Te5 
compound films, supposed that a crystalline film amorphization is accompanied by a germanium atom 
jump from octahedral positions in a crystalline film to tetrahedral positions with four Te atoms in the 
local environment (Kolobov et al. 2004). However, Baker et al. (Baker et al. 2006; Paesler et al. 2007),  
also using the EXAFS data, concluded that germanium atoms in Ge2Sb2Te5 amorphous films form  
the Te3Ge-GeTe3 structural units, where predominant formation of Ge-Ge bonds can be seen. The structure  
of Ge2Sb2Te5 and GeSb2Te4 amorphous films was also studied using the EXAFS method, in combination 
with high-energy X-ray diffraction and neutron diffraction, by the authors of (Jóvári et al. 2008). Ge-Ge and 
Ge-Sb bonds were shown to be present while Te–Te and Sb–Sb bonds were not found. Germanium atoms 
have a fourfold coordination. Finally, the local structure of the Ge2Sb2Te5 amorphous phase was studied 
using anomalous X-ray scattering near the absorption K-edges of germanium, antimony, and tellurium atoms 
(Stellhorn et al. 2020). A half of the Ge atoms were found to have an octahedral environment similar to that 
in a crystalline phase. The remaining half of germanium atoms has tetrahedral symmetry and forms an energy 
barrier between the amorphous and crystalline phases, providing a long lifetime for the amorphous modification.

The Mössbauer spectroscopy data obtained by us comply with the ideas of the authors of (Kolobov et 
al. 2004) about the local structure of germanium atoms in Ge2Sb2Te5 amorphous films and allow  
us to extend these results to other GeSbTe amorphous compounds. Tetravalent germanium atoms  
form a tetrahedral system of chemical bonds in the structural network of the amorphous matrix and have 
only tellurium atoms in their nearest environment. The conclusion of the authors of (Jóvári et al. 2008) that 
germanium atoms in Ge2Sb2Te5 and GeSb2Te4 amorphous compounds have fourfold coordination is also 
confirmed (with the only clarification that this is true for all the GeSbTe amorphous films).
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Conclusions

The local environment of atoms in Ge3Sb2Te6, Ge2Sb2Te5, GeSb2Te4 and GeSb4Te7 crystalline and 
amorphous films was determined by Mössbauer spectroscopy on the 119Sn isotope. The data of Mössbauer 
spectroscopy on 119Sn impurity atoms for crystalline films comply with the results of the X-ray diffraction 
studies: divalent tin replaces divalent germanium in a rhombohedrally distorted NaCl-type lattice.

Impurity tin atoms in the structure of GeSnSbTe amorphous films isovalently replace tetravalent 
germanium atoms, which form a tetrahedral system of chemical bonds (the local coordination number 
of germanium atoms in GeSbTe amorphous films is four), and the local environment of germanium 
contains mainly tellurium atoms. 

Acknowledgements

I would like to thank my supervisor Prof. Seregin P. P. and Prof. Marchenko A. V. for their consistent 
support and guidance in carrying out this research.

Conflict of Interest

The author declares that there is no conflict of interest, either existing or potential.

References

Baker, D. A., Paesler, M. A., Lucovsky, G., Taylor, P. C. (2006) EXAFS study of amorphous Ge2Sb2Te5.  
Journal of Non-Crystalline Solids, 352 (9-20), 1621–1623. https://doi.org/10.1016/j.jnoncrysol.2005.11.079 
(In English)

Bordovskii, G. A., Marchenko, A. V., Nasredinov, F. S. et al. (2021) Messbauerovskie issledovaniya lokal’nogo 
okruzheniya atomov v amorfnykh i kristallicheskikh plenkakh Ge2Sb2Te5 [Mossbauer studies of the local 
surrounding of atoms in amorphous and crystalline Ge2Sb2Te5 films]. Fizika i khimiya stekla — Glass Physics 
and Chemistry, 47 (2), 179–189. https://doi.org/10.31857/S0132665121020037 (In Russian)

Jóvári, P., Kaban, I., Steiner, J., et al. (2008) Local order in amorphous Ge2Sb2Te5 and GeSb2Te4. Physical Review B, 
77 (3), article 035202. https://doi.org/10.1103/PhysRevB.77.035202 (In English)

Kolobov, A. V., Fons, P., Frenkel, A. I. et al. (2004) Understanding the phase-change mechanism of rewritable optical 
media. Nature Materials, 3, 703–708. https://doi.org/10.1038/nmat1215 (In English)

Ledda, F., Muntoni, C., Rucci, A. et al. (1988) On the metal distribution in the system GeTe-Sb2Te3, Hyperfine 
Interactions, 41, 591–594. https://doi.org/10.1007/BF02400460 (In English)

Lencer, D., Salinga, M., Wuttig, M. (2011) Design rules for phase-change materials in data storage applications. 
Advanced Materials, 23 (18), 2030–2058. https://doi.org/10.1002/adma.201004255 (In English) 

Lotnyk, A., Ross, U., Bernütz, S. et al. (2016) Local atomic arrangements and lattice distortions in layered Ge-Sb-Te 
crystal structures. Scientific Reports, 6, article 26724. https://doi.org/10.1038/srep26724 (In English) 

Marchenko, A. V., Terukov, E. I., Nasredinov, F. S. et al. (2021) Local structure and anti-structural defects of tin  
in amorphous and crystalline Ge2Sb2Te5 films. Semiconductors, 55 (1), 1–6. https://doi.org/10.1134/S1063782621010127 
(In English) 

Paesler, M. A., Baker, D. A., Lucovsky, G. et al. (2007) Bond constraint theory and EXAFS studies of local bonding 
structures of Ge2Sb2Te4, Ge2Sb2Te5, and Ge2Sb2Te7. Journal of Optoelectronics and Advanced Materials, 9 (10), 
2996–3001. (In English)

Qiao, C., Guo, Y. R., Wang, J. J. et al. (2019) The local structural differences in amorphous Ge-Sb-Te alloys. Journal 
of Alloys and Compounds, 774, 748–757. https://doi.org/10.1016/j.jallcom.2018.10.011 (In English)

Seregin, P. P., Sivkov, V. P., Nasredinov, F. S. et al. (1977) The influence of the crystal-to-glass transition on the local 
structure of semiconductors. Physica Status Solidi (a), 39 (2), 437–444. https://doi.org/10.1002/pssa.2210390209 
(In English)

Seregina, L. N, Nasredinov, F. S., Melekh, B. T. et al. (1977) Issledovanie lokal’noj struktury stekol v sistemakh 
kremnij–tellur, germanij–tellur i germanij–tellur–mysh’yak s pomoshch’yu messbauerovskoj spektroskopii na 
primesnykh atomakh olova [Study of the local structure of glasses in silicon-tellurium, germanium-tellurium 
and germanium-tellurium-arsenic systems using Mössbauer spectroscopy on impurity tin atoms].  
Fizika i khimiya stekla — Glass Physics and Chemistry, 3 (4), 328–331. (In Russian)

Stellhorn, J. R., Hosokawa, S., Kohara, S. (2020) Local- and intermediate-range structures on ordinary and exotic 
phase-change materials by anomalous x-ray scattering. Analytical Sciences, 36, 5–9. https://doi.org/10.2116/
analsci.19SAR02 (In English)

https://www.doi.org/10.33910/2687-153X-2022-4-1-30-35
https://doi.org/10.1016/j.jnoncrysol.2005.11.079
https://doi.org/10.31857/S0132665121020037
https://doi.org/10.1103/PhysRevB.77.035202
https://doi.org/10.1038/nmat1215
https://doi.org/10.1007/BF02400460
https://doi.org/10.1002/adma.201004255
https://doi.org/10.1038/srep26724
https://doi.org/10.1134/S1063782621010127
https://doi.org/10.1016/j.jallcom.2018.10.011
https://doi.org/10.1002/pssa.2210390209
https://doi.org/10.2116/analsci.19SAR02
https://doi.org/10.2116/analsci.19SAR02


Physics of Complex Systems, 2023, vol. 4, no. 1 35

Yu. A. Petrushin

Sun, Z., Kyrsta, S., Music, D. et al. (2007) Structure of the Ge-Sb-Te phase-change materials studied by theory and 
experiment. Solid State Communications, 143 (4-5), 240–244. https://doi.org/10.1016/j.ssc.2007.05.018  
(In English)

Urban, P., Schneider, M., Erra, L. et al. (2013) Temperature dependent resonant X-ray diffraction of single-crystalline 
Ge2Sb2Te5. CrystEngComm, 15 (24), 4823–4829. https://doi.org/10.1039/C3CE26956F (In English)

Wang, X.-P., Li, X.-B., Chen, N.-K. et al. (2017) Element-specific amorphization of vacancy-ordered GeSbTe  
for ternary-state phase change memory. Acta Materialia, 136, 242–248. https://doi.org/10.1016/j.actamat.2017.07.006 
(In English)

Zhang, B., Wang, X.-P., Shen, Z.-J. et al. (2016) Vacancy structures and melting behavior in rock-salt GeSbTe. 
Scientific Reports, 6, article 25453. https://doi.org/10.1038/srep25453 (In English)

Zheng, Y., Wang, Y., Xin, T. et al. (2019) Direct atomic identification of cation migration induced gradual cubic-
to-hexagonal phase transition in Ge2Sb2Te5. Communications Chemistry, 2, article 13. https://doi.org/10.1038/
s42004-019-0114-7 (In English)

https://doi.org/10.1016/j.ssc.2007.05.018
https://doi.org/10.1039/C3CE26956F
https://doi.org/10.1016/j.actamat.2017.07.006
https://doi.org/10.1038/srep25453
https://doi.org/10.1038/s42004-019-0114-7
https://doi.org/10.1038/s42004-019-0114-7

