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ABSTRACT

Insightful development of new materials for phase-change memories require understanding of the phase-change
mechanism and the origin of the contrast properties between the crystalline and amorphous phases. This
understanding, in turn, is impossible without precise knowledge of the structure and bonding nature in the two phases.
In this work, recent results obtained by the authors are reported.
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1. INTRODUCTION

The bonding in the metastable crystalline phase is generally described as “resonant” where further gain in energy is
achieved due to the splitting of the six identical bonds into subsets of three shorter and three longer bonds, a concept
usually referred to as Peierls distortion. Our experiments demonstrate that the distortion of the metastable phase does
not disappear with temperature contrary to what one would expect for a Peierls-distorted structure but either decreases
very slightly or even increases with temperature (Fig. 1).[1] At the same time, computer simulations show that the
electron density does not resonate between the two adjacent bonds but remains concentrated along the shorter bond
with the electron density along the longer bonds being much weaker [2], i.e. the structure is characterised by primary
and secondary bonds and possesses a strong bonding energy hierarchy (Fig. 2). In such a case, a temperature increase
destabilises the subsystem of the secondary bonds that determine the formation of the ordered phase eventually
leading to the loss of long-range order.
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Figure 1: Variation of the shorter Ge-Te and Sb-Te bond lengths with temperature demonstrating that the system of
the shorter primary bonds gets stronger while that of the secondary bonds gets weaker with temperature [2].



2. RESULTS & DISCUSSION

While in early publications the structure of the amorphous phase was tacitly assumed to be random. Recent
experimental and computer studies have demonstrated that it has a rather well defined short-range order. One of the
most controversial issues is the appropriateness of the Ge umbrella flip model suggested from EXAFS and XANES
studies [2] since subsequent computer simulations [3-6] consistently found that the majority of Ge atoms preserve
octahedral bonding angles. Our recent DFT simulations provided evidence that the so-called “four-fold coordinated
Ge atoms with octahedral bonding angles” are in fact pyramids with Ge atoms located at the apex. Simulated XANES
spectra of such building blocks together with those for tetrahedrally coordinated Ge sites are in very good agreement
with experimental results [1].

These results allow us to suggest the following mechanism of amorphisation for composite Ge-Sb-Te alloys. Upon
acquiring critical distortions leading to misalignment of the atoms - for example due to thermal vibrations - the
secondary bonds, that are formed using back-lobes of the same orbitals that form primary bonds, break and the long-
range order of the crystalline phases collapses [7] giving rise to the amorphous phase through rotation and distortion
of GeTes pyramids with the occasional formation of Ge-Ge bonds generating tetrahedrally coordinated Ge sites. These
findings are in perfect agreement with the XANES simulation results.

While in GeTe that nominally does not contain vacancies, amorphisation without the umbrella flip seems to dominate,
in GST alloys, the formation of tetrahedral Ge sites is quite likely since vacancies serve to stabilize the tetrahedral
bonding geometry [8]. This process is especially likely in GeTe/Sb,Te; layered structures where vacancies are
spatially well defined and the atomic motion is limited to a single dimension [9].

Loss of the long-range order in solids with bonding energy hierarchy can be strongly influenced by electronic
excitation when the creation of electrons in the antibonding states that form the bottom of the conduction band further
weakens the secondary bonds. This effect has been demonstrated for various chalcogenide glasses when the
amorphisation process has been shown to proceed without a significant temperature increase at temperature much
lower than that of thermal melting [10,11]. Our recent in-situ XANES studies of sub-nanosecond pulse-induced
amorphisation in Ge-Sb-Te demonstrate that this process also takes place without going through a conventional
molten phase [12].
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Figure 2: Strong energy hierarchy between the short and long bonds in the rhombohedral phase of GeTe [7]

3. CONCLUSION

Our results further show that the change in electronic properties takes place at an initial stage of the phase-change
process when the secondary bonds are broken but the structure still retains - on the average - the long-range order of
the crystalline cubic phase. This finding provides evidence that the electronic contrast between the two states is
determined not by the existence, or lack, of the long-range order but by the character of bonding as was also suggested
in [13].
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