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Structure of fast-phase-change chalcogenides

Crystalline structures and related properties

Structures of the amorphous phase

Prospects and opportunities from the material’s viewpoint
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Phase change materials; structural aspects
- Important

The crystalline side of the phase change chalcogenides is being revealed rapidly. 
Only a certain family of crystalline structures seem to be suitable.
Only specific chemical bonds, thus atomic combinations, seem to be allowed.
Very high dielectric constant and disorder-driven (Anderson-type) MIT

The amorphous side of the phase change chalcogenides is relatively not known.
Lack of good experimental probes for structural analysis
Diverse structural parameters, sometimes contradictory each other  

Some related questions not clearly answered yet;
How and why are the amorphous phases stable despite the fast crystallization?
Are the amorphous structures of PCM very different from those of typical ChGs?
Can the concepts and languages of traditional ChGs be also applied?
What amorphous structure(s) is most suitable as phase change materials?
What is the origin(s) of threshold switching?
What are the traps of charge carriers?
What is the next question?

Drawing taken from Wuttig and Yamada, Nat. Mater. 6 (2007) 824.
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In general, the most successful (fastest-switching) PCMs show a simple 
cubic or a (distorted) rocksalt structure, often with random occupation of the 
lattice sites by the atoms composing the alloy.
Crystalline GST-225  is formed at ~140C, depending on the heating rate.
Te atoms occupy one FCC sublattice, while Ge, Sb, and a relatively large 
amount of vacancies (~20%) randomly occupy the other sublattice.
At ~310C, more stable hexagonal phase is formed.

Crystal structure of GST
- Important

Welnic et al, Nat. Mater. 5 (2006) 56.
Raoux, Annu. Rev. Mater. Res. 39 (2009) 25.



4Abouraddy et al, Nat. Mater. 6 (2007) 336.

- For information

Crystal structure of PCMs
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Infrared reflectance spectra of several PCM films reveal significant 
discrepancy in optical properties between amorphous and crystalline phases.

Resonant bonding of crystalline PCMs
- For information

Shportko et al, Nat. Mater. 7 (2008) 653.
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The crystal structures of PCMs are all based on distorted cubic structures 
and all possess resonant bonding which is the cause of their higher optical 
dielectric constants.
Resonant bonding requires a longer-range order than the conventional 
electron pair bond of the 8-N rule. In the amorphous state, the structure 
seems to revert to a simple 8-N rule structure.

Resonant bonding of crystalline PCMs
- For information

Shportko et al, Nat. Mater. 7 (2008) 653.
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The degree of ionicity and the tendency towards hybridization of the bonding.
A map is spanned by two coordinates of these two quantities that can be 
calculated from the composition.

Resonant bonding of crystalline PCMs
- For information

Lencer et al, Nat. Mater. 7 (2008) 972.



8

Resonant bonding of crystalline PCMs
- For information

PCMs are located at relatively well-defined narrow region that is an inherent 
characteristic of PCMs.

Lencer et al, Nat. Mater. 7 (2008) 972.
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Resonant bonding of crystalline PCMs
- For information

The resonance character is weakened both by increasing hybridization as 
well as increasing ionicity. 
Increasing the hybridization leads to larger distortions that favor a smaller 
number of more saturated covalent bonds.
Increasing ionicity also reduces resonant bonding because the charge is 
increasingly localized at the ion cores.
The region for PCMs is characterized by the pronounced resonance bonding 
in the crystalline state.

Lencer et al, Nat. Mater. 7 (2008) 972.
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Disorder-induced MIT in crystalline PCMs
- For information

Siegrist et al, Nat. Mater. 10 (2011) 202.

Temperature dependence of the sheet resistance of a GeTe film (left) and a GST-124 
film (right) on heating and subsequent cooling to room temperature.
The crystallization of the initially amorphous GeTe film at 192C into the crystalline 
phase is accompanied by a distinct drop of resistivity.
The crystalline GeTe phase shows a TCR>0 with no changes on annealing.
The room-temperature resistance of crystalline GST-124 decreases by a factor of 
approximately 400 on increasing the annealing temperature from 150 to 350C. 
The change from non-metallic (TCR<0) to metallic (TCR>0) behavior occurs with 
increasing annealing temperature.
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Disorder-induced MIT in crystalline PCMs
- For information

Siegrist et al, Nat. Mater. 10 (2011) 202.

With increasing annealing temperature a systematic change of the resistivity 
and TCR is observed for four different GeSbTe alloys.
At a critical resistivity of about 2-3 mΩcm, the behavior changes from non-
metallic (dρ/dT <0) to metallic behavior (dρ/dT >0) for all four alloys, 
indicative of a universal MIT on annealing.
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Disorder-induced MIT in crystalline PCMs
- For information

Siegrist et al, Nat. Mater. 10 (2011) 202.

Structure of GST-124 shows that the anion sublattice is occupied with Te atoms (red) 
whereas the cation sublattice is randomly occupied with Ge atoms, Sb atoms (light 
yellow and blue, respectively) and empty lattice sites.
The random occupation in combination with distortions leads to tremendous 
variations of the atomic orbitals’ overlap, giving rise to pronounced disorder-related 
effects on the band structure. 
As long as the Fermi energy EF lies within the localized states (shaded regions) the 
system is insulating (left). Annealing reduces the disorder and thus lifts the mobility 
edge Eμ. When the mobility edge passes the Fermi energy (centre) the ‘Anderson-
like’ transition to metallic behavior (right) occurs.
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Amorphous structures proposed
- For information

Kolobov et al, Nat. Mater. 3 (2004) 703.

EXAFS analysis for crystalline and laser-amorphized states.
The umbrella flip of Ge atoms is proposed for fast diffusionless crystallization.
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Amorphous structures proposed
- For information

Caravati et al, Appl. Phys. Lett. 91 (2007) 171906.

On the structure of amorphous GST-225, ab initio
molecular dynamics simulations were done.
One third of Ge atoms are in a tetrahedral 
environment while the remaining Ge, Sb, and Te 
atoms display a defective octahedral 
environment, reminiscent of cubic crystalline 
GST.

(Top panel) distribution of Ge with different 
coordination number. 
(Bottom panel) : distribution of four-coordinated 
Ge with at least one homopolar bond with Ge or 
Sb, or bonding with Te.
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Amorphous structures proposed
- For information

Baker et al, Phys. Rev. Lett. 96 (2006) 255501.

EXASFS analysis carried out with amorphousGST-225.
Application of the bond constraint theory indicates that the amorphous phase is an 
ideal network structure in which the average number of constraints per atom equals 
the network dimensionality, 3. 
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Amorphous structures proposed
- For information

Akola and Jones, Phys. Rev. B 76 (2007) 235201.

Density functional simulations carried out on GST-225.
There are deviations from the 8−N rule for CN, with Te having near threefold 
coordination. Ge atoms are predominantly fourfold coordinated, but in only about 
one-third of the Ge atoms. The average CN of Sb atoms is 3.7, and the local 
environment of Ge and Sb is usually distorted octahedral. 
There is crucial structural motif which is a four-membered ring with alternating 
atoms of types, ABAB square. The rapid phase change is a reorientation of 
disordered ABAB squares to form an ordered lattice. 
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Amorphous structures proposed
- For information

Jovari et al, Phys. Rev. B 77 (2007) 035202.

The amorphous structure GST-225 and -124 
was investigated by XRD, EXAFS, and neutron 
diffraction. Then, the reverse Monte Carlo 
simulation technique was used to generate large 
scale atomic models compatible with all 
experimental data sets.
The homopolar Ge-Ge bonding is present 
already in -124, and significant Ge-Sb bonding 
in both compositions.
All atomic species satisfy formal valence 
requirements: the 8-N rule.
The predominance of GeTe4 or Te3Ge-GeTe3
units in these compositions can be excluded. 
Instead, these alloys are characterized by a 
variety of local motifs.



18

Amorphous structures proposed
- For information

Matsunaga et al, Nat. Mater. 10 (2011) 129.

To determine the crystalline and 
amorphous structures of AIST and 
how they differ from GST, XRD, 
EXAFS and XPS experiments with 
density functional simulations are 
carried out. 

* The chemical coordination numbers are calculated by adding the bond orders to the coordination numbers for individual atoms.
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- For information

Amorphous structures proposed

Matsunaga et al, Nat. Mater. 10 (2011) 129.

The structure of a-AIST shows a range of atomic ring sizes, whereas a-GST shows 
mainly small rings and cavities. 
The local environment of Sb in both forms of AIST is a distorted 3+3 octahedron, 
suggesting a bond-interchange model, where a sequence of small displacements of 
Sb atoms accompanied by interchanges of short and long bonds is the origin of the 
rapid crystallization of a-AIST. It differs profoundly from crystallization in a-GST.

The bonding electrons are excited by laser light, causing the 
atoms in the amorphous phase to move. Finally, the central 
atom with three short (red) and three long (dashed) bonds 
crosses the centre of the distorted octahedron, interchanging 
a short and a long bond. 
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- For information

Amorphous structures proposed

Matsunaga et al, Nat. Mater. 10 (2011) 129.

A ‘bond-interchange’ model is proposed as the origin of growth-dominated 
crystallization of a-AIST, whereas the large fraction of crystalline nuclei in a-GST 
(embryo nucleation) is the origin of the nucleation-driven crystallization in GST.
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- Important

Prospects and opportunities 

Figure in the left: Zhang et al, Phys. Stat. Sol., Rapid Res. Lett. 1 (2007) R28.
Figures in the right: Ovshinsky, Jap. J. Appl. Phys. 43 (2004) 4695.

Optical memory based on phase change driven by laser irradiation
Electrical memory based on phase change driven by electrical field

Replacement of Flash memory
A nonvolatile DRAM

Switch array (logic) based on phase switching
Cognitive computing based on phase switching
Switch fabric based on threshold switching
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- For information

The amorphous side of the phase change chalcogenides is relatively not known.

Lack of good experimental probes for structural analysis

Diverse structural parameters reported, sometimes contradictory each other 

The amorphous side is bottlenecking.

Some related questions not clearly answered yet;

How and why are the amorphous phases stable despite the fast crystallization?

Are the amorphous structures of PCM very different from those of typical ChGs?

Can the concepts and languages of traditional ChGs be also applied?

What is the origin(s) of threshold switching?

What amorphous structure(s) is most suitable as PS or TS materials?

What are the traps of charge carriers and their distribution?

What about the transport number? 

What  is the new question arising after the existing questions would be answered?

Opportunities from the material’s viewpoint


