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A B S T R A C T   

Rewritable optical storage is dominated by alloys of a small number of elements, particularly Ge, Sb, and Te, and 
Ge/Sb/Te alloys in the composition range (GeTe)1− x(Sb2Te3)x (0 ≤ x ≤ 1) have been the materials of choice: all 
have metastable rock salt structures that change little over decades at archival temperatures, and all contain 
vacancies (cavities). The special status arises from the close similarity of the valence orbitals of Ge, Sb, and Te, 
which arises from the irregular changes in atomic orbitals and properties as the atomic number increases 
(“secondary periodicity”). The instability of cubic (metallic) Bi to a (semimetallic) rhombohedral structure (H. 
Jones, 1934) can be adapted to Ge/Sb/Te alloys and explains the crucial metastable (rock salt) structures of these 
compounds. Vacancies almost always occur next to Te atoms, which form one sublattice of the rock salt structure.   

1. Introduction 

Phase change materials (PCM) are the active components of the 
prominent rewritable storage media digital versatile disk (DVD-RW) and 
the Blu-ray Disc (BD-RE), and they are favored for future non-volatile 
computer memories, such as PC-RAM. Nanosized bits in a thin poly
crystalline layer are switched reversibly and extremely rapidly between 
amorphous (a-) and crystalline (c-) states, which can be identified by 
measuring the resistivity or optical reflectivity. The search for materials 
that crystallize rapidly at temperatures below the melting point while 
retaining data for many years at room temperature has focused on 
narrow gap semiconductors (NGS) containing Te [1] and Sb: amorphous 
Te films crystallize spontaneously near 0 ◦C, and a-Sb at higher tem
peratures, so that the pure elements are inappropriate for PCM. 

Popular compounds containing Te include Sb/Te alloys near the 
eutectic composition Sb0.7Te0.3, with small amounts of other elements 
(Ag, In in AIST [2], Ge in GeST), and the pseudobinary materials 
(GeTe)1− x(Sb2Te3)x (GST) [3,4]. GST alloys provided the first practical 
PCM and have remained the standard over decades [5]. The crystalli
zation processes in these two composition regions [Fig. 1(a)] differ: GST 
alloys (group 1) crystallize via nucleation [Fig. 1(b)], Sb/Te alloys near 
the eutectic composition (group 2) crystallize from the polycrystalline 
surroundings [Fig. 1(c)]. 

Amorphous GST alloys resist crystallization at room temperature, 

but order at higher temperatures to rock salt (RS, Fm3
̄

m) structures, 
which show wide composition tolerance and are metastable over many 
years at archival temperatures. Vacancies (cavities) are crucial elements 
of the metastable structures, and Yamada [6] proposed that sites of the 
anion sublattice were occupied by Te atoms, and the cation sublattice 
randomly by Ge and Sb atoms and vacancies. Recent work has focused 
on “GeTe-rich” materials, such as the Blu-ray Disc material Ge8Sb2Te11 
(x = 1/9) [7]. Improved thermal stability and crystallization speed of 
a-Sb2Te3 followed alloying with scandium (Sc0.2Sb2Te3, [8,9]) or 
yttrium YxSb2− xTe3 [10]. 

The following criteria are essential for PCM.  

● Rapid write (amorphization) and read (crystallization) processes.  
● Unambiguous property contrast between amorphous and crystalline 

states (reflectivity, conductivity).  
● Cyclability, i.e. stability at operating temperatures (typically 

100–150 ◦C) without phase separation or excessive power demands. 

There have been countless studies of phase change properties in alloys of 
elements of groups 13–16, particularly those near the diagonal in the 
periodic table between B and Po. Why is it then that GST alloys near the 
GeTe-Sb2Te3 tie-line have dominated the discussion? This article out
lines ways to think about this question and possible elements of an 
answer. 
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In Sec. 2 we show that high-throughput deposition techniques have 
provided important information about the structure and properties of 
GST alloy films. We note the value of coordinate schemes in dis
tinguishing between PCM, and discuss the valence orbitals and related 
properties in Ge, Sb, Te, and other atoms in groups 13–16. In Sec. 3, we 
discuss the structural instabilities associated with partially occupied 
nearly free electron (NFE) bands, and we discuss (Sec. 4) experimental 
information and simulations of crystallization of a-GST and a model for 
understanding the process. Our conclusions follow in Sec. 5. For further 
details and literature see Ref. [11]; general bonding concepts are 
reviewed in Refs. [12,13]. 

2. Structures, coordinate schemes, valence atomic orbitals 

2.1. Structures, properties 

Combinatorial methods have pervaded many areas of chemistry and 
biology over the past decades, enabling the preparation and screening of 
families (“libraries”) of compounds. The techniques have been applied 
only recently to PCM, but the results have been impressive. The devel
opment of physical vapour deposition techniques has made it possible to 
scan a variety of properties of Ge/Sb/Te alloys [14,15]. The crystalli
zation temperature Tc of an amorphous phase gives both a guide to the 
robustness of data storage and to the power requirements for phase 
switching; Tc for GST alloys is shown in Fig. 2 [15]. 

Only small regions of the composition diagram (Fig. 1) provide alloys 
with sufficiently low Tc, and the existence of a “crystallization valley” is 
unexpected and remarkable. This valley follows the line connecting 
Ge2Te3 with Sb2Te3, where Te atoms make up 60 % of the total 

throughout, and not the GST tie-line (GeTe)1− x(Sb2Te3)x. Both tie-lines 
are shown in Fig. 2. 

In Fig. 3 we show the change in optical reflectivity on crystallization. 
Again, only small regions of the composition diagram give satisfactory 
contrast. The reasons for this become clearer when we study the struc
tures of GST-alloys determined by x-ray diffraction (Fig. 4). Many 
compositions remain amorphous above 200 ◦C, and others show segre
gation into mixed phases containing elemental Te, with obvious nega
tive consequences for cyclability. In the region near the GST tie-line, two 
transitions can be observed: amorphous-to-cubic GST, and cubic-to- 
hexagonal GST structures [15], attributes of many successful PCM 
containing Ge, Sb, and Te. 

Fig. 1. (a) Compositions of Ge/Sb/Te alloys used in commercial PCM. (b) 
Crystallization mechanism in group 1 alloys (nucleation). (c) Crystallization 
mechanism in group 2 alloys (growth from polycrystalline surroundings). 

Fig. 2. Crystallization temperatures of GST alloys. Several compositions along 
the “crystallization valley” are shown. Reprinted with permission from 
Ref. [15]. Copyright 2017 American Chemical Society. 

Fig. 3. Percentage change in optical reflectivity on crystallization. Reprinted 
with permission from Ref. [15]. Copyright 2017 American Chemical Society. 
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These high-throughput measurements provide a wealth of informa
tion that is invaluable for selecting potential candidates for PCM. 
Compositions near the “GeTe-rich” end of the GST tie-line, in particular, 
have clear advantages over other regions, although lower crystalline 
temperatures are found for compositions with higher Te concentrations 
near the Ge2Te3–Sb2Te3 tie-line. 

2.2. Coordinate schemes 

Trends in structures and other properties of elements and compounds 
can often be identified if plotted with appropriate variables (co
ordinates), a well-known example being the rows and columns of the 
periodic table. Elements to the left are metals, while most others are 
covalently bonded semiconductors and insulators, with a tendency to 
metallic behavior as the atomic number Z increases. Pauling [16] dis
cussed the properties of atoms in terms of their location in the periodic 
table and defined their electronegativities in terms of bond energies of 
small molecules. Mulliken [17] defined electronegativity in purely 
atomic terms as the average of ionization energy and electron affinity, 
and our focus is also on the constituent atoms. Electronegativity schemes 
are reviewed in Ref. [18] and coordinate schemes in general in Refs. [11, 
19]. 

Discussions of structures of binary (AB) compounds often focus on 
the differences between the coordinates of A and B, such as the distances 
corresponding to the maxima of valence orbital functions [20]. Little
wood [21] showed that more ionic 14–16 compounds have the RS 
structure, less polar bonding leads to rhombohedral structures, and large 
covalent gaps to the orthorhombic structure. PCM often comprise 
several elements, but schemes for binary compounds can be adapted by 
replacing the multielement compound by an equivalent binary material. 
For example, Ge and Sb atoms in crystalline Ge/Sb/Te-materials occupy 
one sublattice of an RS structure, and a stoichiometrically averaged 
coordinate can be derived [22]. 

2.3. Atomic orbitals from density functional calculations 

Valence atomic orbitals determine the “size” and electronegativity of 
an atom, and the relationships between orbital overlap, hybridization, 
and bond strength go back to the early days of the quantum theory of 
molecules [23,24]. The bond strength, in particular, is largest if the 
orbital overlap is a maximum. We focus here on trends in the s- and 

p-valence orbitals in groups 13–16 elements obtained from density 
functional (DF) calculations [25] using the Perdew-Burke-Ernzerhof 
(PBE) [26] approximation to the exchange-correlation energy. The 
all-electron (semi-relativistic) calculations treat the mass-velocity and 
Darwin terms explicitly; spin-orbit coupling effects are included per
turbatively [27]. 

2.4. Orbital trends and secondary periodicity 

Biron noted over 100 years ago [28] that many chemical and phys
ical properties exhibited “secondary periodicity,” a zigzag behavior 
superimposed on a smooth trend down a column of the periodic table, 
examples being the heats of formation of oxides and chlorides of groups 
15, 16, and 17. Anomalously large ionization energies are evident in 
fourth row compounds [29] and in the s-d excitation energies and the 
s2-s1 ionization energies in group 15 ions [30]. Secondary periodicity 
[29,31] is associated with the stronger and shorter bonds that result 
from the incomplete screening by the 3d-electrons of the additional 
nuclear change in elements beyond Ga (Z = 31, “d-block contraction”) 
and by the 4f-shell in elements beyond Tl (Z = 81). The latter effect had 
been observed in 1925 in crystallographic measurements of oxides and 
termed “lanthanide contraction” [32]. 

Most PCM comprise elements of groups 13–16, and almost all are 
near the diagonal in the periodic table between B and Po. The valence 
orbitals of groups 13, 15, and 16 are shown in Ref. [11] (Fig. SF1–3), and 
pairwise similarity of both s- and p- orbitals is evident in all four groups. 
The trends can be quantified in several ways, including the energy ei
genvalues εnl, where the eigenvalue splitting between the s- and 
p-valence orbitals is one measure of the tendency of the atomic orbitals 
to form sp-hybrids and directed bonds [19]. These eigenvalues are given 
for groups 13–16 in Ref. [11] (Table 1 and Fig. SF4). The radii of the 
maxima in these orbitals or those derived from an atomic model po
tential have also been used [21,22,33]. 

We focus here on the first radial moment of the orbitals or the 
normalized expectation value of r with respect to the orbitals 

〈r〉nl =

∫

dr r |rRnl|
2
/∫

dr |rRnl|
2
, (1)  

which probes an orbital over its entire range. The results are shown in 
Fig. 5 and Table 1. For Ge, Sb, and Te the values of 〈r〉nl are 20–30 % 
greater than the radii where Rnl(r) is a maximum: Ge (0.93,1.17), Sb 
(1.00,1.24), Te (0.94,1.15) [Å, l = 0, 1]. 

Fig. 4. Structures of Ge/Sb/Te alloys at 150, 200, and 300 ◦C. Reprinted with 
permission from Ref. [15]. Copyright 2017 American Chemical Society. 

Table 1 
Moments 〈r〉0 and 〈r〉1 (Å) and the corresponding DF (Kohn-Sham) eigenvalues 
ε0 and ε1 (hartree) for s- and p valence orbitals of atoms of groups 13, 14, 15, and 
16.  

Group Element 〈r〉0 〈r〉1 ε0 ε1 

13 B 1.033 1.218 − 0.347 − 0.133 
Al 1.346 1.824 − 0.285 − 0.100 
Ga 1.240 1.812 − 0.329 − 0.095 
In 1.381 1.980 − 0.302 − 0.093 
Tl 1.311 2.039 − 0.351 − 0.087 

14 C 0.832 0.953 − 0.506 − 0.194 
Si 1.145 1.479 − 0.398 − 0.150 
Ge 1.120 1.534 − 0.431 − 0.143 
Sn 1.265 1.728 − 0.385 − 0.132 
Pb 1.223 1.787 − 0.443 − 0.129 

15 N 0.698 0.786 − 0.686 − 0.264 
P 1.003 1.256 − 0.514 − 0.203 
As 1.026 1.352 − 0.533 − 0.191 
Sb 1.178 1.545 − 0.472 − 0.178 
Bi 1.150 1.619 − 0.532 − 0.168 

16 O 0.603 0.670 − 0.881 − 0.332 
S 0.897 1.096 − 0.634 − 0.258 
Se 0.950 1.219 − 0.635 − 0.240 
Te 1.104 1.414 − 0.553 − 0.219 
Po 1.088 1.494 − 0.622 − 0.207  
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The first radial moments show that secondary periodicity is most 
pronounced in group 13 elements and more evident in s-orbitals than in 
p-orbitals. The structural consequences are immediate. The contraction 
of the 4s and 4p-orbitals in Ga is so large that they are more compact 
than the 3s and 3p-orbitals in Al (Fig. SF1 [11]), and the 3Σ−

u state is 
shorter in the dimer Ga2 than in Al2 [34]! The 3p-orbital in Si and the 
4p-orbital in Ge (and the positions of their maxima) are very similar, and 
the 4s-orbital in Ge is even more compact than the 3s-orbital in Si. 

The maxima in the 2s-and 2p-functions (Fig. SF5 [11]) and the cor
responding moments (Table 1) are similar in the first row elements 
(B–F), and sp-hybridization is stronger. Carbon then has stronger and 
more flexible (single, double, and triple) bonds than in other group 14 
elements, where the p-functions are significantly more diffuse than the 
s-functions and single bonds are favored [35]. Relativistic effects [31] in 
elements with Z > 81 lead to contraction of the orbitals of the innermost 
electrons and, by orthogonalization, to more compact s-valence orbitals 
with lower energy eigenvalues and weaker sp-hybridization. This is re
flected in the cubic structures of PbS, PbSe, and PbTe. 

The valence orbital functions for Ge, Sb, and Te (Fig. 6) and their 
moments are remarkably similar for elements with atomic numbers Z 
that range 32 (Ge) to 52 (Te). Orbital contraction on moving from left to 
right in the periodic table is counteracted by the tendency for orbitals to 
expand as the principal quantum number increases. The “size” of an 
atom provides an measure of the electronegativity of the elements, and 
the Pauling electronegativities in Ge (2.01), Sb (2.05), and Te (2.1) are 
almost identical [36]. The radial moment of the valence orbitals is one 
measure of size, and there is some evidence that “size” is more important 
than “electronegativity in explaining bonding in carbon halides [37]. 

3. Structural changes in GST – ingredients of a model 

The most stable (trigonal) structures of Ge/Sb/Te alloys have never 

been used in commercial PCM, and the existence of the metastable RS 
structure is viewed as the “key” to their superior phase change proper
ties [5]. The tie-line covers a wide range of compositions, and small 
departures from this line also lead to cubic structures. 

Vacancies in GST are structural features [38], and their number 
maximizes the occupation of bonding p-orbitals [22,39], whose overlap 
is greatest for bond angles near 90◦ [23]. Cubic structures are often 
favored in such cases, and DF calculations indicated that cubic 
(p-bonding) structures are favored over chalcopyrite (sp3-hybridized) 
structures in Te-based ternary PCM if the total occupancy of valence 
electrons Nsp > 4.1 [39]. 

3.1. Nearly free electron (NFE) model 

Bloch [40] showed that the eigenfunctions of an electron in a peri
odic potential V(r) can be written 

ψk(r) = uk(r)exp i(k ⋅ r), (2)  

where uk(r) has the periodicity of V(r). If V vanishes [free-electron (FE) 
model], the eigenvalues are Ek(r) = ℏ2k2/2 m, where k = |k|. The 
reciprocal lattice points for a linear chain of periodicity a are the values 
of k where exp(ikx) has periodicity a, i.e. g = nπ/a, where n is an integer. 
Peierls [41] showed that a gap in the band structure of |2Vg| occurs at k 
= g/2 (Fig. 7), where Vg is the Fourier transform of V. 

A periodic, three-dimensional potential V(r) can be expanded as a 
Fourier series 

V(r) =
∑

g
Vgexp i(g ⋅ r), (3)  

with 

Fig. 5. First radial moments (Eq. (1)) for s- (solid curves) and p- (dashed 
curves) valence electrons in elements of groups 13–16. Reproduced with 
permission from Ref. [11]. Copyright 2020 American Physical Society. 

Fig. 6. Radial orbital functions rRnl for s- (full curves) and p- (dashed curves) 
valence electrons in Ge (green), Sb (red), and Te (blue). Reproduced with 
permission from Ref. [11]. Copyright 2020 American Physical Society. 
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Vg =
1
V

∫

dr V(r)exp − i(g ⋅ r). (4)  

Brillouin [42] showed how to construct polyhedral zones in two and 
three dimensions using planes bisecting each g-vector. Energy bands for 
values of k outside the smallest (first) Brillouin zone (BZ) can be folded 
into this zone to give the electronic band structure in the reduced zone 
scheme. If the structure has several atoms in the unit cell, Vg is replaced 
by VgSg, where the structure factor is 

Sg =
∑

ri

exp − i(g ⋅ ri). (5)  

and ri are the coordinates of the atoms in the unit cell of volume V. Vg 
vanishes if Sg is zero, and the corresponding surfaces need not be 
counted as zone boundaries. 

The FE and NFE models provide an excellent basis for studying 
metals and semiconductors. Mott and Jones [43, pp. 125–128] noted 
over 80 years ago that the conduction band widths measured in x-ray 
emission from many metals were close to the FE bandwidths calculated 
for the appropriate electron densities, and this is also true for many 
semiconductors. Fig. 8 shows FE bands for structures with the trans
lational symmetry of the FCC lattice (includes the diamond and RS 
structures), together with the degeneracies of the bands and the Fermi 
energy EF if there are 8 (diamond, Si, Ge) and 10 (Bi, GeTe) valence 
electrons in the unit cell. The large degeneracies of the bands near EF in 
the case of 10 valence electrons suggest that there will be several bands 
near EF derived from the FE bands along Λ and Q. The lower de
generacies and smaller value of EF in the diamond structure imply fewer 
band crossings. 

3.2. Jones zones in extended k-space, “Peierls distortion” 

A simple extension of the NFE model suggests a mechanism for 
structural distortions [44]. If we displace, for example, every second 
atom in a linear chain by the same amount, we double the size of the unit 
cell and can introduce gaps in the energy eigenvalue spectrum at half of 
the distance to the boundary of the original BZ [±π/(2a)] in Fig. 7. If this 
gap is at or near EF, as in the case of a half-filled band, the distortion will 
be accompanied by a lower total energy. This mechanism, often referred 
to as the “Peierls distortion” [44], was applied much earlier by H. Jones 
to the 3D structure and other properties of the semimetal Bi [43,45,46]. 

If there are two or more electrons in the unit cell, the first band (and 

BZ) are occupied, and it is convenient to discuss the bands near EF using 
the extended zone scheme. The group 15 elements As, Sb, and Bi have 
five valence electrons per atom and are metallic in the SC structure, 
which can be represented (Fig. 9) as two FCC lattices displaced by half of 
the body diagonal. Two small distortions lead to the A7 (rhombohedral) 
structure found in these three elements. The RS and rhombohedral 
structures of GeTe are related in the same way. In this picture, the A7 
structure of Bi is simply a consequence of the instability inherent in an 

Fig. 7. Nearly free electron model of Peierls [41]. The red linear chain with 
equally spaced atoms and two electrons per atom has an energy gap (red) at k 
= π/a. If there is one electron per atom, a gap (blue) opens at k = π/2a and the 
dimerized structure is more stable. 

Fig. 8. Free-electron bands for structures with the translational periodicity of 
FCC lattices. X: 100, Γ: 000, L: 12

1
2

1
2 , W: 11

20 [in units of (2π/a), where a is the 
lattice constant]. Energies in units of (2π/a)2. Also shown are the band de
generacies and the Fermi energies corresponding to 8 (blue, dashed) and 10 
(red, solid) valence electrons in the unit cell. Reproduced with permission from 
Ref. [11]. Copyright 2020 American Physical Society. 

Fig. 9. SC structure (green, dashed) represented as two FCC lattices (red, black) 
displaced by half of the body diagonal of the latter. Reproduced with permis
sion from Ref. [11]. Published by American Physical Society. 
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SC structure with half-filled bands. The distortion, which decreases in 
the order As → Sb → Bi as sp-hybridization weakens, yields a structure 
with shorter and longer bonds. 

The structures of As, Sb, Bi, and GeTe have two atoms and 10 valence 
electrons in the unit cell, so that at least five BZ are occupied. The fifth 
BZ is complex [Fig. 10(left)], and Jones adopted an alternative zone 
bounded by planes corresponding to large values of Sg. The “Jones 
zones” for 10 electrons [trigonal, Fig. 10(right)] has six planes arising 

from reciprocal lattice vectors of the form [11
̄

0] and six from vectors 
related to [221]. It is much simpler than the fifth BZ, but it has the same 
volume and contains five states per atom. The small number of Vg and 
the presence of parallel zone faces give rise to pairs of bands that are 
nearly parallel in a significant volume of k-space and give rise to char
acteristic peaks and shoulders in the optical properties. 

The form of the FE bands near EF suggests that valence band occu
pancies close to 10 will have overlapping bands and semimetallic 
properties. Jones [43,45] focused on the Landau-Peierls diamagnetism 
and explained the rhombohedral structure of Bi, where the valence and 
conduction bands overlap. The electron and hole pockets in the Fermi 
surface are consistent with the high diamagnetism and low (semi
metallic) conductivity of Bi, as well as As and Sb. In GeTe, the rhom
bohedral form is a narrow-gap semiconductor. 

The Jones zone construction has also provided insight into the 
electronic structure and optical properties of the semiconductors Si and 
Ge [12,47] and has been applied to several other materials with average 
valence 5, including SnTe [48]. Nevertheless, the model of Jones has 
largely been ignored in the PCM field, where structural changes are 
usually attributed to the “Peierls distortion”, a one-dimensional concept. 

The band structure calculations of As, Sb, and Bi by Cohen et al. [49] 
showed a valence band of predominantly p-bonding character separated 
from p-antibonding bands that are mostly unoccupied. Mixing of 
bonding and antibonding character and sp-hybridization occur, and the 
location of the few holes in the uppermost valence band and the few 
electrons in lowest conduction band are determined by these mixings. It 
was confirmed much later that the distortions led to an NGS and to a 
transition to a semimetal by a mechanism “consistent with the 
Jones-Peierls model” [50]. The main features of the band structure are a 
hole pocket near T and an electron pocket near L, where both T and L are 
derived from the point L for FE bands for 10 electrons in the FCC unit cell 
(Fig. 8). Conduction and valence band extremities in GeTe, SnTe, PbS, 
PbSe, and PbTe are also at or near L [51,52]. 

3.3. Ostwald’s step rule for crystallization 

GST is a supercooled liquid at 600 K. The history of metastable 
structure formation in liquids began in the 19th century with the work of 
Ostwald [53], who summarized his observations of crystallization with 
his Stufensatz (‘step rule’ or ‘rule of stages’): for a metastable (or un
stable) liquid that can crystallize in several forms, the first stage of 
nucleation is to the metastable form nearest in free energy, not to the 
most stable form (Fig. 11). A refinement by Stranski and Totomanow 

[54] focused on the metastable form that is separated from the initial 
state by the lowest free energy barrier. This opens the prospect of finding 
multistep paths to the most stable form involving a variety of structures 
(polymorphs), and crystallization in the presence of multiple metastable 
intermediate phases has been studied extensively [55, and references 
therein]. 

Neither Ostwald’s step rule nor the Stranski-Totomanov extension 
holds universally [56,57], but van Santen [58] used irreversible ther
modynamics to show that a multiple-step reaction leads to an entropy 
production that is lower than in the direct reaction. Simulations [59] 
have shown that pathways for homogeneous nucleation could differ 
markedly from classical nucleation theory and follow a microscopic 
version of Ostwald’s rule. The presence of a metastable liquid-liquid 
critical point lowers the free energy barrier and increases the nucle
ation rate during the crystallization of multicomponent systems [60]. 

4. Crystallization in GST 

4.1. Results of simulations and experiment 

Density functional simulations [61–63] of amorphous and liquid 
(ℓ)-GeTe and GST show the presence of vacancies and ABAB-rings (A: 
Ge, Sb, B: Te) in all phases. In a-GST, the distributions of Te–Sb–Te and 
Te-Ge-Te bond angles show definite peaks around 90◦, and the dihedral 
angles for Ge–Te and Sb–Te bonds show maxima around 0, 90◦, and 
180◦ that also arise in cubic structures. Simulations of crystallization of 
a-GST [64–67] showed that ABAB rings reorient to the metastable RS 
structure [6] with Te atoms on the anion sublattice and an apparently 
disordered arrangement of Ge, Sb, and vacancies on the other. The vi
bration frequencies of GST (typically 3 THz [62]) allow several thousand 
vibrations on the scale of nanoseconds, and energy minimization leads 
to a dramatic reduction in the number of “wrong bonds” (Ge–Ge, Ge–Sb, 
Sb–Sb, Te–Te). Te atoms order rapidly in the anion sublattice, but slower 
ordering of the other elements and vacancies also occurs. Overall, Ge 
and Sb atoms move away from vacancies, which accumulate in the 
neighborhood of Te atoms. The distribution of vacancies around Te 
atoms found in the simulations agrees well with the results of 125Te 
nuclear magnetic resonance studies [68]. 

Fig. 12 (lower) shows a snapshot of the ordered structure of GST in 
Ref. [65], where the cation lattice shows clear signs of segregation. 
“Ge-rich” and “Sb-rich” layers in the ordered structure contain approx
imately 60 % of the majority. Vacancies are absent in the Te layers, show 
a strong preference for Te as nearest neighbors, and are more common in 
Ge-rich layers than in Sb-rich layers. The time dependence of the asso
ciated partial pair distribution functions and coordination numbers 

Fig. 10. (left) Fifth Brillouin zone of FCC structure and (right) Jones zone of the 
bismuth (A7) structure. 

Fig. 11. Schematic variation of free energy during crystallization via an in
termediate (metastable) structure. 
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confirm this ([65], including Supplementary Information, [66]). STEM 
measurements and DF calculations [69] show that further annealing 
results in vacancy segregation into (111) planes of the trigonal structure 
discussed above. 

4.2. Model 

The main driving force for structural changes in GST is the energy 
lowering accompanying the occupation of bonding orbitals, and the 
number of vacancies in the metastable RS phases of the PCM 
(GeTe)1− x(Sb2Te3)x is such that that all bonding p-orbitals are occupied 
[39]. It is common to associate p3-configurations with cubic structures, 
and an SC structure, viewed as two FCC lattices displaced along the 
cubic diagonal (Fig. 9), is unstable against a combined trigonal shear 
and rhombohedral distortion. This occurs in the elements As, Sb, and Bi; 
the GeTe structure is rhombohedral at room temperature and RS at high 
temperatures. These materials have five valence electrons (s2p3) per 
atom, and Jones [45] explained the structure and semimetallic proper
ties of Bi using the approach described above. The number of valence 
electrons in the pseudobinary PCM mentioned above is close to five 
(4.71 in Ge1Sb4Te7, x = 2/3; 4.91 in Ge8Sb2Te11, x = 1/9). 

The similarity of the s- and p-valence orbitals in Ge, Sb, and Te atoms 
is a direct consequence of “secondary periodicity.” The “d-block 
contraction” of the valence orbitals of Ge balances the orbital contrac
tion found in Sb (group 15) and Te (group 16) to the right of Ge in the 
periodic table. The principle of maximum overlapping then implies that 
the energy lowering in GST will be greater than in other combinations of 

atoms of the same groups. 
These observations allow us to consider a model for the crystalliza

tion of a-GST, where the structure has many cubic features. If we focus 
on the cubic aspects alone, assume that the orbitals of Ge, Sb, and Te are 
identical, and that the GST systems have an average of five valence 
electrons (s2p3) per site, including vacancies, we can adapt the argu
ments applied by Jones to Bi [45] to rationalize the metastable RS 
structures found in Ge/Sb/Te alloys. The structural changes must also 
reflect the composition and the different electronic configurations and 
valences of the components, Ge 3s23p2, Sb 4s24p3, Te 4s24p4, and va
cancies s0p0. The most stable average configuration (s2p3) can be 
maintained if Sb and particularly Ge atoms move away from vacancies, 
which accumulate near Te atoms. These trends are seen clearly in the 
simulations, where Ge atoms are also more mobile than Sb, and very few 
vacancies have Ge or Sb atoms as neighbors in the ordered metastable 
structure [65]. Te atoms make up at least half of the total number in all 
Ge/Sb/Te alloys near the tie-line, and attainment of an average 
configuration of s2p3 with these constraints will favor a Te sublattice. 

The formation of a metastable state well above the energy of the most 
stable (trigonal) structure is an example of Ostwald’s step rule in a 
multicomponent system. The free energy is lowered by the distortion to 
the RS structure with the most rapid kinetics. The accompanying process 
to the most stable structure is much slower, but the early stages of 
order—the segregation of Ge and Sb atoms—are evident in DF/MD 
simulations (Fig. 12). 

5. Concluding remarks 

The requirements of PCM are satisfied to varying extents by many 
compounds of elements of groups 14, 15, and 16, but almost all com
mercial products use alloys containing Ge, Sb, and Te. The time-limiting 
step in the read-write cycle is crystallization of amorphous bits, which is 
driven by the lowering of energy on bond formation. This is greatest 
when the overlap of the valence orbitals is maximized, which occurs in 
Ge, Sb, and Te (see Sec. 2.4); Sb and Te are adjacent in the periodic table, 
and the d-block contraction in Ge counteracts the expansion usually 
associated with elements in a column to the left. This contraction is 
evident in germanium chalcogenides. The bond lengths in the most 
stable (1Σg) states of the diatomic molecules are: GeO 1.625 Å, GeS 
2.012 Å, GeSe 2.135 Å, GeTe 2.340 Å [70]; germanium monoxide GeO is 
not a stable compound [71], crystalline GeS and GeSe have the same 
structure (orthorhombic) and similar nearest neighbour separations 
(2.47 Å and 2.56 Å, respectively), while the Ge–Te separation in rock 
salt GeTe is much larger (3.00 Å) [72]. 

Valence orbitals are characterized here by their radial moments 
(Fig. 5, Table 1), and choosing elements with comparable values results 
in materials with small charge transfer between the atoms. Secondary 
periodicity is evident in the orbital moments (Fig. 5) and in eigenvalue 
plots (Fig. SF4 of [11]), where variations with Z are less pronounced. 
Both provide guides to finding replacements for Ge, Sb, and Te in PCM. 

Si provides a good match to Ge, but its sp-splitting is smaller, and 
hybridization is more pronounced. Se and As, like Ge, are subject to the 
d-block contraction, and the overlap of their orbitals with those of Ge is 
less than for Te and Sb, respectively. The short half-life of all Po isotopes 
rules it out as a replacement for Te, and Bi shares with Po and other 
elements with Z > 80 a pronounced relativistic contraction of the s- 
orbital, weak sp-hybridization, and a tendency to favor cubic over 
rhombohedral structures. The replacement of a fraction of Sb by Bi or Ge 
by Sn may still be favorable. 

There have been numerous attempts to rationalize the behavior of 
PCM and other narrow gap semiconductors comprising elements near 
the diagonal of the periodic table between B and Po. Pauling and others 
refer to these elements as metalloids, which have “… properties inter
mediate between those of metals and those of non-metals” [73, p. 612]. 
It has been proposed that the function of PCM reflects drastic changes in 
the nature of the chemical bond in the two phases: “resonant bonding” in 

Fig. 12. Structures of (upper) amorphous and (lower) (metastable) crystalline 
GST determined by DF/MD simulations [66]. Orange: Te, grey: Ge, purple: Sb. 
Ordering in the Te layers is almost complete. Segregation is evident in 
other layers. 
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the crystal [74], transient three-center bonds mediated by lone pair 
electrons [75], or “metavalent bonding” in “incipient metals” [76,77]. 
Alignment of p-orbitals in the ordered structure has been invoked as a 
requirement for large optical contrast in PCM [78]. The identification of 
particular bonding mechanisms is often difficult, and the topic remains 
controversial [79,80]. 

We have focused here on the relationship between the structure and 
the number of valence electrons of the component atoms, the extent of 
their orbitals as characterized by the radial moments, the NFE band 
structure in the extended zone scheme, and the composition of the 
materials. All aspects are important, and the focus is broader than 
requiring an average count of 3 p-electrons per site [22,39]. In the 
context of materials with average valence 5, Cohen et al. [49] concluded 
that the “band” (reciprocal space) picture provides a “deeper basis for 
understanding” than the “bond” (real space) perspective. 

The NFE approach is the basis of the structural distortion models 
developed by Jones in 1934 and by Peierls in 1955, and it is close in 
spirit to the density functional formalism [25] used in most PCM sim
ulations. Dramatic changes in electronic and structural properties can 
result without invoking different bonding mechanisms; in bulk Al and Si, 
for example, a different number of valence electrons can lead to an FCC 
metal or a semiconductor with a diamond structure and a gap of over 1 
eV. Large changes can also occur in Ge/Sb/Te materials, where the 
actual mechanism of bonding in their different phases is a lowering of 
kinetic energy due to wave function overlap [12,81] with only differ
ences in detail. We have emphasized the structures involved, particularly 
the presence of a metastable structure accessible at moderate tempera
tures from the disordered state. This is a crucial property of alloys along 
the GST tie-line. 
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