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Abstract
The importance of the structure-function relationship in molecular biology was confirmed
dramatically by the recent award of the 2024 Nobel Prize in Chemistry ‘for computational
protein design’ and ‘for protein structure prediction’. The relationship is also important in
chemistry and condensed matter physics, and we survey here structural concepts that have been
developed over the past century, particularly in chemistry. As an example we take structural
phase transitions in phase-change materials (PCM), which can be switched rapidly and
reversibly between amorphous and crystalline states. Alloys of Ge, Sb, and Te are the materials
of choice for PCM optical memory; they satisfy practical demands of stability and rapid
crystallization, which results in metastable, rock salt structures, not the most stable (layered)
crystalline forms.

Keywords: structure/function relationship, factors determining structures
of molecules and solids, phase-change materials, alloys of Ge, Sb, Te

1. Introduction

It is not surprising that the statement of Francis Crick: ‘If
you want to understand function, study structure’ [1, p 150]
is from his ‘molecular biology days’; the folding of a ran-
dom coil of amino acids to a biologically active protein is
just one example of the central role played by ‘structure’ in
that field. The importance of this relationship was emphasized
by the recent award of the 2024 Nobel Prize in Chemistry to
David Baker ‘for computational protein design’ and to Demis
Hassabis and John Jumper ‘for protein structure prediction.’

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

In the latter case, artificial intelligence algorithms were used
to predict the structure of proteins, based solely on their amino
acid sequences. The manifold applications cited by the Nobel
Prize committee include ‘proteins that can be used as phar-
maceuticals, vaccines, . . .’ and ‘understanding antibiotic res-
istance and creating images of enzymes that can decompose
plastics’ [2].

The atomic arrangement of molecules and solids, however,
is also the focus of much of chemistry and is an essential
part of condensed matter physics. The extended title of Linus
Pauling’s iconic textbook ‘The Nature of the Chemical Bond
and the Structure of Molecules and Crystals’ [3] shows the
focus on structural properties that characterized the career of
one of themost famous chemists. His doctoral work covered x-
ray diffraction (XRD) studies of compounds including molyb-
denite MoS2 and barite BaSO4, and this led to the develop-
ment of ‘rules’ determining the structure of ionic crystals [4].
It was inevitable that crystallographers have sought the best

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-648X/ada412
https://orcid.org/0000-0003-1167-4812
mailto:r.jones@fz-juelich.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ada412&domain=pdf&date_stamp=2025-1-9
https://creativecommons.org/licenses/by/4.0/


J. Phys.: Condens. Matter 37 (2025) 113001 Topical Review

ways to catalog ‘. . . some seven hundred different structure
types found in metals and alloys’ [5, p viii], with impressive
results.

The wide-ranging survey of crystal structures by Pearson
[5] listed numerous factors affecting crystal structure, includ-
ing geometrical factors such as space-filling, the sizes and
electronegativities of the component atoms, and the electronic
band structures of the materials. These factors play different
roles in different families of materials, although the close rela-
tionships between factors such as atomic sizes and electroneg-
ativities can make them difficult to entangle. Nevertheless, the
electrostatic forces in ionic crystals are relatively simple to
treat, and the spherical nature of electron distributions of rare-
gas configurations allows one to focus on the relative sizes of
the ions [3, chapter 13], [4, 6]. Metallurgists are interested
in the structures of metals, their alloys, and their mixtures,
where both packing considerations and electronic structure
play important roles. The importance of the latter was evid-
ent already in the early work of Hume-Rothery (e.g. [7, 8]),
who showed that some alloy structures occur at definite elec-
tron/atom ratios, e.g. the β-structure with 21 valence electrons
to 13 atoms. The directional bonds found in covalently bon-
ded materials have focused attention on electronic structure,
particularly in semiconductors.

This ‘topical review’ focuses on the geometrical arrange-
ment of the atoms in materials and molecules and follows
two earlier reviews that are summarized in [9]: The history
of chemical bonding was surveyed in [10], from the first
use of the term ‘bond’ by Frankland in 1866 [11, 12]; the
second [13] extended the discussion to aspects of bonding that
have become important recently in the phase change materials
(PCM) context. The ‘review’ part of the present article focuses
on concepts that are valuable in a wide range of contexts, par-
ticularly in chemistry. In section 2, we discuss the character-
ization of structures in ionic solids, metals and their alloys,
and semiconductors, including structural instabilities (partic-
ularly ‘Peierls’ distortions). Extended discussions of crystal-
line solid state structures are given in Pauling [3, chapter 13],
Pearson [5], and Müller [14]; Burdett [15, chapters 6–8] and
Berger et al [16] emphasize the importance of connecting the
viewpoints of chemists and physicists on these problems.

The ‘topical’ aspect of the present article focuses on PCM,
where the reversible structural transition between the crystal-
line and amorphous phases of nanosized bits in a polycrys-
talline layer results in dramatic property changes. The pro-
nounced difference between the optical reflectivity or res-
istivity is often used to identify the phase. The (nanosecond)
speed of crystallization of the amorphous phase is the basis
of digital versatile discs and Blu-ray Disc rewritable optical
memory, and the importance of ‘structure’ in such a trans-
ition is clear. The materials with favourable properties are
often narrow-gap semiconductors comprising a small num-
ber of heavy main-group elements, particularly Sb and Te.
The search for improved PCM has also invoked other proper-
ties of materials, including the nature of their chemical bonds
[17, and references therein] [18, 19]. The structures of PCM
(section 3) are discussed in section 4, which is followed by
concluding remarks (section 5).

2. Structure

The discovery of XRD over a century ago led to a rapidly
expanding database of crystal structures that provided a chal-
lenge to understand their patterns and to develop ‘rules’ for
predicting unknown structures. We begin with ionic crystals.

2.1. Geometrical considerations, ionic crystals

The relative simplicity of Coulomb interactions in ionic crys-
tals and the spherical symmetry of ions with noble gas elec-
tronic configurations make them attractive objects for study.
This leads naturally to arguments based on the packing of
spheres1.

Goldschmidt [6, 21] was the first to provide general ‘rules’
concerning the relationship between chemical composition
and crystal form. His first rule is that the crystal structure is
determined by the size (‘Größe’) and polarizability of the com-
ponents, which are understood to be atoms, ions, and groups
of both. The ‘size’ depends naturally on the atomic number,
charge, etc and further rules discussed the trends to be expec-
ted. The first works of Pauling on the structure and prop-
erties of ionic crystals [22, 23] used the ‘sizes of ions’ in
the title, and the first of his principles determining the struc-
ture of complex ionic crystals focused again on the ‘size’ (or
radii) of the constituents [4]. If a coordinated polyhedron of
anions is formed about each cation, the cation-anion distance
is determined by the sum of their radii and the coordination
number of the cation by the ratio of the cation radius r+ to
the anion radius r− [3, chapter 13]. Geometric considerations
led Pauling to propose the existence of critical ratios that sep-
arate eight- from sixfold coordination (

√
3− 1= 0.732) and

six- from fourfold coordination (
√
2− 1= 0.414).

Effective ionic radii determined, for example, by
Zachariasen [24], Ladd [25], or Shannon and Prewitt [26,
27] have proved to be useful in rationalizing and predicting
crystal structures, but Burdett noted that the second part of the
above rule is not particularly successful. If the structures of
AB octet materials are plotted against r+ and r− (one of many
possible ‘structure maps’), the boundaries between different
structure types are not consistent with these critical values [15,
p 195], although a similar plot for A2BO4 structures leads to
boundaries in good agreement with experiment. Amore recent
statistical study of more than 5000 oxide structures provides
an even more sobering assessment [28]. The first rule is sat-
isfied in only 66% of the structures analyzed, and only 13%
satisfy simultaneously the remaining four rules, ‘indicating a
much lower predictive power than expected’ [28].

2.2. Laves phases and principles

In his 1930 dissertation [29, 30], Fritz Laves presented a clas-
sification of crystal structures based on topological concepts,

1 Sphere packing considerations are not necessarily simple. The Kepler con-
jecture of 1611, that the densest packing of identical spheres has a face-
centred-cubic structure, was not proven until 1998. See [20] for a readable
account of packing problems.

2



J. Phys.: Condens. Matter 37 (2025) 113001 Topical Review

and Laves and Witte [31] proposed a geometrical principle for
understanding the structures of the magnesium-based alloys
MgNi2, MgCu2, and MgZn2 of the form AB2 (‘Laves phase’).
In these alloys, two kinds of spherical atoms with radius ratio
of 1.2:1 can be closely packed to form polyhedra with unusu-
ally high coordination numbers. Laves and Witte [32] sub-
sequently suggested that the differences between the structures
might be related to differences in the number of valence elec-
trons per atom, the valence electron concentration (VEC).

Laves phases are intermetallic phases with composition
AB2 and are classified on the basis of geometry alone, namely
the packing of spheres of two different sizes. In general, the
A atoms are ordered as in diamond, hexagonal diamond, or a
related structure, and the B atoms form tetrahedra around theA
atoms. If the two types of atoms are perfect spheres with a size
ratio of

√
3/2= 1.225, the structure would be topologically

tetrahedrally close-packed. At this size ratio, the structure has
an overall packing volume density of 0.710 [33]. The atomic
radii used in intermetallic compounds are discussed in [34],
and a recent and very extensive review of Laves phases can
be found in [35]. Electronic structure calculations [36] indic-
ate that the bonding is determined by the difference in elec-
tronegativity between A and B. If this is small, the bonding is
multicentre in nature; much larger values lead to large charge
transfer and the formation of polyanions of B2.

The structures of simple ionic compounds are governed by
the principles of Laves [37]: dense packing, high coordination,
and high symmetry resulting from the non-directional char-
acter of the interactions, as well as finding a favourable bal-
ance of electrostatic forces between the ions. While these gen-
eral principles guide structure-building, the structures adop-
ted in specific cases depend on the relative sizes of cations
and anions, and anion-anion repulsions must be avoided inside
anion coordination polyhedra. The rules may be summarized
as follows: (1) the ratio of the radii of cations and anions and
the stoichiometric proportions of the components MX, MX2

determine the maximum number of anions in the coordination
polyhedra around the cations. (2) symmetry and packing con-
siderations lead to choice of the most symmetrical coordin-
ation polyhedra possible. These conditions mean that simple
ionic compounds (MX, MX2) are accommodated in a relat-
ively small number of different crystal structural types.

The space-filling arguments of Laves were extended by
Parthé [38], who introduced the radius ratio and showed that
space-filling could be expressed in a form that is independent
of the size of the atoms involved, but is characteristic of the
structure type. On the basis of these arguments, Parthé pre-
dicted correctly that pressure on the orthorhombic structure of
black phosphorus would lead to a rhombohedral (A7) structure
[38]. Nevertheless, the assumption of rigid atoms of fixed size
limits the applicability of this approach.

2.3. Zintl–Klemm concept

Zintl phases [39] are compounds comprising a metallic ele-
ment from groups 1 (alkali) or 2 (alkaline earths) and an ele-
ment of groups 13–16. They are characterized by bonding
intermediate between ionic and metallic; group 13 elements

usually lead to intermetallic compounds, while elements with
larger electronegativity in groups 14–16 lead to ionic (salt-
like) solids [40]. The demarcation between groups 13 and 14 is
often referred to as the ‘Zintl line’ or ‘Zintl border’ [40]. The
structures of the ionic phases involve electron transfer from
themetal to themore electronegativemain-group element. The
latter form a ‘polyanion’ structure similar to that of clusters of
the isovalent element [41]. Many examples are shown in [42],
and the mechanism is often referred to as the ‘Zintl–Klemm
concept’ [43]. The focus is generally on electron transfer to
satisfy the Lewis octet rule (eachmain-group atom shares eight
electrons with its neighbours), but the concept can be exten-
ded to electron-rich (‘hypervalent’) networks that do not sat-
isfy this rule [44].

2.4. Electron counting in reciprocal space: Hume-Rothery,
Mott and Jones

The experimental work of Hume-Rothery starting in 1926 [7]
[8, p 196] showed that certain crystal structures exist for a nar-
row range of electron concentrations for various compositions
of elements of similar size; Well-studied examples are Cu–
Zn alloys (brasses). Mott and Jones [45, p 170 ff], [46, 47]
argued that structures will be favoured for electron concentra-
tions where the Fermi surface crosses the first Brillouin zone,
in the case of Cu–Zn alloys, or larger zones in systems with
higher electron concentrations. There have been numerous
refinements of this picture in the intervening 90 years, includ-
ing the rapid variation in the dielectric function near the Fermi
energy [48, and references therein] and detailed band struc-
ture calculations including d-electrons [49]. Nevertheless, the
basic principles, electron counting in perturbed free-electron
bands and the corresponding densities of states, have ‘been
repeatedly affirmed’ [16]. ‘The basic idea of Mott and Jones
is correct. Structural stability of similarly packed phases is
largely determined by the density of states. . . .This is in turn
dominated by the structure of the Brillouin zone.’ [49]. A
recent computational study of many (cubic) ordered binary
compounds involving a range of bonding mechanisms and
including transition and rare earth elements concluded that ‘we
consider the physics behind the Hume-Rothery electron con-
centration rule to be well established’ [50]. It is inevitable that
structures with very complex Brillouin zones complicate the
application of these rules, and Pearson [5, pp 80–83] emphas-
izes that the electron concentration is not the only energy band
factor that can influence crystal structure.

2.5. Metals

The lack of coordination or valence restrictions in metal-
lic phases leads to many types of structure, and it is diffi-
cult to find a single simple system of classifying the struc-
tures of all metallic phases [5]. Metallic elements usually
have close-packed [face-centred cubic (FCC) or hexagonal
close-packed] or body-centred cubic (BCC) structures. The
first two have 12 nearest neighbours, and BCC structures
have eight nearest neighbours with six next-nearest neighbours
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only 15.5% farther away2. The large number of neighbours in
metals is often associated with the close packing of spheres.
This argument is more convincing for the group 1 (alkali) and
group 2 (alkaline earth) metals with s (and no p) valence elec-
trons than in other elements.

Interest in using ‘structure maps’ to understand the rela-
tionship between composition and the crystal structures of
binary compounds A1−xBx with the same stoichiometry goes
back at least 90 years [52]. These maps seek suitable coordin-
ates that result in a clear separation of alloys of known struc-
ture into regions separated from those of other structures (see,
for example, [53]). These coordinates involve physical prop-
erties that could be relevant to structural stability, including
electronegativities [54, 55], valence orbital radii [56], and the
number of valence electrons [57]. A remarkably simple, phe-
nomenological scheme was provided by Pettifor [58], who
assigned a single number to each element, so that the structures
of AB alloys could be presented in a single two-dimensional
array. These numbers provided very good structural separation
of hundreds of AB compounds, and the use of such structure
maps to find intermetallic compounds with required structure
and mechanical properties is discussed in [59]. It is a separate
challenge to develop computational methods to provide input
data that are not available experimentally.

2.6. Semiconductors, semimetals

In 1959, Mooser and Pearson [60] noted that the relation-
ships between chemical composition and crystal structures had
largely been restricted to metals and alloys or to ionic materi-
als, and they sought a structure map that applies to compounds
of the form AiXj (i, j = 1− 3), including many semiconduct-
ors. There are well-known variations in properties and struc-
tures with increasing principal quantum number; in group 14,
for example, C is an insulator, Si and Ge are semiconduct-
ors, Sn is stable as a metal or as a semiconductor, and Pb is a
metal; in group 16, the structures are helical chains that come
progressively closer in the sequence S−→ Se−→ Te−→ Po,
the last of which is simple cubic (SC). For the axes on their
structure maps, Mooser and Person [60] took the mean of the
principal quantum numbers of the constituent atoms n̄ and the
difference between the arithmetic means of the electronegat-
ivities of the anions and cations. The maps showed a striking
separation of AX compounds into groups with different crys-
tal structures and the separation of AX2, AX3, and A2X3 struc-
tures into groups with different packing densities.

Elements in the main groups 14–16 are mainly semicon-
ductors or semimetals, and this is often true when they are
components of binary and ternary compounds. The valence
electrons of these elements have s- and p-character and are
often discussed using perturbation theory of free-electron band
structures (including the nearly free-electron (NFE) model
[61] and pseudopotentials [10, section 4.2]).

2 R Hoppe suggests an ‘effective coordination number’ of 9.6 for the BCC
structure [51, p 29].

2.7. Structures in materials with average valence five, ⟨5⟩

The NFE model was used 90 years ago by Jones [62] to study
the structure and properties of bismuth, whose valence con-
figuration (6s26p3) has a half-filled p-shell. Jones showed
that a zone could be constructed in reciprocal space that was
bounded by planes with prominent Bragg reflections (large
structure factors) and contained 10 electrons (two atoms with
five electrons each in the unit cell). He showed that a SC
(metallic) form of Bi would be unstable against a distortion to
the rhombohedral (A7) structure that is the most stable crys-
talline form of Bi, and the low (semimetallic) conductivity and
large diamagnetism could be explained in simple NFE terms.
Details are given elsewhere [10, 13, 63]. It is remarkable that
this symmetry-breaking argument in a three-dimensional sys-
tem is generally referred to as a ‘Peierls distortion’, after the
one-dimensional model introduced over 20 years later [64]3.
The ‘Jones zone’ for the diamond structure provided the basis
of a model calculation of the optical properties and charge
distributions in Si and Ge [67], and its role in determining
the same quantities in materials with an average [denoted by
⟨....⟩] of five valence electrons [⟨5⟩: As, Sb, Bi, PbS, PbSe,
PbTe, SnTe, GeTe] is discussed in [68]. The relatively simple
forms of the Jones zone [63, figures 7(b) and (d)] in both fam-
ilies of materials is consistent with the existence of a single
dominant peak in the optical spectra in all cases [67, 68].

Cohen et al [69] examined the structures (electronic and
geometric) of ⟨5⟩-systems: the elemental semimetals As, Sb,
and Bi (A7 structure) and semiconductors SnTe, PbS, PbSe,
PbTe (rock salt structures). Ge1−xSnxTe alloys form a con-
tinuous range of solid solutions, changing from rock salt to
A7 structure at temperatures that decrease with increasing Sn
content [70] from 700K in GeTe. ‘The SC structure is appar-
ently stabilized by the chemical difference between the 14
and 16 components’ [69]. Cohen et al emphasize, however,
the small difference between the A7 and rock salt structures.
They also noted the structural regularities for average valence
four, ⟨4⟩: elements of group 14, many 13–15 compounds, and
some 12–16 compounds. The diamond structure is favoured
in the first, in the others either the zinc blende structure or a
hexagonal analogue. These structures all involve tetrahedral
coordination of the nearest neighbours, in contrast to the octa-
hedral coordination prevalent in ⟨5⟩-systems, where the con-
tribution of s-electrons to bonding is smaller [69].

2.8. Property trends

Insight into trends in structures and properties of elements
and compounds can be found by discussing them in terms
of appropriate variables (coordinates). Cohen et al [69] focus
on the Fourier components of the pseudopotential, particu-
larly those in the 14–16 group semiconductors and semimetals
that are antisymmetric about the midpoint between the two

3 Friedel does refer to ‘Hume-Rothery-Jones phases’ [65], and Shick et al
describe the metal-semimetal transition in Bi as a ‘Jones-Peierls-type trans-
ition’ [66].
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Table 1. Moments ⟨r⟩0 and ⟨r⟩1 (Å), and the density functional (Kohn–Sham) eigenvalues ε0 and ε1 (hartree) for s- and p valence orbitals of
atoms of groups 13–17.

Group Element ⟨r⟩0 ⟨r⟩1 ε0 ε1

B 1.033 1.218 −0.347 −0.133
Al 1.346 1.824 −0.285 −0.100

13 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

C 0.832 0.953 −0.506 −0.194
Si 1.145 1.479 −0.398 −0.150

14 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

N 0.698 0.786 −0.686 −0.264
P 1.003 1.256 −0.514 −0.203

15 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

O 0.603 0.670 −0.881 −0.332
S 0.897 1.096 −0.634 −0.258

16 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

F 0.531 0.585 −1.099 −0.408
Cl 0.813 0.976 −0.760 −0.316

17 Br 0.886 1.114 −0.740 −0.289
I 1.040 1.310 −0.640 −0.261
At 1.034 1.394 −0.712 −0.245

FCC sublattices in the rock salt structure. Large antisym-
metric components lead to insulating behaviour, as in NaCl.
Other examples [53, 63] include the atomic valence orbitals
and the electronegativities of the component atoms (and their
differences).

It has proved useful in this context to characterize the
valence orbitals of atoms by their Kohn–Sham eigenval-
ues from density functional calculations or by their radial
moments, the normalized expectation values of r with respect
to the orbitals Rnl:

⟨r⟩nl =
ˆ

dr r |rRnl|2
/ˆ

dr |rRnl|2 . (1)

Here n and l are the principal and angular momentum quantum
numbers, respectively. The radial moments probe an orbital
over its entire range and is a measure of its ‘size’. The Kohn–
Sham eigenvalues and the radial moments for s- and p-valence
orbitals of elements of groups 13 to 17 are given in table 1 and
in figures 1 and 2.

Both the moments and the eigenvalues reflect the zig-zag
behaviour in the properties of elements in a column of the peri-
odic table with increasing atomic number [63, and references
therein]. ‘Secondary periodicity’ has been known for more
than a century [71] and is a consequence of the ‘d-block’ and

‘lanthanide’ contractions in valence orbitals occurring when
3d- and 4f-electrons, respectively, are first present in the core.
Clearly evident in the plots of both moments and eigenvalues
is the relativistic contraction of the valence s-orbitals, partic-
ularly in heavy elements (principal quantum number 6). This
leads to weaker s-p hybridization and stabilization of lower
oxidation states as the atomic number increases.

Pauling [3, 72] defined electronegativity in terms of the
bond energies of small molecules, while Mulliken defined an
‘absolute’ electronegativity as the average of ionization energy
and electron affinity of individual atoms [73]. The Kohn–
Sham eigenvalues and orbital moments discussed here fol-
low the spirit of the latter. A classical density functional study
of simple binary alloys of hard spheres showed that relative
atomic sizes are crucial in determining the crystal structures
[74], in particular the linear lattice constant-concentration rela-
tionship known empirically as ‘Vegard’s Law’ [75]. This sug-
gests that average moments (‘sizes’) can be tuned by alloying,
e.g. by replacing Ge by Si in a solid solution.

3. Phase change materials

The choice of practical PCM rests on several essential criteria.
Thin films of the material must:

5
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Figure 1. Eigenvalues of Kohn–Sham equations for s- (full curves)
and p- (dashed curves) valence electrons in elements of the groups
13–17 (principal quantum number n from 2-6).

• show rapid amorphization and crystallization.
• have pronounced contrast of reflectivity or conductivity

between these phases.
• be stable when operated at temperatures (100 ◦C–150 ◦C)

without phase separation (segregation) or excessive power
demands.

Work on PCM has been focused for almost 40 years [76] on
films of alloys of Ge/Sb/Te, particularly compositions along
the (GeTe)1−x(Sb2Te3)x (GST) tieline.

3.1. Ge/Sb/Te compounds

Crystallization of GST compounds leads to a metastable
(‘FCC’) form [76], and the ‘key’ to finding the ‘ideal’ PCM
[77] was that it did not have the stable (hexagonal) layered
form [78]. In fact, ‘the crystalline phases in the stable state
have never been used in any optical disk and electrical memory
devices’ [77].

In the prototype compound Ge2Sb2Te5 (GST-225), the
metastable NaCl structure was postulated to have Te atoms
on one sublattice and a random mixture of Sb and Ge atoms

Figure 2. First radial moments (equation (1)) for s- (solid curves)
and p- (dashed curves) valence electrons in elements of groups
13–17 (principal quantum number n from 2–6).

and vacancies on the other [79]. In general, metastable GST-
structures contain many vacancies and distort at room tem-
perature for x⩽ 6/7 to a rhombohedral structure [78], e.g. a
GST-147 film with NaCl structure crystallizes into its stable
(12-layer hexagonal) structure in several hours to several days
[78].

Quenching the liquid structures results in metastable,
amorphous structures containing planar ‘ABAB rings’
(A = Te, B = Ge, Sb) [80] and numerous other flexible struc-
tural units with bond angles near 90◦ and 180◦ [81]. The
bond angle distributions in simulations of amorphous GST-
225 show peaks at 90◦ and 170◦ [82–84], and show both
‘ABAB rings’ and pairs of such units (‘ABAB cubes’) [80].
Hempelmann et al [85] have noted the presence of ‘straight
atomic connectivities’ in the crystalline forms. The existence
of these units in both amorphous and crystalline GST-225
was postulated to promote a rapid interchange between these
phases [80].

High-throughput combinatorial methods [86] based on
physical vapour deposition have been used to scan properties
of thin films of Ge/Sb/Te compounds [87]. These methods pre-
pare samples spanning a continuous range of compositions,
which can be studied without the need to synthesize many
individual samples. The crystallization temperature Tc for

6
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Figure 3. Compositional map of crystallization temperatures Tc of
GST alloys. The black lines represent the Sb2Te3–GeTe and
Sb2Te3–Ge2Te3 tielines. Seven compositions along the
‘crystallization valley’ are shown. Reprinted with permission from
[87]. Copyright (2017) American Chemical Society.

amorphous forms (figure 3 [87]) provides a guide to both
the robustness of data storage and the power requirements
for phase switching. Only small regions of the diagram
provide alloys with sufficiently low Tc, and a ‘crystalliza-
tion valley’ connecting Ge2Te3 with Sb2Te3 does not fol-
low the GST tieline (GeTe)1−x(Sb2Te3)x mentioned above.
Both tielines are shown in figure 3. It is very surprising that
the extensive and important structural and other information
described in this work have not yet been reflected in literature
citations [88].

The change in optical reflectivity on crystallization shows
that adequate contrast occurs only for small regions of the
Ge/Sb/Te compositional diagram (figure 4) [87], and struc-
tures determined by XRD (figure 5) show that large regions
remain amorphous above 200 ◦C. Others segregate into mixed
phases containing elemental Te, which restricts cyclabil-
ity. Amorphous-to-cubic and cubic-to-hexagonal transitions
can be observed near the GST tieline: cubic structures at
∼200◦, the (stable) hexagonal structure at ∼300◦ [87]. The
amorphous-to-cubic transition for these structures is typic-
ally at 140◦–150◦, the cubic-to-hexagonal transition at 210◦–
260◦. In Ge13Sb23Te64, for example, slightly Te-enriched
from the GST-tieline, the amorphous-to-cubic phase trans-
ition was observed at 149◦, the amorphous-to-hexagonal
transition at 178◦, and the cubic-to-hexagonal transition
at 224◦ [87].

This information shows that compromises will always be
necessary when choosing PCM: compositions near the ‘GeTe-
rich’ end of the GST tieline have better property contrast, but

Figure 4. Compositional map of percentage change in optical
reflectivity on crystallization. The black lines represent the
Sb2Te3–GeTe and Sb2Te3–Ge2Te3 tielines. Reprinted with
permission from [87]. Copyright (2017) American Chemical
Society.

Figure 5. Compositional map of phases (or their mixtures) of
Ge/Sb/Te alloys after annealing at 150 ◦C, 200 ◦C, and 300 ◦C. The
black lines represent the Sb2Te3–GeTe and Sb2Te3–Ge2Te3 tielines.
Reprinted with permission from [87]. Copyright (2017) American
Chemical Society.

higher Tc than in Sb2Te3-rich compositions on either tieline.
On the other hand, the amorphous phases of the latter can co-
crystallize Te and not form a pure GST phase, at a temperat-
ure that can also be too low for practical PCM (figure 5). The
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minimum value of Tc was found to be 115 ◦C for Ge7Sb36Te58,
close to 100 ◦C for Sb2Te3; Tc for GST-225 is 146.2 ◦C.

The identification of favourable PCM properties for
Ge/Sb/Te alloys has led to many studies of other solid
state solutions obtained by replacing component elements
by another of the same group of the periodic table. The
outcomes are sometimes surprising and difficult to predict:
Partial replacement of Ge by Sn in GST-124 leads to solid
solutions for all concentrations, but not for GST-225, where
samples with more than 25% Sn are inhomogeneous [89].
Crystallization of films of GST-225 lead to a cubic structure,
those of Si2Sb2Te5 (SST-225) to a complex, mainly hexagonal
structure [90].

3.2. Rock salt structures

In discussing the structures and properties of Ge/Sb/Te PCMs,
we note first that alloys from large regions of the composi-
tional diagram (figure 4) are quite unsuitable as PCM. There
are large regions where the structure is amorphous at all tem-
peratures considered (no ‘phase change’ at all), segregates
into more than one phase, has a high crystallization temper-
ature, or shows poor contrast between the properties of the
phases involved. The small region of compositional space
with favourable properties was identified almost 20 years ago
in structural terms [78]: materials with metastable, rock salt
structures that contain many vacancies are the first products of
crystallization of the amorphous forms, not the stable, layered
structures of lower energy.
Structural properties of PCM are also evident in figure 6,

which maps the number of electrons shared and transferred
between adjacent atomic sites some of crystalline materials
[91]. Bonding mechanisms are identified and assigned colour
codes, and the ‘metavalent’ category has been associated with
favourable PCM properties. These compounds, whose struc-
tures deviate very little from octahedral coordination, crystal-
lize rapidly:

‘Compounds closer to the green dashed line
crystallize (switch) much more rapidly than
metavalent solids which are located closer to
the border between metavalent and covalent
bonding’ [92].

There are, of course, numerous ‘ionic’ compounds in figure 6
with rock salt structures and much larger electron transfers.

3.3. Other structures

The critical temperature for the structural phase transition
in GeTe can be manipulated in alloys with the composi-
tion GeTe1−xSnx [70], and solid solutions of GeTe-AgSbTe2
show a smoothly decreasing critical temperature with increas-
ing concentration of the second (FCC) component [93]. An
extensive study of the quenched structures of high-temperature
alloys of the series (GeTe)1−xSnxTe)nSb2Te3 [94] also showed
that the structures for materials containing Sn remain closer to

Figure 6. The number of electrons shared between adjacent atomic
domains for a range of crystalline materials plotted against electron
transfer (renormalized by the formal oxidation state). The bonding
mechanisms as identified in [91] are shown. Triangles, diamonds,
squares and circles denote tetrahedrally, distorted and ideal rocksalt
(octahedrally coordinated), and close-packed metallic structures.
The dotted green line connects perfectly octahedral structures. [91]
John Wiley & Sons. [© 2020 The Authors. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

cubic, the phase transitions occur at significantly lower tem-
peratures, and the higher electrical conductivities (compared
with the corresponding GST material) lead to better thermo-
electric figures of merit. A similar improvement is found in the
cubic phase of SnSe obtained from the Pnma (orthorhombic)
form by alloying with AgSbTe2 and related compounds [95].
These are examples of the structural transitions occurring in
compounds of elements of groups 14 and 16 and of ways
that structures and the related functions can be optimized.
Furthermore, the rock salt structures in PbS, PbTe, and SnTe
can be transformed into Pnma structures under high pressure,
and epitaxial growth on rock salt of normally Pnma structures
of SnS and SnSe induce rock salt structures [96].

4. Discussion

If we include vacancies as ‘atomic sites’, the average VEC per
site of GST alloys near the GST-tieline is close to five (⟨5⟩,
approximately two s-electrons, three p-electrons).We can then
adopt the NFE arguments of Jones [62] (section 2.7) that
explained the structure and properties of bismuth and other
group 15 elements. This model is three-dimensional, unlike
the one-dimensional model of Peierls [64], where it is neces-
sary to ‘. . . make the simplifying assumption that we can treat
the px, py, and pz orbitals independently, so that the cubic struc-
ture can be treated as independent, one-dimensional chains
[53, p 243]’. Cohen et al [69] showed that NFE arguments
also apply to 14–16 compounds, provided that the ‘chemical
difference between the 14 and 16 components’ is small, as in
GeTe. In this case, a small rhombohedral distortion of the octa-
hedral structure will result. Large antisymmetric components
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of the pseudopotential [69] lead to insulators with rock salt
structures.

The moments of the valence orbitals in Ge, Sb, Te, and—to
a lesser extent—Sn are remarkably similar (figure 2), as are
the Pauling electronegativities (2.01, 2.05, 2.1, 1.96, respect-
ively). Nevertheless, the structures must also reflect the pro-
nounced differences between the VEC (Ge 3s23p2, Sb 4s24p3,
Te 4s24p4, vacancies s0p0). An average configuration with
five valence electrons can be maintained if Sb and, particu-
larly, Ge atoms move away from vacancies and accumulate
near Te atoms. Precisely these trends are observed in density
functional simulations of GST-225 [97, 98], where very few
vacancies have Ge or Sb atoms as neighbours in the ordered,
metastable structure.

The Ge/Sb/Te alloys with properties appropriate for PCMs
are confined to a small region of the compositional struc-
ture diagram (figure 5) that includes the pseudobinary tieline
GeTe–Sb2Te3. Apart from GeTe, Te (5s25p4) makes up more
than half of the atoms for these compositions, the p-shell
is more than half full, and the Lewis octet rule (each atom
is associated with four electron pairs) will not be satisfied.
Covalent bonds occur, but non-bonding valence electron orbit-
als (‘lone pairs’) are also occupied. This leads to electron-rich,
multicentre (‘hypervalent’ [99]) bonds, the ‘. . . natural exten-
sion of covalent electron-pair bonding to electron-deficient or
electron-rich systems’ [44, p 2414].

The electronic configuration s2p3 with three orthogonal p-
orbitals is often associated with cubic (e.g. [69]) or ‘pseudoc-
ubic’ structures [94]. Nevertheless, non-cubic structures occur
often in clusters and disordered systems with half-filled p-
shells. The bond angle distributions in liquid Sb [100] and
Bi [101] show prominent peaks near 90◦, but also peaks
near 60◦ and 140◦. The most stable crystalline form of phos-
phorus (black P, orthorhombic) can be converted under pres-
sure successively to rhombohedral (A7) and SC structures
[102, 103], and the A7 structures of the remaining group
15 elements convert under pressure to SC [102, 104, 105].
Density functional calculations show that the cubic (Oh)
structures of the clusters P8 [106], As8 [107], Sb8 [100],
and Bi8 [101] are substantially less stable than the wedge-
shaped (C2v, cuneane) isomers, which have bond angles near
60◦ and 120◦, and 90◦, although the energy differences
decrease with increasing atomic number from over 1.7 eV
in P8 to less than 0.5 eV in Bi8.

Disordered forms of PCM crystallize to metastable struc-
tures, not the stable crystalline form of the material. According
to the Ostwald Stufensatz (‘step rule’, [108]), as extended
by Stranski and Totomanov [109], the first stage of nucle-
ation is to the metastable form separated from the initial state
by the smallest free energy barrier. On the basis of irrevers-
ible thermodynamics, van Santen [110] showed that multiple
step reactions via metastable structures (‘successive trans-
formations’) lead to a lower entropy production than in the
direct reaction, i.e. the multiple nature of the indirect pro-
cess is crucial in these systems, not the rate of the direct
process.

5. Concluding remarks

An Internet search for ‘structure/function relationship’ shows
a distinct bias towards biology, and the focus on protein struc-
tures in the award of the 2024 Nobel Prize in Chemistry
confirms its importance in this area. The examples given in
section 2 underline, however, the importance of geometric
structure in chemistry and condensed matter physics. This is
self-evident in structural phase changes, and the example we
have discussed covers the structures (section 3) of PCMs, par-
ticularly Ge/Sb/Te alloys.

In the context of PCM crystallization, it has been observed
[111] that:

‘These findings provide two guidelines on how
to identify materials with ultra-fast crystal-
lization. We can either experimentally search
for compounds with octahedral-like atomic
arrangement, yet small distortions and an aver-
age of 3 p-electrons per atom, or perform
quantum chemical calculations and search
for compounds with near-perfect octahedral
arrangement, which share about 1 electron
between adjacent atoms.’

Seeking to minimize deviations from octahedral coordination
supports our emphasis on structure, and the extensive struc-
tural information already available for a library of Ge/Sb/Te
compounds [87] should make unnecessary the large number
of quantum chemical calculations advocated in the second
option.

The structures have indeed provided insight and under-
standing of PCM properties, as suggested in the title, even if
their actual derivation is often more complicated. Commercial
PCM almost always have rock salt structures, and we have
noted that GST compounds, in particular, have an average of
five sp- valence electrons per atom and component orbitals of
similar extent. The simple picture of Jones [62] explains the
existence of rock salt structures that are less stable than the
layered crystalline formss.

It has also been proposed [112] that the particular ‘prop-
erty portfolio’ of PCM is due to a common, ‘unique’ bonding
mechanism. It would be very welcome if correlations between
known properties could aid the development of materials with
favourable values of other properties, but a simple example
shows that identifying a causal relationship between correl-
ated quantities can be difficult.

There is a statistically significant correlation (p= 0.008)
between the number of human births and the number of nest-
ing pairs of storks in 17 European countries between 1980 and
1990 (figure 7(a) [113]). This means that there is only 1 chance
in 125 of obtaining at least as good a correlation with a dataset
where no correlation is assumed. The very low p-value implies
a strong correlation, but it does not imply that the hypothesis
is true, even for p= 0.
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Figure 7. Correlation, not causation. (a) There is a statistically
significant correlation (p= 0.008) between the number of human
births in 17 European countries (1980–1990) and the number of
nesting storks [113]. (b) Correlations between different properties
may arise when both properties correlate separately with the same
‘confounder’.

It is highly unlikely that these measured quantities are
linked in a causal way, but there may be a confounding vari-
able (the land area of the country in this case) that is com-
mon to both variables (figure 7(b)) and leads to a non-trivial,
statistically significant correlation between them. The possible
existence of ‘confounders’ must be considered before drawing
conclusions based on such correlations, and the structure of a
system should be a better choice of ‘confounder’ (figure 7(b))
than the bonding mechanism assigned to it.
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