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Abstract
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Almost all phase-change memory materials (PCM) contain chalcogen atoms, and their chemical
bonds have been denoted both as ‘electron-deficient’ [sometimes referred to as ‘metavalent’]
and ‘electron-rich’ [‘hypervalent’, multicentre]. The latter involve lone-pair electrons. We have
performed calculations that can discriminate unambiguously between these two classes of bond
and have shown that PCM have electron-rich, 3c—4e (‘hypervalent’) bonds. Plots of charge
transferred between (ET) and shared with (ES) neighbouring atoms cannot on their own
distinguish between ‘metavalent’ and ‘hypervalent’ bonds, both of which involve
single-electron bonds. PCM do not exhibit ‘metavalent’ bonding and are not electron-deficient;
the bonding is electron-rich of the ‘hypervalent’ or multicentre type.

Supplementary material for this article is available online
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1. Introduction

Phase-change memory materials (PCM) exhibit nanosecond
crystallization of amorphous regions in thin polycrystalline
layers. The reversible transformations between crystalline and
amorphous phases can be initiated by appropriate voltage
or laser pulses, and the structural order can be monitored
by measuring the electrical resistivity or optical reflectiv-
ity. Most PCM are narrow-gap semiconductors having more
valence electrons than expected from the Lewis octet rule,
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which requires that atoms of main-group elements have
four pair-bonds. Sb and Te are almost always present, often
in alloys near the tie-line (GeTe);_,(SbyTes), (GST) with
metastable, distorted rock salt structures containing cationic
vacancies [1].

A recent focus of PCM research has been on the mechanism
of bonding in the crystalline state. The results of electronic-
structure calculations, for example, have been presented as
plots of the number of electrons shared ES or transferred ET
between atoms. These ‘maps’ have been used to assign par-
ticular bonding ‘mechanisms’ to different families of PCM,
assuming that the differences between the properties of crys-
talline and amorphous PCM are due to a bonding mechan-
ism in the former that is fundamentally different from more
familiar forms (‘covalent’, ‘metallic’, and ‘ionic’) and there-
fore warrants a new name, ‘metavalent’ bonding. These bonds
are presumed to involve two-centre, one-electron (2c—le),

© 2024 The Author(s). Published by IOP Publishing Ltd
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electron-deficient bonds involving only p-electrons, and the
materials are referred to as ‘incipient metals’ [2, 3].

These claims are based on the quantum theory of atoms
in molecules (QTAIM) [4], which focuses on the elec-
tron density in space-filling, non-overlapping topological
domains (atoms) and the electrostatic forces on the nuc-
lei that result. QTAIM calculations can determine ES and
ET for neighbouring domains and have been described
as ‘precise quantum-chemical descriptors’ [2]. ‘Maps’ like
figure 1(a) [2, p 7] have been used to assign labels
of different bonding mechanisms, although colour codes
are necessary to discriminate between them. In addition
to crystalline materials, the authors of [2] included three
molecules (CIF;, XeF, and SF,), where the bonding has
been accepted for decades to be electron-rich, with 3c—4e
bonds.

In earlier work [5—8] we have shown that the bonding in
these chalcogenide materials can be described as multicentre,
electron-rich (hypervalent) bonding, and we have emphasized
[8] that single-electron bonds are neither ‘novel’ nor ‘funda-
mentally new’; they have been used successfully in discussing
chemical bonding for more than a century to explain the chem-
ical behaviour of molecules that do not satisfy the octet rule [6,
9, and references therein]. These views have been criticized
sharply [2, 3]*.

We describe here the results of QTAIM and orbital-based
calculations of molecules and crystalline chalcogenide sys-
tems, paying particular attention to distinguishing between
‘electron-rich’ and ‘electron-deficient’ bonding. In section 2
we discuss points of bonding terminology, and we describe in
section 3 the methods of calculation involved and compare the
QTAIM and local-orbital results. A discussion (section 4) is
followed by our conclusions (section 5).

2. Bonding in PCM

The history of the chemical ‘bond’ is surveyed in [10], with
two distinct classes being ‘covalent’ and ‘ionic’ bonds. The
balance between kinetic and potential energy in covalent bond-
ing is more subtle than the classical forces present in ionic
bonds, and it was many years before the driving force for
bond formation was identified as the lowering of the kinetic
energy due to the interatomic delocalization (expansion) of
the molecular wave function as atoms come closer [11, 12].
‘Covalency’ does not require electron pairing; occupancy of
a bonding orbital by a single electron, as in Hy , also leads to
a ‘covalent’ bond. Delocalization of the wave function across

4 Wauttig et al [2] write: ‘These molecules (CIF3, XeF, and SFy) are located
in a very distinct region of the map, remote from other regions, and in par-
ticular far away from metavalently bonded chalcogenides. This figure depicts
unequivocally that the bonding in electron-rich (3c—4e) molecules has nothing
in coming with the bonding mechanism in the chalcogenides discussed here.
Hence, ... there is no evidence of the participation of four electrons between
three centers’ [2, p 20] and ‘it seems even more misleading to characterize the
bonding of GeTe and other crystalline chalcogenides and PCMs (phase change
materials) as hypervalent bonding ... and ... 3c—4e bonding’ [2, p 20].

neighbouring atoms is also essential to describe bonding in
metals.

If there are more electrons than needed to satisfy the Lewis
octet rule, the molecules are designated as ‘electron-rich’ or
‘hypervalent’. Binding here is usually explained by the three-
centre, four-electron (3c—4e) picture [13, 14] with the orbital
occupancies shown in figure 2. The presence of formally non-
bonding electron pairs (‘lone pairs’) means that the bond order
between adjacent atoms in this bond is 0.5.

Multicentre bonds can also be found in electron-deficient
systems—with too few electrons to satisfy the octet rule—
and can be understood as 3c—2e bonds [18], also with ‘half-
bonds’ between atoms (figure 2). Such bonds have been
been studied for over 70years [6, and references therein],
and single-electron bonds (half-bonds) arise in both cases,
examples being B,Hg (electron-deficient) and XeF, (electron-
rich). Electron-rich and electron-deficient bonds have similar
bond orders and are difficult to distinguish without a mul-
ticentre analysis. In 1930, Sugden [9] noted that molecules
containing atoms from groups 15-18 of the periodic table
could be viewed as covalent compounds that do not violate
the octet rule, provided that some of the bonds ‘are composed
of one shared electron’ [9]. Tellurium provides at least half
of the atoms in GST compounds, and tellurides dominate the
PCM field. The valence configuration of Te (5s>5p*) means
that the presence of non-bonding electron pairs is inevitable in
materials where the Te concentration dominates. The special
status of Te is supported by simulations of S, Se, Te, and bin-
ary and ternary chalcogenides, which showed significant con-
centrations of linear 3c—4e bonds in tellurides, but negligible
amounts in all crystalline and glassy models of sulphides and
selenides [19] (see also [8]).

The nearly-free-electron model of Peierls [20] was applied
by Jones [21] in 1934 to the element Bi (65>6p?). He showed
that the simple-cubic structure expected for a half-filled p-shell
distorts to an A7 (rthombohedral) structure, and the weakly
broken symmetry and the overlap of conduction and valence
bands explain the high diamagnetism and semimetallic con-
ductivity of crystalline Bi. Crucial to these dramatic changes
is the presence of five valence electrons in the atom and a stable
structure with two atoms per unit cell. For Ge, Sb, and Te, the
atomic valence orbitals, as measured by their radial moments,
are very similar, and the arguments applied to Bi also explain
the rhombohedral structures of GST, which have an average
valence (including vacant sites) near five [22].

3. Calculations

3.1. QTAIM and local-orbital calculations

We have performed QTAIM calculations for crystals and for
CIF3, XeF,, and SF,4, and other small molecules with the pro-
grams used in [2] (QuanTuM ESPRESSO [23, 24], criTIC2
[25]). Densities were calculated using the Bader program [26,
27, and references therein].

The LOBSTER program [16, 17, 28] is also based on
density functional calculations, but differs from QTAIM in
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Figure 1. (a) Map classifying chemical bonding in solids, according to [2]. The number of electrons shared between adjacent atomic basins
(twice the bond order) is plotted against the electron transfer renormalized by the formal oxidation state (density-based QTAIM
calculations) [15]. Different colours aim to characterize different material properties. Hypervalent molecules (3c—4e) are denoted by
magenta hexagons. The dashed green line indicates solids with perfect octahedral structures. See also caption of figure 3 in [2]. Adapted
from [2] John Wiley & Sons. © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH. (b) Map showing the average
number of electrons shared between adjacent atoms (twice the bond order) plotted against the electron transfer (Lowdin). Hypervalent

molecules (3c—4e) are denoted by orange hexagons. Calculations carried out using the LOBSTER program [16, 17].
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Figure 2. Low-lying molecular orbitals and their occupancies in
3c—2e and 3c—4e ‘bonds’ in a linear system with p-electrons.

Figure 1 in The chemical bond in solids—revisited © 2022 by Jones,
R O is licensed under CC BY 4.0 [6] https://creativecommons.org/
licenses/by/4.0/. Reproduced from [10]. © The Author(s). Published
by IOP Publishing Ltd CC BY 4.0.

projecting the Kohn—Sham orbitals (plane-wave basis) onto
a local-orbital basis set. Mulliken [29] and Lowdin [30]
atomic charges can be calculated, as well as individual and
average bond orders (crystal orbital bond indices, COBI)
for both molecules and crystal fragments, including those
with multicentre bonds. Positive values of the three-centre
bond index, for example, imply the presence of a 3c—2e
bond, negative values indicate 3c—4e bonding, and a zero
value indicates the absence of three-centre bonding [31, 32,
and references therein]. This criterion can also be applied
to the results of QTAIM calculations [33], and the over-
lap matrices were extracted here using a modified version
of critic2 [25]. In principle, multicentre bonds can also
be analyzed using other topological methods [34, and ref-
erences therein], but these have not yet been applied to
PCM.

To compare the QTAIM- and LCAO-based bonding indic-
ators, we calculate the spatial electron densities with both
methods. The LCAO-density is accessible from a Mulliken
population analysis [29] that can determine the number of
electrons N, ,, in an orbital ,, based on the occupation f; of
a molecular orbital (MO) or band j, in terms of the LCAO-
coefficients ¢, ; and ¢, j, and their overlap integral S, :

vER

Neyp = Zﬁ (Ci,i + Z CMCVS/W> = Zf] (Z CMJCVJSW> .
J J v

)

For simplicity, the LCAO coefficients and band occupations
are replaced by the respective density matrix elements:

pu(r) = Zﬁ (Z CpjCriXu () Xo (r))
3 P ()0 (1), @)

The total electron densities from LCAO and QTAIM are
almost identical, so that any differing results will reflect the
different partitioning schemes.

MOs are generated by a unitary transformation of a given
atomic-orbital basis [35]. In combination with the projec-
tion scheme that is implemented in LOBSTER, this method
can extract MO from plane-wave calculations, including their
mixing coefficients and energy eigenvalues. The definition of
a ‘molecule’ is arbitrary and can be extended to fragments
such as Te-Ge-Te and Ge-Te—Ge in crystalline 3-GeTe (see
below).

3.2. Comparison of QTAIM and local-orbital results

Figure 1(b) plots differences in the Lowdin charges against
the average bond order (integrated crystal orbital bond index,
ICOBI) for the above molecules and a selection of crystalline
materials [15]. The results are very similar to independent cal-
culations of ES and ET described in [3]. Local-orbital results
for CIF3, XeF,, and SF, are shown in figure 3.

The density-based QTAIM results (figure 1(a)) [2] and the
orbital-based (figure 1(b)) analyses show superficial similarit-
ies, but important differences:

o QTAIM generally yields larger absolute values of the net
charges (Lowdin and Mulliken) than orbital-based popula-
tion analyses [36, p 155]. The unusually large bond orders
found in QTAIM calculations for the CIF3, XeF, and SF,
molecules (figure 1(a)) are not found in the local-orbital cal-
culations, where the bond orders (figure 3) are much smaller
than 1, consistent with multicentre bonds. Large differences
in the number of shared electrons ES (‘covalency’) are also
found in crystalline materials; the ES values of a-GeTe and
InSb, for example, differ by 0.15 with QTAIM, and by 0.87
with LOBSTER. QTAIM overestimates ES and bond orders
for a-GeTe, and the large value of ES in CIF; (2.14, aver-
aged over (2+1) distinguishable bonds, see figure 3) implies
a bond order greater than 1, which is difficult to understand.

o The number of transferred electrons ET (‘ionicity’) are much
larger in QTAIM calculations than in local-orbital calcula-
tions for PClz, PCls and other molecules where ionic bond-
ing is significant, as well as for many crystalline materials
[37]. AISb, AlAs, AIP, and AIN are designated ‘ionic’ in [2],
but would be regarded as being ‘covalent’ with the much
smaller ET values and ionic charges found in local-orbital
calculations. The charge transfer in orbital-based calcula-
tions for covalent 5-GeTe (rock-salt structure) is just half
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Figure 3. Bond orders (black, bold) and Lowdin charges (corresponding to atomic colours) for molecules with multicentre (hypervalent)
bonding: (a) SF4, (b) CIF3, and (c) XeF, (see figure 1) calculated using the local-orbital method [16, 17].

of the QTAIM value, which is consistent with the negligible
difference in electronegativity (0.09, Pauling) between the
elements.

o In figure 4, we compare density-based and orbital-based res-
ults in more detail for: (a) the multicentre-bonded molecule
XeF, and (b) crystalline SnTe, both of which have too many
electrons to satisfy the octet rule. As noted above, the bond
order in the orbital-based calculations is much less than
in the QTAIM calculations and corresponds to a single-
electron bond; the QTAIM Xe—F bond order (0.92) is much
larger than the value (0.5) found in early studies of this
molecule [38, 39]. The large electron transfer in the QTAIM
calculations for SnTe is also surprising, since the atoms have
similar electronegativities. A much smaller transfer is found
in the orbital-based calculations.

e The variation of the electron densities along an axis connect-
ing two atoms in these systems is shown in figure 4. The two
approaches treat almost identical densities, but the repres-
entations are quite distinct. In the QTAIM model, charge ori-
ginating from different atoms is included in domains associ-
ated with a specific atom, while in the orbital-related calcu-
lations the relationship to the original atoms is maintained.

The bond orders calculated with LOBSTER are 0.46 for B-H
in ‘electron-deficient’ B,Hg and 0.49 for Xe—F in XeF,. The
three-centre bond index in B,Hg is +0.39 [40, pp 170-171];
in XeF; itis —0.32 [7], in GeTe —0.099. The bonding in both
B-GeTe and molecular XeF, is electron-rich, involving non-
bonding (lone-pair) orbitals.

Insight into the orbital structure is provided by figure 5,
which shows that the frontier orbitals for molecular XeF, and
fragments of 3-GeTe are strikingly similar. XeF, is character-
ized by a p-orbital interaction along the molecular axis, and the
shapes of the 2ay,, 3a;,, and 3ay, states resemble the model of
Pimentel and Rundle (figure 2) very closely. A detailed study
reveals a contribution of 2s-orbitals to the a;,-MOs as well as a
5s-contribution to the a;,-orbital of about 3% and 7%, respect-
ively, based on the squared LCAO coefficients. This agrees
with previous findings [41].

The Te-Ge-Te and Ge-Te—Ge fragments in GeTe have
the same geometric and electronic properties as the XeF,
molecule: a linear geometry and an excess of electrons.
The MO diagrams of the fragments are also strikingly sim-
ilar to each other and to the MO of the isolated XeF,
molecule, with p-orbitals aligned along the three-atom axis
and the same ordering. The lowest-lying a;,-orbital is sta-
bilized relative to the atomic energy levels, and the aj,-
orbital is close to the p-orbital energies of the outside
atoms of the fragments and can be identified as non-
bonding. The highest-energy orbital is again of a;, sym-
metry and shows anti-bonding character. The p-orbitals per-
pendicular to the axes do not form significant (de-)stabilizing
MO, and the s-orbital contributions to the Pimentel-Rundle-
style orbitals are of the same order of magnitude as
in XeF,.

Analysis of the QTAIM densities leads to the fol-
lowing three-centre bond indices: [-GeTe (Te—-Ge-Te):
—0.024; molecular XeF, (F—Xe-F): —0.087; molecular BoHg:
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40.062. The magnitude of these numbers is smaller than the
orbital-based results, but the positive sign in B,Hg confirms
its status as a classic electron-deficient molecule; the neg-
ative signs in the others are consistent with electron-rich
bonding. In addition to GeTe (ICOBI(3) value —0.099, see
above), we show in figure 6 other materials with compositions

(GeTe)|_,(SbyTes),, as well as XeF, and diamond. All
GST crystals have negative three-centred ICOBI: Ge;Sb,Teg
(x=1/4, —0.123), Ge,Sb,Tes (x = 1/3, —0.130), GeSb,Tey4
(x=1/2, —0.141), SbyTes (x=1, —0.153) [7]; all are
electron-rich. ICOBI(3) is zero in molecules or crystals that
satisfy the octet rule, such as methane CHy or diamond. There
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4aqy

is a linear relationship between ICOBI(3) and the valence are shown in figure SF1 of the supplementary material [42].
electron count (VEC) (figure 6). The fragment orbitals of The contrast to the orbitals of GeTe-fragments (figure 5) is
crystalline, rock salt CaTe, which also satisfies the octet rule, clear.
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4. Discussion
The proponents of metavalency argue that [2, 3]:

(a) Phase-change materials have unconventional properties,
including large Born effective charges and Griineisen para-
meters, and electrical conductivities between those of
metals and insulators. Atom probe tomography (APT)
yields clusters of atoms, not individual atoms.

(b) This ‘unique’ property portfolio justifies a separate name
(‘metavalent’) for the bonding mechanism.

(c) Bonds in metavalent materials, e.g. GeTe, PbTe, are two-
centre, one-electron bonds (bond order 0.5) involving p-
electrons. Lone-pair electrons and s-electrons play no sig-
nificant role. The existence of half-bonds is taken to imply
‘electron-deficiency’.

(d) To describe bonds in these materials as being electron-rich
(‘hypervalent’, 3c—4e) bonds is ‘unjustified’, ‘misleading’,
and ‘inadequate’, because ‘metavalent’ solids and ‘hyper-
valent” molecules occupy different regions of plots of the
numbers of electrons shared (ES) and transferred (ET)
between adjacent atoms, where ES and ET are derived
from the electron density alone. The corresponding plots
using orbital-based methods are claimed to be very sim-
ilar, so that ‘concern that the density-based approach is
misleading can be refuted’ [3].

(e) ‘Metavalent’ solids are located in these plots between
metals (characterized by electron delocalization) and
covalent solids (characterized by electron-pair localiza-
tion, 2c—2e). Their properties are distinctly different from
both, and they are termed ‘incipient metals’.

(f) ES and ET can be used to predict material characteristics
and to tailor properties of chalcogenides.

The properties of PCM [claim (a)] are unusual, but one
of the most striking—that clusters, not individual atoms, are

released from APT—strongly suggests multicentre bonding.
This is also shown by projected force constants that are
only seen for electron-rich materials [43]. Different phys-
ical properties do not imply different bonding mechanisms
[claim (b)] (see below), in particular because the authors of
[2] insist that bonding in ‘metavalent’ chalcogenides, includ-
ing GeTe, is electron-deficient [claim(c)], without provid-
ing a multicentre or other analysis to support this asser-
tion. We have seen, however, that the bonding in GeTe
is electron-rich. It is also claimed that the bond order in
‘molecules with 3c—4e bonding such as XeF, (is) much
larger than 1/2° [2, p 20], without providing a published
reference.

All ‘hypervalent’ molecules shown in figure 1(a) [2] are flu-
orides. Fluorine is the most electronegative element, and signi-
ficant electron transfer can be expected. Our local-orbital cal-
culations on the hypothetical molecule Xel, give ET and ES
values of 0.20 and 0.73, respectively, placing this hypervalent
molecule very close to the ‘metavalent’ region. This is a case
where 3c—4e bonding is accompanied by little charge transfer.
These large uncertainties raise serious doubts about the value
of (ES,ET) maps as property predictors [claim (f)].

The effect of electronegativity is also evident with the
halides of hydrogen, where the orbital-based ET values are:
HF (0.50), HC1 (0.21), HBr (0.14), and HI (0.02). These
molecules are acidic gases with similar properties, indicat-
ing that widely differing ET values do not constitute a ‘prop-
erty predictor’. The metals graphite and sodium exhibit ‘cova-
lent’ and ‘metallic’ bonding, respectively. On the other hand,
similar bonding does not imply similar properties, which
is the basis of claims [(d),(e)]. Crystalline diamond and
gaseous methane (CHy) have values of ES ~ 2 and ET =0 and
0.18, respectively, both in the covalent region of figure 1(b),
while they differ in their most basic property: the state of
aggregation.

5. Concluding remarks

We have carried out QTAIM and localized-orbital
(LOBSTER) calculations on a range of crystals and molecules.
The two approaches lead to significant differences between
plots (‘maps’) of the electron charges shared (ES) and trans-
ferred (ET) between neighbouring atoms. We note that the
classification of molecular properties using maps of bond type
and structure date back over 90 years [44—46, and references
therein]. We have shown unambiguously that ‘metavalent’
solids and molecules involve multicentre, electron-rich (3c—
4e, ‘hypervalent’) bonds, not two-centre, electron-deficient
bonds as claimed by others [2, 3, and references therein].
‘Metavalent’ bonding is not new. ‘Half-bonds’ or ‘sing-
let linkages’ are long-established feature of both 3c—4e bonds
in ‘electron-rich’ molecules and 3c-2e bonds in ‘electron-
deficient’ molecules, and the presence of half-bonds does not
imply electron-deficiency. Plots of ES and ET that are based
solely on the density cannot distinguish between electron-
rich and electron-deficient bonding. We identify both types of



J. Phys.: Condens. Matter 36 (2024) 325706

P C Mdller et al

bonds as ‘covalent’—expressed by either constructive orbital
interference or kinetic energy lowering—as in metals, where
there are fewer electrons per neighbour.
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