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Chemical bonding is not directly linked 
to quantum-mechanical observables and 
has been the topic of heated debates.[4] 
No less, understanding bonding is a key 
requirement for the discovery and design 
of new materials. Over the recent years, 
predictive bonding models have enabled 
the rational design of magnetic interme-
tallics,[5] supramolecular assemblies,[6] or 
novel thermoelectrics.[7] Today, quantum-
mechanically and bond-theoretically 
driven high-throughput searches can point 
out target materials and compositions that 
had hitherto not been thought of.[8–10]

Materials scientists have recently redis-
covered strong interest in a mechanism 
called “resonant bonding” in inorganic 
solids,[11–13] which has been linked to a 
portfolio of useful properties[14–17] but only 
described in empirical terms so far. The 
terminology itself goes back almost a cen-
tury: Pauling’s early work in the 1930s[18] 
proposed “resonant” bonding in the 
benzene molecule using a valence-bond 

framework. This concept is still part of every organic-chemistry 
textbook. The idea was later transferred to solids and suggested 
as an inherent property of several IV–VI semiconductors, based 
on experimentally observable quantities to which we will return 

While solid-state materials are commonly classified as covalent, ionic, or 
metallic, there are cases that defy these iconic bonding mechanisms. Phase-
change materials (PCMs) for data storage are a prominent example: they 
have been claimed to show “resonant bonding,” but a clear definition of 
this mechanism has been lacking. Here, it is shown that these solids are 
fundamentally different from resonant bonding in the π-orbital systems of 
benzene and graphene, based on first-principles data for vibrational, optical, 
and polarizability properties. It is shown that PCMs and related materials 
exhibit a unique mechanism between covalent and metallic bonding. It is 
suggested that these materials be called “incipient metals,” and their bonding 
nature “metavalent”. Data for a diverse set of 58 materials show that meta-
valent bonding is not just a superposition of covalent and metallic cases, but 
instead gives rise to a unique and anomalous set of physical properties. This 
allows the derivation of a characteristic fingerprint of metavalent bonding, 
composed of five individual components and firmly rooted in physical proper-
ties. These findings are expected to accelerate the discovery and design of 
functional materials with attractive properties and applications, including 
nonvolatile memories, thermoelectrics, photonics, and quantum materials.

Metavalent Bonding

The structures and properties of materials are controlled by 
diverse interatomic interactions. Textbooks define the proto-
typical cases of covalent, ionic, and metallic bonding, but reality 
most often lies in between such idealized descriptions.[1–3] 
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below.[11,13] In parallel, a similar term is used for “resonating-
valence-bond” materials such as high-temperature supercon-
ductors.[19] Clearly, the concept of resonance is invoked for very 
different material classes. This raises the question whether IV–
VI semiconductors and other materials exhibit the same “reso-
nant bonding” mechanism as in benzene or graphene, and 
whether this mechanism should be viewed as a distinct mode 
of bonding in solids at all.

In this Communication, we provide this missing defini-
tion, and thereby clarify the fundamental nature of “resonantly 
bonded” inorganic solids, including chalcogenide phase-change 
materials (PCMs). We show that these materials depart consid-
erably from covalent bonding in their behavior, approaching 
the metallic regime. Yet, they have unique physical properties 
that arise directly from their special bonding nature and that 
are different from properties of both metals and covalently 
bonded solids. We therefore suggest that these materials be 
referred to as “metavalent” solids or “incipient metals” instead.

We first show that Pauling-like resonant bonding in benzene 
and its extended analogue, graphite, is very different from that 
in incipient metals. This difference is so pronounced that a 
change in terminology appears to be in order. While benzene 
and graphite have a characteristic, resonating set of π orbitals, 

they also contain strong covalent bonds, typically referred to as 
the “sp2” system. The role of this strong “backbone” becomes 
obvious when studying physical properties such as optical 
phonon frequencies and their pressure response.

We quantify these properties in Figure 1, using first-principles  
calculations to obtain the frequencies of vibrational modes 
and the optical properties of prototypical materials. Accurate 
first-principles calculations based on density-functional theory 
(DFT) provide a unique opportunity to study diverse materials 
in the same methodological framework, and the predictive 
power of such approaches has been exemplified in several high-
throughput studies.[8–10] We performed DFT calculations with 
the PBE functional[20] and norm-conserving pseudopotentials, 
using ABINIT[21] as detailed in the Supporting Information. 
Using DFT with this particular functional for such a purpose has 
been validated against an inelastic X-ray scattering experiment 
on graphite before,[22] and DFT is likewise widely and success-
fully applied to PCMs.[23] We are here most interested in the rela-
tive change of the phonon frequencies with pressure, which we 
quantify using the mode-specific Grüneisen parameter γi. The 
latter is a dimensionless quantity, measuring the volume depend-
ence of the frequency ωi for a given vibrational mode, thereby 
characterizing the anharmonicity of the interaction potential:
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Figure 1. Physical properties of different materials thus far called “resonantly bonded,” as obtained from first principles. a) Phonon frequencies, ωi, for 
transverse optical modes in GeTe, SnTe, and PbTe as a function of pressure. Since GeTe and SnTe transform from a rhombohedral to a cubic structure, 
the respective transition pressure is set as reference (pT = 8.1 GPa for GeTe, 0.7 GPa for SnTe). In contrast, PbTe takes an undistorted cubic structure 
at ambient conditions. For SnTe and PbTe, we include data at negative pressure p where needed, to obtain a more complete view of the behavior in 
the critical region. b) Absolute Grüneisen parameters, |γi|, for transverse optical modes, as an indicator for an anharmonic lattice instability. c) Optical 
dielectric constants, ε∞, as an indicator for the electronic susceptibility. d–f) Same for the textbook examples of Pauling-like resonant bonding in mole-
cules (benzene) and solids (graphene), respectively. No anharmonic behavior and no unusually high values of ε∞ are observed. Hence, these materials 
are similar to common covalently bonded systems both in vibrational and optical terms. Where available, experimental data are included to ascertain 
the suitability of the computational method (asterisks); these data are taken from ref. [13] (c) and ref. [22] (d), respectively. The remarkable differences 
between the upper and lower panels suggest that the bonding nature in both materials classes must be fundamentally different, and that therefore the 
use of the term “resonant bonding” in PCMs needs to be abandoned.
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Figure 1a,b shows interesting behavior of GeTe, SnTe, and 
PbTe. In all of them, ωi changes strongly with external pres-
sure, leading to very large absolute Grüneisen parameters, 
|γi|. By exerting pressure on GeTe and SnTe, the structures 
approach the ideal rocksalt type ( R m Fm m→3 3  transition). 
Pressure therefore serves as a direct means to control the extent 
of the Peierls distortion. While the largest |γi| are observed near 
the phase transition, they are very high over the entire pressure 
range. Furthermore, the phase transition is not a necessary cri-
terion: PbTe takes an undistorted rocksalt structure over the 
entire pressure range, but it still shows anomalous behavior in 
its vibrational properties, similar to GeTe and SnTe.

The results in Figure 1b not only reveal that the interaction 
potential for GeTe, SnTe, and PbTe is very anharmonic, but they 
explain why these materials have such a low thermal conduc-
tivity.[15,24] Large values of γi lead to low thermal conductivities 
of the lattice. As a consequence of this anharmonicity, incipient 
metals (in particular, PbTe and its chemical derivatives) are 
promising candidates for thermoelectrics.[15,25]

Furthermore, the structural transition is linked to an elec-
tronic instability, reflected in an anomalous increase in the 
optical dielectric constant (Figure 1c). We note in passing that 
this divergence is a signature of a quantum critical point. Such 
a link between structural and electronic anomalies is by far not 
universally present. For example, ionic ferroelectrics such as 
non-centrosymmetric oxides show unique structural but not 
electronic instabilities near the phase transition.

For direct comparison, we computed the same quanti-
ties for the textbook cases of Pauling “resonance,” namely, 
benzene and graphite (Figure 1d–f). No similar effect and 
no anomalous behavior are observed in these materials: the 
bonding is stiff (reflected in large vibrational frequencies that 
change only slowly with pressure), presumably due to the 
rigid sp2 backbone, and the optical polarizability is lower by 
orders of magnitude than in incipient metals (note the loga-
rithmic axes in Figure 1e–f). Since the physical properties, as 
determined by the bonding, are quantitatively and qualitatively 
different between “resonantly” bonded materials and the above-
mentioned chalcogenides, we conclude that the underlying 
fundamental mechanism must be different as well. What, 
therefore, is the bonding nature in these chalcogenides, and 
how can it be described?

To address this problem, we need to go beyond the few exam-
ples in Figure 1 and assess a more general dataset. Throughout 
this paper, we will then construct a “fingerprint” based on well-
defined physical properties with which to describe the bonding. 
Beyond the (optical and vibrational) characteristics already 
introduced in Figure 1, this task requires additional, quantitative 
criteria that are applicable to a diverse range of solid-state mate-
rials. Among the simplest of these criteria is the distribution of 
electrons in a material. In textbook examples of covalent solids, 
say diamond or silicon, electrons are localized near the nuclei 
and in the bonds between them. In ionic materials, electrons 
are localized as well, mostly near the anions. By stark contrast, 
in metals, there are much fewer valence electrons per atomic 
neighbor, which are therefore delocalized and lead to electronic 

conductivity. Hence, this quantity provides a first indication of 
a material’s bonding nature. We note that quantum-mechanical 
studies of charge densities and charge localization in mate-
rials can provide a complementary picture, and such work is 
ongoing; for the scope of the present manuscript, however, we 
will focus strictly on a property-based definition of bonding. In 
the following, we assume ideally ordered, defect-free crystals, 
and experiments that come as close to this limit as possible. 
While defects and doping may also have a strong influence on 
the behavior of a material, this influence will be very specific 
for a given composition.

Another defining feature of a material is its atomic coordi-
nation number, which is again linked to the bonding nature. 
In metallic elements, atoms usually have eight (body-centered 
cubic) or twelve nearest neighbors (cubic or hexagonal close 
packing); the structural features are more complex in multi-
component intermetallics, but still nondirectional bonding 
and large coordination numbers prevail. In “classical” covalent 
solids, coordination numbers are much lower. This is in accord 
with the 8–N rule: silicon, an element from the fourth main 
group (N = 4), forms four covalent bonds in its stable structure, 
whereas phosphorus, from the fifth main group, forms three. 
Figure 2 collects such data for several more elements and com-
pounds (see also Table S1, Supporting Information). We first 
correlate calculated effective coordination numbers (ECoN)[26] 
with experimentally measured conductivities (Figure 2a). 
Metals show large values for both (blue), while covalent semi-
conductors exhibit low to intermediate conductivities and 
ECoN = 4 for sp3-bonded materials (such as Si or III–V semi-
conductors; red diamonds) or ECoN ≈ 3 for p-bonded systems 
(red squares). Materials previously referred to as “resonantly” 
bonded are highlighted in green in this viewgraph. Clearly, they 
are intermediate between both realms, exceeding the coordina-
tion numbers prescribed by the 8–N rule, and approaching the 
realm of metals. This fits well with the above-mentioned con-
cept of electron deficiency: the number of valence electrons is 
the same for GeSe and GeTe, but the latter has a much higher 
ECoN, and therefore a lower valence electron count per atomic 
neighbor.

The mere observation that materials become more metallic 
when moving down a group in the Periodic Table is not sur-
prising. However, we find that this pathway is distinctly 
different in various materials classes. We inspect one of the 
previously employed indicators for “resonant bonding:”[11,13,14] 
namely, the fact that they exhibit anomalously high Born effec-
tive charges. The latter characterize the sensitivity of a material 
to lattice distortions, that is, the chemical bond polarisability. 
We thereby add the fifth and final characteristic property to our 
emerging definition of metavalent bonding. Figure 2b shows 
first-principles data for Born effective charges, again correlated 
with conductivity to trace the covalent → metallic transition. 
For sp3-bonded systems (red diamonds), including Si, GaAs, 
and other zincblende-type materials, the conductivities span 
a wide range from insulating to almost metallic-like behavior 
(up to ≈104 S cm–1), but the Born effective charges increase 
only very slowly. Similarly, the coordination numbers remain 
unchanged over a wide range of conductivities (ECoN = 4 for 
the sp3 semiconductors C, Si, Ge, and Sn) before jumping rap-
idly on reaching the regime of classical metals (ECoN = 12 for 
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Pb; Figure 2a). This transition looks quite 
different for many main-group chalcoge-
nides and other p-bonded systems (red and 
green squares in Figure 2): the coordination 
numbers increase gradually even in the pres-
ence of a bandgap, incompatible with the 
8–N rule, and the Born effective charges are 
atypically high (Figure 2b and Table S1, Sup-
porting Information).

Combining our numerical findings so 
far, we can now compare the fundamental 
bonding mechanisms in solids (metallic, 
covalent, and ionic) to our definition of meta-
valent bonding. To this end, we compile 
in Table 1 all five characteristic identifiers 
which we have quantified in this work. A 
comparison of these identifiers reveals that 
metavalent bonding is a genuine mechanism 
of bonding in solids and not merely an inter-
mediate (or a combination) of covalent and 
metallic bonding.

The relevance of metavalent bonding is 
further emphasized by very recent experi-
mental work which used atom-probe tomog-
raphy to investigate diverse materials. This 
study revealed that bonds in metavalent 
materials break in a unique way, clearly dif-
ferent from both covalently bonded solids 
and metals.[27] This provides further, inde-
pendent experimental proof for the pres-
ence of a unique bonding mechanism in this 
materials class.

We finally return to the question of “reso-
nant bonding,” completing the conceptual 
framework derived in this work. Figure 1 
established that resonant bonding in benzene 
and graphite is fundamentally different from 
metavalent bonding. Our broader numerical 
study (Figure 2 and Table 1) then character-
ized metavalent bonding as a distinct “island” 
between the covalent and metallic regimes—
that is, between localized and delocalized 
bonding. Figure 3 now combines these find-
ings. Benzene and graphite show both mech-
anisms (in their sp2 backbone and π system, 
respectively), but both are independent from 
one another (Figure 3b). In contrast, incip-
ient metals attain their unique properties 
by a delicate balance between both extremes 
(Figure 3c), tunable by structural distortions 
(GeTe) or by a small admixture of ionicity 
(PbTe). This will be investigated further by 
charge-distribution studies in future work.

Our findings are not only of fundamental 
interest, but directly relevant for the many 
practical applications of incipient metals. For 
example, they provide a new and consistent 
perspective on the functional principle of 
PCMs, which are used in data storage[17] or 
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Figure 2. Structural and chemical bond polarizability indicators for a broader set of materials. 
a) Effective atomic coordination numbers in a range of solids from covalent semiconductors 
to classical metals. These numbers are plotted versus the tabulated electronic conductivity 
at or close to room temperature (Table S1, Supporting Information). Materials such as GeTe 
or PbTe are located between the regime of covalent semiconductors (red) and metals (blue), 
and we therefore call them “incipient metals” (green). Ionic solids (black) have extremely low 
intrinsic electronic conductivity, for which experimental data are not normally available; where 
there is conduction, it is often due to ionic conductivity (the hopping of ions between lattice 
sites), which is not the topic of this work. An arrow indicates this, exemplarily so for a coordina-
tion number of 6 (found, e.g., in the rocksalt type). b) Same for Born effective charges, com-
puted from first principles as detailed in the Supporting Information. These were commonly 
used as another fingerprint of “resonant bonding.” Due to the clear difference from benzene 
and graphite (Figure 1), we now propose to call this interaction “metavalent” bonding instead. 
In both viewgraphs, triangles denote “sp3-bonded” (zincblende-like) crystals whereas squares 
denote “p-bonded” (orthorhombic or rocksalt-like) systems. Note that the latter terminology 
refers to the atomic structure only, and p-bonded systems are found to be either covalent or 
metavalent.
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flexible displays.[16] These materials are switched between a 
crystalline phase (“one bits”) and an amorphous phase (“zero 
bits”).[28] The coordination numbers in amorphous PCMs come 
much closer to obeying the (8–N) rule,[29] albeit their complex 
structures will lead to a visible distribution of ECoNs in a given 
sample, and cases are known where chemical ordering effects 
modify this simple view of bonding.[30] Indeed, amorphous 
PCMs show none of the characteristic identifiers of metava-
lent bonding listed in Table 1,[13,31] and are instead consistent 
with the fingerprint of covalent bonding defined there. Upon 
transition to the crystalline states, the bonding transcends 

classical covalency: i) the coordination numbers increase, such 
that the 8–N rule is no longer satisfied (Figure 2a); ii) the elec-
tronic polarisability rises sharply, which leads to a high optical 
dielectric constant and thus to the optical contrast between 
amorphous and crystalline PCMs (Figure 1c); iii) the chemical 
bond polarizability rises, leading to unusually high Born effec-
tive charges (Figure 2b), and, finally, iv) the vibrational prop-
erties change strongly, including unusual phonon softening[32] 
and large mode-specific Grüneisen parameters (Figure 1b). In 
this, the first point is consistent with the behavior of classical 
metals (which also exhibit large coordination numbers; Table 1) 

but the following points ii), iii), and iv) are 
not. This emphasizes, again, that a combina-
tion of properties is needed to define a given 
bonding mode. We finally note that based on 
the transition discussed here, one can also 
characterize these PCMs as “bond-change 
materials.”

In conclusion, we have identified a unique 
bonding mechanism in a class of solid-
state materials including PCMs. The char-
acteristics of this mechanism are between 
those of covalency and metallicity, but dis-
tinctly different from both. While bonding 
theories themselves have been under vivid 
debate at times, we believe that they are 
most useful when they enable predictions of 
physical properties. Such predictions have 
been made with great success in the past, 
and we expect that the fundamental insight 
developed in this work will spark new dis-
coveries as well – for example, in the search 
for new thermoelectrics, as exemplified very 
recently.[33] Based on a detailed first-princi-
ples analysis, we suggest replacing the cur-
rently widely used term “resonant bonding” 
by metavalent bonding for this class of mate-
rials, and to call them incipient metals. This 
avoids ambiguity, as we have shown that 
metavalent bonding is fundamentally dif-
ferent from “resonant bonding” in graphite 
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Table 1. Property-based “fingerprints” to define bonding in inorganic materials. The fingerprint for metavalent solids is a combination of five different 
identifiers, all of which need to be present in a given material (e.g., NaCl and PbTe have the same structural identifier, but the electronic conductivity 
in NaCl is extremely low). More specific numerical values are collected in Table S1 in the Supporting Information.

Ionic (e.g., NaCl, MgO) Covalent (e.g., Si, GaAs) Metavalent (e.g., GeTe, PbTe) Metallic (e.g., Cu, NiAl)

Electronic conductivity (electrical identifier) Very low (<10–8 S cm–1) Low to moderate 

(10–8–102 S cm–1)

Moderate (102–104 S cm–1) High (>105 S cm–1)

Effective coordination numbera) (structural 

identifier)

4 (ZnS), 6 (NaCl), 

8 (CsCl)

8–N rule typically satisfied 8–N rule not satisfied 8 (bcc), 12 (hcp/fcc)

Optical dielectric constant ε∞ (optical identifier) Low (≈2–3) Moderate (≈5–15) High (>15) —b)

Born effective charges Z* (chemical bond 

polarizability)

Low (1–2) Moderate (2–3) High (4–6) —b)

Mode-specific Grüneisen parameters 

(anharmonicity)

Moderate (2–3) Low (0–2) High (> 3) Low (0–2)

a)For ionic and metallic systems, representative structure types are given, but there are many others especially for multinary systems (e.g., in Zintl phases); b)This indicator 
is not normally applicable to the metallic state.

Figure 3. Schematic of bonding in covalent and resonantly bonded systems versus incipient 
metals. a) Covalent solids, e.g., diamond-type silicon, form strong and localized bonds only. 
b) In benzene and graphite, both localized sp2 bonding (red) and delocalized π bonding (blue) 
exist, but the corresponding orbitals are orthogonal. c) By stark contrast, incipient metals 
are located between both limiting cases, but with unique properties that are observed only 
in the intermediate region of metavalent bonding (green). This transition can be tuned, for 
example, through pressure-induced structural transformations, but the mere presence of a 
phase transition is not a necessary criterion. For example, PbTe is undistorted but still shows 
fingerprints of metavalent bonding (Figure 1a–c).
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and related π-conjugated systems. We expect that incipient 
metals will provide an ideal playground for studying struc-
ture–bonding–property relationships in the future. This will be 
instrumental for the chemically guided discovery of new mate-
rials with unconventional property combinations, including 
PCMs and new candidates for thermoelectrics or photonics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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