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Excellent phase-change memory materials and thermoelectrics are often found in chalcogenide 
compounds, in which they share a unique portfolio of properties. Quantum-chemical calculations 
indicate that these solids are characterized by the sharing of about one electron and a small number of 
electron transfers. In addition, atom probe tomography reveals an abnormal bond-breaking behavior. 
All of these factors indicate an unconventional bonding mechanism that differs from classical covalent, 
ionic, and metallic bonding, termed metavalent bonding. The adaptation of this bonding mechanism 
holds great potential for the development of phase-change and thermoelectric materials. For example, 
non-Zachariasen glasses have been identified for optoelectronic applications, where the crystallization 
rate can be tuned by changing the degree of electron sharing. Thermoelectric performance can also 
be significantly improved by forming metavalent bonds. Therefore, metavalent bonding offers a high 
degree of predictive power in tailoring properties for phase-change and thermoelectric applications.

Introduction
Chalcogenide compounds show promise in phase-change data 
storage and thermoelectric energy conversion. In phase-change 
materials (PCMs), the binary data “0” and “1” can be written 
and erased by rapidly switching the material between amor-
phous and crystalline states, as illustrated in Fig. 1(A) [1]. In 
thermoelectric materials, the directional movement of charge 
carriers (i.e., electrons and holes) driven either by a tempera-
ture gradient or a current can generate electricity or pump heat, 
respectively, as shown in Fig. 1(B) [2].

These two functionalities of chalcogenides have distinctively 
different property requirements. Specifically, PCMs require a 
fast phase transition between amorphous and crystalline states 
to improve the data read/write speed, a large optical/electrical 
contrast between these two states to warrant low data noise, and 
long thermal stability of the amorphous state to ensure data 
retention for at least a decade [3]. In contrast, thermoelectric 
materials require a large Seebeck coefficient (S) to create enough 
thermal power, a high electrical conductivity (σ) to minimize the 
internal resistance, and low thermal conductivity (κ) to main-
tain the temperature difference, as summarized in the dimen-
sionless figure-of-merit, zT = S2 σT/κ, where T is the absolute 

temperature [4]. Although the two application scenarios require 
distinctive yet different material properties, they often employ 
very similar compositions. For example, typical PCMs are found 
along the GeTe-Sb2Te3 tie line such as Ge2Sb2Te5, or in the 
doped Sb2Te alloys, or close to the Ag5In5Sb60Te30 (AIST) [5]. 
Similarly, outstanding thermoelectric performance is observed 
in compounds such as GeTe [6], (Bi, Sb)2Te3, [7] PbTe [8], and 
AgSbTe2 [9]. It is striking that a similar group of materials can 
exhibit such diverse applications.

It is well known that the properties of solids such as the 
electronic band structures and phonon dispersions depend 
on the arrangement of the constituent atoms, i.e., the atomic 
structures. Moreover, the characteristic arrangement of atoms is 
determined by the chemical bonding mechanism present [10]. 
Therefore, understanding the bonding mechanisms of materi-
als could reveal the origin of the similarity in stoichiometry 
between PCMs and thermoelectrics, which in turn helps in the 
design of these materials.

In this mini-review, we unravel the bonding origin of PCMs 
and thermoelectrics. We also discuss several bonding indica-
tors and the behavior of bond rupture under high-field evapo-
ration of atoms. Finally, we present the design of PCMs and 
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thermoelectrics based on the understanding and tailoring of 
chemical bonds.

Metavalent bonding

Chemical bonds are formed by the interactions of the outer-
shell electrons of atoms. The behavior of these electrons can be 
quantitatively described by solving the Schrödinger equation. 
Figure 2 presents a bonding map spanned by the number of 
electrons transferred normalized to the oxidation state of atoms 
(ET) and the number of electrons shared (ES) between adja-
cent atoms [11–13]. These values have been derived from the 
quantum theory of atoms in molecules (QTAIM) based on the 
density functional theory (DFT). The different colors denote 
different bonding mechanisms, identified by a clear property 
portfolio for each of these bond types [10]. The fact that these 

colors are located in well-defined regions implies that ES and 
ET are two good quantum-chemical bonding descriptors. Typi-
cal PCMs and thermoelectric materials are highlighted in blue 
and orange rings, respectively, on the map. Interestingly, they 
both appear in the green area where a bonding mechanism 
called metavalent bonding prevails. This bonding mechanism 
deserves a new name, different from classic covalent, ionic, 
and metallic bonds, because it leads to a unique combination 
of properties in solids [14, 15]. This portfolio includes an elec-
trical conductivity close to the Mooij rule for bad metals, an 
effective coordination number that does not satisfy the “8-N 
“ rule for covalent bonds, a large optical dielectric constant 
that implies the valence electrons are highly polarizable, a 
high Born effective charge indicative of a high polarizability of 
chemical bonds, and a large Grüneisen parameter for the trans-
verse optical mode that indicates strong lattice anharmonicity 

Figure 1:   Schematic of phase-change materials (PCMs) and thermoelectric materials. (A) The crystalline and amorphous states of PCMs are used to 
store binary “1” and “0,” respectively. These two states can be switched reversibly by either applying a laser or a voltage pulse.  Adapted from Ref. 1. (B) 
Thermoelectric power generation by harvesting heat based on the Seebeck effect and solid-state refrigeration by applying a direct current based on 
the Peltier effect.
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[15, 16]. Solids with different properties have been classified 
into different groups based on the expectation–maximization 
algorithm with minimal human interference. The computer-
based and expert-based classifications show excellent consist-
ency [10], corroborating that metavalent bonding is indeed a 
unique bonding mechanism.

In addition, the different types of chemical bonds can be 
distinguished in a laser-assisted high-field evaporation pro-
cess, for example, in atom probe tomography (APT) measure-
ments. Figure 3(A) depicts the basic principle of APT [17]. A 
high positive DC voltage is applied to a needle-shaped speci-
men to create an intense electric field, typically in the order 
of tens of V/nm. An ultrashort (10 ps) laser pulse will be used 
to control the evaporation (i.e., bond-breaking) process. The 
surface atoms desorb from the bulk and fly toward a posi-
tion-sensitive detector, where the spatial coordinates and the 
flight time are recorded. From the flight time, the mass of the 
ion and hence its chemical identity is determined, while the 

Figure 2:   A chemical bonding map spanned by the number of electrons 
transferred (ET) and electrons shared (ES) between adjacent atoms 
derived from the quantum theory of molecules in atoms (QTAIM). Typical 
phase-change materials and thermoelectric materials are highlighted 
in blue and yellow circles on the map, respectively.  Adapted from Refs. 
11–13.

Figure 3:   Abnormal bond-rupture of metavalently bonded solids characterized by atom probe tomography (APT). (A) Schematic of APT.  Adapted from 
Ref. 17. (B) The probability of multiple events (PME) plotted on the basal plane of the ES-ET map, highlighting the unique bond-rupture behavior of 
metavalent bonding. Adapted from Ref. 19. (C) PME versus the electrical conductivity (at room temperature), showing that high PME values can only 
be observed in the competition zone between electron localization and delocalization. Adapted from Ref. 18.
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position of the ion in the sample is derived from the coordi-
nates where the ion hits the detector. The surface atoms can 
either evaporate in the form of a charged atom or a charged 
molecule. The probability of producing such molecular ions 
is called PMI. A successful laser pulse, i.e., a pulse that pro-
duces a fragment, usually results in the evaporation of either 
a single ion or a molecular ion. This process is called a single 
event. In some cases, a successful laser pulse can also produce 
the evaporation of two or more separate ions, which is called 
multiple events. The probability of multiple events is termed 
PME. PMI and PME can be used to distinguish the bonding 
mechanisms, as has been explained recently [18, 19]. Fig. 3(B) 
shows that all metavalently bonded solids exhibit a PME value 
of larger than 60%, which is strong experimental evidence of a 
distinct bonding mechanism [19]. Fig. 3(C) further indicates 
that this abnormal bond-breaking behavior is only observed 
in the competition zone between the electron delocalization as 
in metallic bonds and electron localization as in iono-covalent 
bonds [18]. This transition is found in the conductivity range 
characterized by the Mooij border for bad metals. Therefore, 
there is apparently a strong correlation between the peculiar 
electronic properties of materials and their unconventional 
bond-breaking behavior.

Design of phase‑change materials using metavalent 
bonding

The capability of data storage in PCMs depends on their large 
optical and/or electrical contrast between amorphous and 
crystalline states. As early as 1932, Zachariasen stated that the 
short-range order in a glass should be the same as in the cor-
responding crystal since “the atoms are held together by the 
same forces” [20]. This is true in typical (oxide) glasses, such as 
SiO2. For example, it is (almost) impossible to observe a differ-
ence in the optical properties such as reflectance and transmit-
tance between crystalline and amorphous SiO2 [21]. The same 
phenomenon also holds for amorphous and crystalline metals. 
Thus, these classes of materials cannot be used for optical data 
storage. In striking contrast, the optical reflectance of crystal-
line PCMs such as GeSb2Te4 is significantly larger than that of 
its amorphous counterpart [21]. This different behavior can be 
understood from a chemical bonding perspective.

Figure 4(A) shows that the ET and ES values hardly differ 
for crystalline and amorphous SiO2. [22] This is in line with the 
statement of Zachariasen that the atomic force (i.e., chemical 
bonds) are the same in both phases of SiO2. A similar phenom-
enon has also been observed for GeSe and GeSe2. Their amor-
phous compounds are thus called Zachariasen glasses [22]. On 
the contrary, crystalline and amorphous PCMs such as GeTe, 
Sb2Te3, and GeSb2Te4, show a significant change of bonding 
upon crystallization. While the crystalline phases are located 

in the metavalent bonding region, their amorphous counter-
parts shift to the covalent bonding region. Therefore, amorphous 
PCMs form non-Zachariasen glasses.

The change in the bonding mechanism upon crystalliza-
tion can be verified experimentally by measuring the bond-
breaking behavior. Figure 4(B) shows the plot of PME versus 
PMI for many different compounds, where the crystalline state 
is depicted by diamonds and the amorphous state by circles 
[23]. No significant differences regarding the PME and PMI 
values have been observed in Si, Ge, and GeSe between both 
states. In contrast, PCMs such as Ge2Sb2Te5, GeSe0.25Te0.75, 
and GeSe0.5Te0.5 show a pronounced increase in the PME upon 
crystallization. Both the ES-ET map and the APT results thus 
demonstrate the unique bonding in crystalline PCMs.

Besides the large optical contrast required for data storage 
and photonic devices, rapid crystallization is another neces-
sity for PCMs. This feature is critical for a universal memory 

Figure 4:   Bonding mechanisms of classic (Zachariasen) and 
unconventional (non-Zachariasen) glasses and their corresponding 
crystalline states. (A) The ES-ET map with data for crystals (hexagons) and 
glasses (circles) of SiO2, GeSe2, GeSe, GeTe, Sb2Te3, and GeSb2Te4, based 
on Fig. 2.  Adapted from Ref. 22. (B) The PMI-PME map, which shows the 
changes of bonding upon crystallization (arrows). Crystals and glasses 
are characterized by diamonds and circles, respectively. While classic 
glasses show negligible changes upon crystallization, amorphous PCMs 
exhibit pronounced changes in the PME value once they are crystallized. 
Adapted from Ref. 23.
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combining the advantages of DRAM (fast) and Flash (non-
volatile) [24]. Since the RESET process (from crystalline to 
amorphous) is realized by quenching the liquid phase, which is 
often very fast (~ 10 ps) [25], the data processing speed is mainly 
limited by the SET process, i.e., the crystallization kinetics. The 
abovementioned Zachariasen glass, e.g., SiO2, shows a very slow 
crystallization process [26]. In contrast, the phase-change mate-
rial Ge2Sb2Te5 exhibits a SET speed of about 10–100 ns [27]. This 
implies that the crystallization kinetics can be manipulated by 
tailoring the bonding mechanism. The crystallization kinetics 
are driven either by nucleation or growth. In the nucleation-
dominated case, crystallization occurs through the stochastic 
formation of critical nuclei and subsequent growth [28]. Thus, 
multiple grains with random crystallographic orientations are 
often observed. On the contrary, in the growth-dominated case, 
crystallization often starts at the interface of the amorphous 
region and its surrounding crystalline matrix [28]. Subsequently, 
the crystallized part grows toward the center of the amorphous 
region without forming new nuclei. The crystallization speed can 
be measured by a so-called power-time-effect (PTE) diagram. 
Figure 5(A) shows that the crystallization time for as-deposited 
amorphous Ge2Sb2Te5 is about 100 ns. [29] The correspond-
ing electron backscatter diffraction (EBSD) characterization 
of the crystallized spot [Fig. 5(B)] shows a polycrystalline fea-
ture, indicative of a nucleation-driven process. In contrast, the 
crystallization time increases to 105 ns, and the crystallization 
process becomes growth-dominated for Ge2SeTe, as shown in 
Fig. 5(C) and (D), respectively. Moreover, the slow-nucleation 
material shows stronger stochasticity, as evidenced by the more 
scattered data points in Fig. 5(C) at the onset of crystallization. 
A systematic increase in the minimum nucleation time has been 
observed in the GeTe-GeSe system by increasing the content 
of GeSe [30]. In contrast, increasing the content of SnTe in the 
GeTe-SnTe system decreases the minimum nucleation time, as 
illustrated in Fig. 5(E). Note that SnTe employs a cubic structure, 
and GeTe utilizes a rhombohedral structure with a small Peierls 
distortion, while GeSe is stabilized in an orthorhombic structure 
with a much larger Peierls distortion. It appears that reducing 
the degree of Peierls distortion (i.e., decreasing ES) can lower the 
minimum nucleation time [30]. Thus, the bonding map provides 
predictive power to tailor the crystallization kinetics of phase-
change materials. This is of paramount significance to designing 
high-speed storage-class memories.

Design of thermoelectric materials using metavalent 
bonding

Another important application of chalcogenides is thermo-
electric energy conversion. Indeed, typical phase-change 
materials also show decent and even excellent thermoelec-
tric performance [31–34]. As has been summarized in the 

thermoelectric figure-of-merit, zT, an excellent thermoelectric 
performance requires efficient charge transport (high σ) yet 
inefficient thermal transport (low κ), i.e., an electron crystal 
and a phonon glass [35]. The electrons in metavalently bonded 
solids are rather delocalized, leading to a moderately high 
electrical conductivity (normally between 10 and 104 S/cm). 
In addition, the small bond order (0.5) leads to soft bonds, 
while strong interactions between electrons and phonons lead 
to significant lattice anharmonicity. Both factors result in a 
low lattice thermal conductivity. Moreover, the rather sym-
metric crystal structure due to the orthogonal alignment of 
p-orbitals gives rise to a high valley degeneracy in the recip-
rocal space, which is beneficial to high Seebeck coefficients. 
All these attributes are favorable for thermoelectric materials 
[36]. Therefore, metavalently bonded solids such as Bi2Te3, 
[12] PbTe [37], GeTe [38], and AgSbTe2 [39] are naturally 
good thermoelectrics.

However, not all chalcogenides are metavalently bonded. 
Can they be promising thermoelectric candidates? Does the 
metavalent bonding theory provide insights into improving the 
thermoelectric properties of these chalcogenides? Fig. 2 shows 
that the pristine orthorhombic GeSe utilizes covalent bonding. 
This results in a very low zT value of less than 0.1 [40]. Con-
ventional doping strategies such as introducing Na, Cu, Ag, As, 
and iodine could not enhance its zT value significantly [40]. In 
stark contrast, alloying GeSe with GeTe [41], Sb2Te3 [42], and 
AgVVI2 compounds [43–46] could dramatically improve the 
zT value to near or even above 1.0. APT results demonstrate a 
distinctive difference in the PME value between pristine GeSe 
and a GeSe-15%AgSbSe2 alloy [Fig. 6(A)] [47]. While the former 
shows a PME value of about 30%, typical for covalent bonding, 
the latter shows a PME value of about 70%, corroborating the 
presence of metavalent bonds. Figure 6(B) further illustrates a 
significant enhancement in zT over the whole temperature range 
measured upon the transformation of bonding from covalent 
to metavalent. A similar scenario has also been witnessed in 
polycrystalline SnSe-AgVVI2 alloys [48]. This highlights the sig-
nificance of advancing thermoelectrics by crossing the border 
between covalent and metavalent bonding. Potential interesting 
phenomena could be expected by crossing the border between 
metavalent and metallic bonds. This proposal employs the pre-
dictive power of the bonding map in Fig. 2.

It is worth noting that the formation of metavalent bonds 
in a solid normally ensures a decent thermoelectric perfor-
mance, yet does not necessarily mean that the zT value has 
already been maximized. The optimization of thermoelectric 
properties depends on a very precise manipulation of electron 
and phonon transport, which often involves doping [49]. For 
charge carrier transport, the electronic states near the Fermi 
energy level (EF) are of utmost importance. Are there clear 
selection rules for dopants to tune the electronic states near 
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EF? By combining the perspectives of physics and chemistry, 
we understand that the cation-s electrons in metavalently 
bonded solids such as SnTe provide a small (but helpful) 

contribution to the electronic states at the L-point of the 
valence band maximum [50]. The density of states depends 
on the spatial and energetic overlap between the cation-s and 

Figure 5:   Tuning the crystallization kinetics by engineering chemical bonds. (A) Power-time-effect (PTE) diagram for Ge2Sb2Te5. (B) Inverse pole figure 
overlapped on the image quality map of a crystallized spot in the PTE diagram measured by electron backscatter diffraction (EBSD). (C) PTE diagram 
for Ge2SeTe. (D) Corresponding EBSD micrograph of a crystallized spot induced by laser.  Adapted from Ref. 29. (E) Dependence of the minimum 
crystallization time on the ET and ES values. Adapted from Ref. 30.
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anion-p states. Based on this insight, a “golden rectangle” can 
be established to select dopants, as shown in Fig. 6(C). The 
closer the dopant on the map to the golden rectangle, the 
larger the contribution of the cation s-state. This perspective 
has helped to screen dopants such as In, Al, Tl, and Zn to 
increase the density of states in SnTe, increasing the Seebeck 
coefficient and the final zT value.

The concept of metavalent bonding also plays a role in 
tuning the microstructures and thus the phonon transport. 
High-frequency phonons are normally scattered by point 
defects, while mid- to low-frequency phonons are more effec-
tively scattered by boundaries and precipitates [51]. It has been 

demonstrated that mixing metavalently bonded solids can form 
a solid solution in a large composition range [38, 52]. Yet, phase 
separation is frequently observed upon alloying metavalently 
bonded solids with covalent or ionic compounds [38, 53, 54]. 
In this regard, we can design the microstructure to target the 
selective scattering of phonons.

Conclusion and outlook
The remarkable property portfolio of chalcogenides for thermo-
electric and phase-change memory applications is rooted in their 
unique bonding mechanism, called metavalent bonding. This 

Figure 6:   Designing thermoelectrics by tailoring chemical bonds and the interactions between host and dopant orbitals. (A) PME figure for GeSe and 
GeSe-15%AgSbSe2 measured by APT. A low PME value (30%) for GeSe indicates its covalent bonding nature. In contrast, a high PME value (~ 70%) 
demonstrates metavalent bonding for GeSe-15%AgSbSe2. (B) Temperature-dependent zT values for covalently bonded GeSe and metavalently 
bonded GeSe-15%AgSbSe2 alloy. A significant enhancement of zT upon the formation of metavalent bonds can be observed.  Adapted from Ref. 43. 
(C) Design rule for dopants in terms of spatial and energetic overlap between orbitals. A plot spanned by the size of s-orbitals and the energy level of 
s-states for dopants. The “golden rectangle” area highlights the “sweet spot” for efficient dopants to create a large DOS ‘hump’ in SnTe. Adapted from 
Ref. 46.
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review summarized the underlying bonding indicators (Born 
effective charge, dielectric constant, and Grüneisen parameter, 
etc.), the bonding descriptors (numbers of electrons shared, 
ES, and electrons transferred, ET), and the characteristic bond-
breaking (probability of molecular ions, PMI, and probability of 
multiple events, PME) for different chemical bonds. All results 
support that metavalent bonding is distinctively different from 
conventional covalent, ionic, and metallic bonding. Under-
standing this bonding mechanism has enabled the design of the 
nucleation and crystallization kinetics of phase-change materials, 
as well as the electron and phonon transport of thermoelectric 
materials. The two bonding descriptors, i.e., ES and ET, can be 
considered excellent property predictors. Combined with the 
advanced calculation and characterization tools, tailoring meta-
valent bonds is expected to bring a new era for next-generation 
phase-change and thermoelectric materials and to explore 
uncharted territory for more applications of chalcogenides.
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