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Metavalent Bonding in Solids: Characteristic
Representatives, Their Properties, and Design Options

Yudong Cheng, Sophia Wahl, and Matthias Wuttig*

Heavier chalcogenides display a surprisingly wide range of applications enabled
by their unconventional properties. Herein, recent studies of three groups of
chalcogenides from a chemical bonding perspective are reviewed to reveal the
underlying reason for their wide range of applications. For IV-VI materials (GeTe,
SnTe, PbTe, PbSe, and PbS), the unique property portfolio and bond-breaking
behavior are related to a novel chemical bonding mechanism termed “metavalent
bonding” (MVB). The same phenomena are also found for several V,VI; solids
(Bi,Tes, Bi,Ses, Sb,Te;, and -As,Tes) and some ternary chalcogenides including
crystalline (GeTe);_,{Sb,Tes), alloys. This provides evidence for the prevalence of
MVB in these compounds. Subsequently, a quantum-chemistry-based map is
presented. Using the transfer and sharing of electrons between adjacent atoms as
its two coordinates, materials using MVB are all found in a well-defined region of
the map, characterized by sharing about one electron between adjacent atoms
and only small charge transfer. This also implies that the degree of MVB is

motivated significant research activities.™!
At present, this material class is garnering
attention for its potential in emerging new
technologies like artificial intelligence,
neuroinspired computing, or active
nanophotonics.>™ Applications such as
data storage and processing devices rely
on a range of technologically important
properties in these heavier chalcogenides,
including a pronounced optical and/or
electrical property contrast, rapid switching
speeds, and good thermal stability. Further-
more, compounds like GeTe, PbTe, SnTe,
Bi,Ses, and Bi,Te; are utilized as thermo-
electrics due to the remarkable combina-
tion of seemingly contradictory properties.
They possess a high Seebeck coefficient

tailored either via Peierls distortions (electron sharing) or charge transfer
(electron transfer), leading to the transition toward covalent bonding and ionic
bonding, respectively. The tailoring of MVB provides a new approach for

materials design.

1. Introduction

Heavier chalcogenides display a surprisingly wide range of
applications. GeTe, Sb,Te;, and their alloys have been used since
the 1980s as phase-change materials (PCMs).l"™ Initially the
focus was on rewriteable optical data storage, but later the usage
in electronic memories including storage class memories
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like a semiconductor, high electrical
conductivity like a metal, and low thermal
conductivity like glass.'***) Apparently
these properties benefit from the effective
masses of charge carriers, which are closely
related to the metavalent bonding (MVB)
mechanism."*"”)
SnTe, Bi,Ses, and Bi,Te; are also investi-
gated for their potential usage as topological insulators, an appli-
cation benefitting from their unique band structure."®'%! These
diverse applications raise the question of whether there is a
common set of material properties, which enables these broad
range of applications and how these properties can be explained.
In this Review, we summarize recent results regarding the
unconventional properties of three groups of chalcogenides
and their origin from a chemical bonding perspective. At first,
the unique properties of these families of chalcogenides will
be discussed. Five material properties are used as chemical
bonding indicators, providing evidence for a bonding mecha-
nism which differs substantially from metallic, ionic, or covalent
bonding, as well as the two weaker bonding types of hydrogen
and van der Waals. This novel type of bonding has been termed
“MVB.” The unique properties of some IV-VI materials such as
GeTe or PbTe are deeply rooted in this novel chemical bonding
mechanism. Subsequently, a number of sesquichalcogenides
such as Bi,Ses and Sb,Te; are presented, which possess a similar
property portfolio and applications. Finally, it is shown that ter-
nary chalcogenides like GeSb,Te, or Ge,Sb,Tes further extend
the range of materials which use MVB. Then, a newly developed
map is discussed, which is based on advanced quantum chemical
calculations. This novel map is able to separate different
chemical bonding mechanisms and provides further support
for the existence of MVB. This map is spanned by two
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coordinates, which quantify the sharing of electrons (electron
pair formation) between adjacent atoms and the transfer of
electrons between them. Hence, one can ponder how these
two quantities can be utilized to tailor material properties. The
last section thus focuses on the tailoring of MVB via either
distortions (increased electron sharing) or charge transfer (electron
transfer), providing attractive opportunities for material design.

2. Prevalence of MVB in Heavy Chalcogenides
2.1. Chemical Bonding Mechanism of IV-VI Solids

As has been well-established for decades, bonding in solids can
be classified into five different types, i.e., three “primary bonds”
(covalent, ionic, and metallic bonds) and two weaker bonds
(hydrogen and van der Waals bonds).”” For the three primary
types of bonding, their valence charges are either localized
between two adjacent atoms as electron pairs (covalent), at the
ion cores due to pronounced charge transfer (ionic), or are fully
delocalized to form an electron cloud (metallic), respectively. The
different types of chemical bonds provide a simple but convenient
prediction of properties. The delocalized nature of the conductance
electrons in metals leads to high electrical conductivity, as evi-
denced by the success of the Sommerfeld model to explain basic
properties of metals. The strong electrostatic attraction between
cations and anions due to charge transfer in ionic compounds
explains their large bandgap and very low electrical conductivity.
For covalent materials, their bandgaps and electrical conductivities
are often in between those of metals and ionic compounds. These
facts all emphasize an intimate link between bonding types
and material properties. Note that some materials may have both
covalent and ionic bond contributions, as exemplified by GaN.

Interestingly, crystalline IV-VI compounds such as GeTe
or PbTe possess a unique combination of properties which
contributes to their wide range of applications including phase
change memories and thermoelectrics.”#13715171% As shown in
Table 1, the characteristic property portfolio of GeTe is compared
with the same properties of materials using ionic, metallic, or
covalent bonding. From the comparison in Table 1, GeTe dem-
onstrates a striking difference in properties, which has been
attributed to a bonding type which is distinctively different from
metallic, ionic, and covalent bonding.*'? This rather unconven-
tional combination of properties has also been found in SnTe,
PbTe, PbSe, and PbS.12*!

www.pss-rapid.com

The electrical conductivity, for example, a simple indicator of
electron localization/delocalization, is large in metals and small
in undoped compounds using ionic or covalent bonding.
However, for IV-VI solids such as GeTe, SnTe, or PbTe, they
reveal intermediate values approaching the conductivities of
bad metals.?**?%] Besides electrical conductivity, these materi-
als also possess a unique structural feature as indicated by the
effective coordination number (ECoN).*® The ECoN describes
a distance-weighted average over all neighbors and is well-suited
to characterize trends in the atomic arrangement for systems
which undergo local distortions. For those solids, where the dis-
tance to the second nearest neighbor is considerably larger than
the one to the nearest neighbors, ECoN resembles the number of
nearest neighbors. Typically, for covalent materials like III-V
semiconductors, an ECoN = 4 is compatible with the 8-N rule
and the sp® bonding configuration. For metals, the close packing
of atoms usually results in 8 or 12 nearest neighbors. However,
for materials like GeTe and SnTe, where atoms are linked by
half-filled o-bonds formed by p-electrons, the rather high
ECoNs of 5.2 and 5.94, respectively, are incompatible with the
8-N rule.”!! Such high ECoN values are indicative of a low-
valence electron count for adjacent atoms, where about one elec-
tron is shared between two atoms. This bonding configuration is
in striking contrast to the electron pair used for ordinary covalent
bonding. The electronic polarizability of valence electrons as
probed by the optical dielectric constant ¢, is anomalously high
for GeTe and related IV-VI compounds. The chemical bond
polarizability, i.e., the response of electronic distribution to dis-
tortions as characterized by the Born effective charge Z", is also
anomalously large.””*®! Finally, these materials all feature high
values of the Griineisen parameter for transverse optical modes
YTo, @ measure of lattice anharmonicity. This property is
important for thermoelectric materials as a high yo leads to
an intrinsically low lattice thermal conductivity."*2°="

These unique combinations of properties of IV-VI com-
pounds like GeTe, SnTe, or PbSe are incompatible with the char-
acteristic properties shown by materials which use metallic,
ionic, or covalent bonding. These unconventional properties
are also not due to a combination of metallic, ionic, or covalent
bonding, as shown from the Griineisen parameter for example.
It is usually small in materials which use metallic or covalent
bonding but is large for IV-VI compounds like GeTe or PbTe.
Further evidence for an unconventional bonding mechanism
comes from atom probe tomography (APT). In this technique,
laser-assisted field evaporation is utilized to decompose a sample

Table 1. Five properties to differentiate the chemical bonding mechanisms (cf. ref. [22]).

Bonding property identifier lonic (e.g., NaCl)

Covalent (e.g., Si) Metavalent (e.g., GeTe) Metallic (e.g., Cu)

Very low (<1078Scm™)
4(ZnS), 6 (NaCl), 8 (CsCl)
Low (~2-3)

Low (1-2)
Moderate (2-3)

Electronic conductivity (electrical identifier)

ECoN (structural identifier)?

Optical dielectric constant (optical identifier)

Born effective charge (chemical bond polarizability)

Griineisen parameter (anharmonicity)

Low to moderate (102-10°Scm™') Moderate (10'-10*Scm™') High (>10°Scm™)

8-N rule satisfied 8-N rule not satisfied 8 (bcc) 12 (fec/hep)

Moderate (~5-15) High (>15) "
Moderate (2-3) High (4-6) Vanishes (0)
Low (0-2) High (>3) Low (0-2)

@For ionic and metallic systems, representative structure types are given, but there are many others especially for multinary systems (e.g., in Zintl phases); ®Not normally

applicable to the metallic state.
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with nearly atomic resolution.®? A characteristic of this process
is the probability to create more than one ion (fragment) upon
one successful laser pulse.*? This quantity, which is called
the probability to create multiple events (PME), is much higher
for materials such as GeTe or PbSe, compared with GeSe or
SnSe.?*! All of these findings suggest the bonding in the corre-
sponding IV-VI compounds to be distinctively different from
covalent, metallic, and ionic bonding. Indeed, already in the
1970s and 1980s, some of the unconventional properties were
noted and attributed to “resonant bonding” by Lucovsky and
White and later Litlewood.””****! Later some of us also noted
that many PCMs possess properties which were attributed to
“resonant bonding” in the case of GeTe.”®*% The concept of
“resonant bonding” was introduced even long before by
Pauling.*”! Since then, it has been widely used to explain the
atomic arrangement and structure of organic compounds like
benzene using a valence-bond framework.?® However, it has
recently been shown that the properties of benzene, graphene,
and graphite differ significantly from those shown for the
IV-VI compounds discussed here (GeTe, SnTe, PbTe, PbSe,
PbS).*!! The same holds for the characteristics of bond breaking
as revealed by ATP, which shows striking differences between
the IV-VI compounds mentioned earlier, and graphene sheets,
which behave like covalently bonded materials in terms of their
bond rupture.?”) Hence, the name “resonant bonding” should
be abandoned for monochalcogenides. Instead, a new name,
i.e., MVB, has been proposed to highlight the uniqueness of this
novel bonding mechanism and fundamentally differentiate it
from metallic, ionic, and covalent bond types but also resonant
bonding, as shown in materials like benzene.*'*!

2.2. Bonding Mechanism of V,VI; Solids

Interestingly, besides the IV-VI compounds discussed
earlier, another group of chalcogenides (V,VI; solids, i.e., sesqui-
chalcogenides) is also known for their wide range of applica-
tions.” 111839401 The similarity of their applications as
compared with the IV-VI compounds immediately raises one
question: can the similarity of material properties and applica-
tions be explained by the prevalence of the same type of bonding?
Recently, the bonding mechanism in a variety of V,VI3
compounds has Dbeen investigated using different

Table 2. Various properties of V,VI; materials.*" The normalized Born
effective charges Z;, ECoN, bandgap (E,), and the diagonal elements
of the optical dielectric constant tensor (¢,) are determined by DFT
calculations. Reference values for the electrical conductivities and
Debye temperatures are also given.

oS cm’1] logo Z, ECON Eg[eV] £ Op [K]
Bi,Te; 6.6 x 10> 282 206 579 0.53  (35.4; 35.4; 25.5) 155
Bi,Se; 1.0x10° 300 166 5.66 0.54  (19.8;19.8; 12.0) 182
Bi,Ss3 20x107% -269 1.63 476 136 (14.0; 14.1; 9.7) 284
Sb,Te; 23x10° 336 198 584 0.29  (39.5; 39.5; 24.7) 162
Sb,Ses  40x1077 —6.40 147 417 0.76 (19.1; 18.5; 9.7) 292
Sb,S; 1.0x10°% —800 141 3.9 1.28  (14.2;12.5; 7.34) 364
B-As,Te;  6.5x 10 281 247 584 0.26  (65.7; 65.7; 42.6) 148
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characterization techniques including APT and density func-
tional theory (DFT) calculations.*!

Several characteristic properties of V,VI; solids are shown in
Table 2, including the electrical conductivity o, the normalized
Born effective charges Z;, the ECoN, and the optical dielectric
constant ¢, along different directions. Z; values are averaged
over atoms and directions. &, reveals different values along dif-
ferent directions due to the anisotropy of the noncubic structure.
In addition, the Debye temperature (fp) is also given to charac-
terize the bond stiffness. Table 2 shows a striking difference
between two sets of sesquichalcogenides. The properties of
the four sesquichalcogenides (Bi,Te;, Bi,Ses;, Sb,Te; and
B-As,Te;) resemble the properties of GeTe,*!! whereas three
others behave quite different (Bi,Ss, Sb,Ses, and Sb,S;). This dif-
ference is most obvious for the electrical conductivity shown in
Table 2. The electrical conductivity of undoped materials at room
temperature is a good measure of the delocalization or localiza-
tion of electrons. It is high in metals whose valence electrons are
fully delocalized and low in undoped ionic or covalent materials
whose valence electrons are localized. However, Bi,Tes, Bi,Se;,
Sb,Te;, and p-As,Tes; have intermediate conductivity values.
Their conductivities are several orders of magnitude higher than
the other three V,VI; solids but slightly lower than those of metals.
A similar behavior has also been observed for the IV-VI
(GeTe: ~5.0 x 10*; GeSe:~1.30 x 10~°) solids discussed earlier
whose electronic transport properties are almost metal like.[?#%3]

Besides the electrical conductivity, also other physical proper-
ties shown in Table 2, i.e., the normalized Born effective charge
Z%, the optical dielectric constant (e,,), and the Debye tempera-
ture (0p), clearly separate all V,VI; materials into two groups.
The Born effective charge Z* provides a measure of chemical
bond polarizability. For an ionic bond, the normalized Born
effective charge Z! resembles the nominal ionic charge,**
i.e., the formal oxidation state of the ions involved. For example,
7" is close to 1 for the ion cores in NaCl and about 2 for MgO,
and their Z values are both close to 1.4°*%) Hence, to facilitate
the comparison, we consider the normalized Born effective
charge Z:, obtained after dividing Z* by the oxidation state.
As shown in Table 2, the normalized Born effective charges
Z% are anomalously large for Bi,Tes;, Bi,Ses;, Sb,Te; and
B-As,Te; and clearly exceed the values of Bi,S;, Sb,S;, and
Sb,Ses. Similar trends are also observed for ¢, and ECoNs.
The ¢, values perpendicular to the layers in Bi,Te;, Bi,Se;,
Sb,Te;, and p-As,Te; are smaller than the in-plane components.
This is due to the weaker coupling across the van der Walls-like
gaps as compared with the coupling within the layers. Yet, even for
the optical polarizability in z-direction, the highest values are
found for the same four compounds. Regarding the ECoN, like
in GeTe, both the shorter and longer bonds in V,VI; compounds
are taken into account. Finally, the lower Debye temperatures
observed for Bi,Tes, BiSes, Sb,Te;, and B-As,Te; are indicative
of soft bonds. All of these properties are characteristic for the
unconventional bonding mechanism found for GeTe, ie,
MVB. The results presented earlier imply that MVB also prevails
in V,VI; systems such as Bi,Tes, Bi,Ses;, Sb,Tes, and p-As,Tes.

To further confirm the prevalence of MVB in Bi,Tes, Bi,Se;,
Sb,Tes, and p-As,Tes, APT was used to analyze these compounds
and characterize the bond-breaking behavior, using the PME.!*!!
This PME quantifies the probability of dislodging more than one
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Figure 1. Probabilities of the formation of multiple events for seven V,VI;
compounds and GaSe as revealed by APT. Only Bi,Te;, Bi,Ses, Sb,Te;, and
B-As,Te; show a high probability to form multiple events, whereas Bi,Ss,
Sb,S; and Sb,Se;, and GaSe are characterized by a low PME during
APT measurements. Reproduced with permission.*"l Copyright 2019,
The Authors, published by Wiley-VCH.

ion when a successful laser pulse is applied to a needle-shaped
specimen. A small but notzero PME is always observed
during APT measurements of metals and covalently bonded
semiconductors like Si and GaAs.**! This is in striking contrast
to GeTe, where a unique bond-breaking behavior, i.e., very high
PME, is observed.?*! Surprisingly, as shown in Figure 1, an
unconventional and characteristic pattern of bond rupture has
also been found for the four V,VI; compounds. It closely resem-
bles the bond rupture shown in GeTe and is indicative for the
same bonding mechanism. On the contrary, Bi,S3, Sb,Ss3, and
Sb,Se; show an ordinary bond rupture, as also observed for
covalently bonded materials like GaAs or Si. We hence observe
the same striking difference in bond rupture that was already
noted for the material properties.

This conclusion is actually puzzling at first glance considering
the atomic arrangement of the four compounds Bi,Te;, Bi,Se;,
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Sb,Tes;, and B-As,Tes. All four show a similar rhombohedral
structure, consisting of quintuple layers separated by vacancy
layers, see the left panel of Figure 2. These vacancy layers have
been described as van der Waals gaps linked by weak van der
Waals bonds. In typical 2D solids like GaSe (see the right panel
of Figure 2), covalent bonds prevail inside adjacent blocks, which
are separated by van der Waals gaps. As the van der Waals
interaction is rather weak compared with covalent bonding,
the electrons are mainly localized inside the building stacks,
and the electron density inside van der Waals gaps is very
low. Therefore, sesquichalcogenides are frequently discussed
as 2D solids, comparable with graphene or transition metal
dichalcogenides.*”) However, the presence of van der Waals
gap is incompatible with the concept of MVB. MVB is an elec-
tronic interaction beyond the first nearest neighbors, but instead
extends to an intermediate length scale, so that also more distant
neighbors contribute significantly.*"?%*#* This implies that
the nature of the vacancy layers in Bi,Te;, Bi,Se;, Sb,Te;, and
B-As,Te; needs to be carefully considered.

We know that there is a close correlation between interatomic
distance and bond strength. Hence, a simple bond length-bond
strength correlation is utilized to compare the interlayer coupling
between two chalcogenide atoms, i.e., the “Te-Te” or “Se—Se”
interaction in different solids, as shown in Figure 2. After nor-
malizing the interatomic distances to the expected van der Waals
bond lengths (the sum of the van der Waals radii of the two
constituents), the interlayer distances are shown in Figure 2.
For a typical 2D solid such as GaSe, the interatomic distance
between two adjacent Se atoms crossing a van der Waals gap
is 2.9% longer than the theoretical value. On the contrary, for
the four chalcogenides Bi,Te;, Bi,Se;, Sb,Tes;, and p-As,Tes,
the interatomic distances between two quintuple layers are
considerably shorter than the expected values for van der
Waals bonds. This is indicative for a considerably stronger elec-
tronic coupling across the vacancy layers and hence an additional
energetic contribution besides weak van der Waals bonding. In
addition, we can use the number of interlayer electrons sharing
(ES), as calculated in a study by Cheng et al.*!, as another
quantifier of the strength of this coupling. For GaSe, the ES
between adjacent Se atoms across van der Waals gaps is as

O Theoretical vdW
Bond Length

-5%
Interatomic

Distance \
ogjib

Bi -15% A

-10% A

Interatomic
Distance

7R
O Qb %/wteratomic

Distance

oo,o@cg
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Bi,Te; Bi,Se; Sb,Te;p-As,Te,GaSe

Figure 2. Interatomic distance between adjacent chalcogenide atoms across the van der Waals-like gap. The actual distance is normalized to the expected
van der Waals bond length. The interatomic distances of Bi,Ses (left) and GaSe (right) and the expected van der Waals bond length are sketched, where
the green circles denote the van der Waals radius of Se. Note that the atomic size is not drawn to scale. For GaSe, the interlayer bond length is 2.9% longer
than the expected value. However, on the contrary, the significantly shortened (—10% to —15%) interlayer interatomic distances of Bi,Te;, Bi,Ses, Sb,Tes,
and p-As,Te; suggest that a stronger electronic coupling is incompatible with real van der Waals gaps. Reproduced with permission.!*] Copyright 2019,
The Authors, published by Wiley-VCH.
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low as 0.04 e, in line with the expected weak van der Waals bonds.
Instead, the corresponding numbers are much higher for the
four sesquichalcogenides which show a distinct property
portfolio: BiTe; (0.272 €), Bi,Se; (0.132€), Sb,Tes (0.244 €), and
B-As,Te; (0.192 e). This pronounced electron sharing across the
gap is indicative for strong electronic coupling between
adjacent quintuple layers. It is interesting to ponder if this strong
coupling across the gap is a prerequisite to establish MVB in the
sesquichalcogenides.

2.3. Bonding Mechanism of Ternary Chalcogenides

The prevalence of MVB in IV-VI and V,VI; binary chalcogenides
is potentially also interesting to unravel the origin of the
unconventional properties of PCMs. The mono- and sesquichal-
cogenides are the “parent compounds” of many ternary chalco-
genides, including Ge—Sb-Te alloys (GSTs) on the GeTe-Sb,Te;
pseudobinary line. Compounds such as Ge,Sb,Tes are widely
used in phase change memory applications. The pronounced
optical and electrical contrast between the amorphous and
crystalline state has been attributed to a change of the bonding

www.pss-rapid.com

mechanism, i.e., from covalent bonding in the amorphous state
to MVB in the crystalline state.**>°

As one of the characteristic properties of MVB solids, the
optical dielectric constant of the crystalline state is much higher
than the corresponding amorphous state, indicative of a high
electronic polarizability.?*! The real part of the dielectric function
and the optical dielectric constants for various chalcogenides
(both for the crystalline and for the amorphous state) are shown
in Figure 3. Clearly, the pronounced optical contrast and the
anomalously high optical dielectric constant persist in all
(GeTe);_,—(Sb,Te;), compounds studied. Besides the optical
identifier, also the coordination numbers of crystalline GSTs dif-
fer significantly from their amorphous counterparts. While crys-
talline PCMs have values very close to the value for an ideal
octahedral structure (~6), the amorphous states have much
lower values (~4).*!! Hence, the bond order in crystalline
GSTs is also much smaller than 1, as only about one p-electron
is shared by two atoms. Instead, it is much closer to 1/2. Hence,
the combination of high coordination numbers and low bond
orders characterizes a situation, where the distortions are small
and the bonds are weak. This might explain partly as to why the
bond breaking as seen by APT is characterized by high

(a) (b)
50 - Ge,Sb,Te, —— 50 Ge,Sb,Te, ——
Ge,Sb,Te, —— Ge,Sb,Te, ——
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Figure 3. The real part of the dielectric functions for various PCMs.a) Amorp

hous state. b) Crystalline state. c) The optical dielectric constants of various

(GeTe);_,—(Sb,Tes), alloys (data are taken from ref. [93]). Reproduced with permission.*® Copyright 2008, Springer Nature.
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probabilities of multiple events.**! The concept of MVB can thus
be extended from IV-VI compounds such as GeTe, SnTe, PbTe,
PbSe, and PbS to V,VI; compounds, including Bi,Tes, Bi,Ses,
Sb,Te;, and f-As,Te; and finally to ternary chalcogenides
(like GeSb,Te, or Ge,Sb,Tes).

2.4. An Electronic Map for Bonding Mechanisms

MVB has initially been introduced to explain an unconventional
combination of material properties. Subsequently, the unusual
bond breaking observed by APT provided further support for this
novel type of bonding. Finally, the development of quantum
chemical computations provides a quantitative tool to character-
ize chemical bonding. Recently, a quantum-mechanical-based
electronic map for bonding in solids was introduced, which is
based on two quantum mechanical coordinates: the electron
sharing (ES) and electron transferred (ET) between two neighbor-
ing atoms.*® To obtain the number of ES and ET, Bader’s basins

(@)

www.pss-rapid.com

(€2) are first defined for each atom in the unit cell. The electron
transfer is determined by integrating the net charge density of an
atom over its basin and subtracting the charge of the free refer-
ence atom. The electron sharing is evaluated with the so-called
delocalization indices that are computed at the two-electron
level of theory. They are deduced from the analysis of the elec-
tron pair density over the relevant basins. An electron sharing
between neighbouring atoms equal to 2 would correspond to
the Lewis picture of a perfect covalent bond, i.e., an electron
pair. More details can be found in a study by Raty et al.*®
The map based on these two coordinates is capable of separat-
ing different bonding mechanisms, see Figure 4a. Note that,
instead of the total number of electrons being transferred,*®
the renormalized electron transfer is chosen here, which is
obtained by dividing the absolute electron transfer by the
oxidation state of the corresponding atom.*'! Please note
that for the determination of the number of ES, an ECON
averaged number is calculated, which also includes longer
distances, but weighs those with an exponential decay.

2.5 L L L .
Resonant A Tetrahedral
Graphite € Octahedral
B Body-Centered
2.0 1 < @ Close Packed [
A piamond ® Graphite
Covalent
o @ ;A A, Sbses
= © 1.5 A Gash A aAs @ L
N 5 N S
(rs 2 P-AsTe; @ BlzTe," i:Se AA s asaN
o3 8 OMetavaIento ea.zsey * ’AO
& E 1.0 A e ... SnTez A AAAMSno L
frm} ST A AP onic
pbTe b 23
AIN
0.5 4 !Ag ) A -
Metallic
| Na
0.0 = . . . Nacl
0.0 0.2 0.4 0.6 0.8 1.0

Electrons Transferred

Qq o—>o

Q

Figure 4. a) The 2D map describing bonding in various solids. The map is spanned by the electron transfer and the sharing of electrons between adjacent
atoms. Triangles, diamonds, squares, and circles denote tetrahedrally bonded solids, distorted and ideal rocksalt-type (octahedrally coordinated)
structures, body-centered solids, and close-packed metals, respectively. Filled and open symbols represent thermodynamically stable and metastable
phases. b—d) The 2D map is then extended in the third dimension using three independent properties, i.e., the normalized Born effective charge Z;;,
the optical dielectric constant e, and the electrical conductivity o, displayed as log o. Black, red, blue, and green describe materials which utilize pre-
dominantly ionic, covalent, metallic, and MVB, respectively. Clearly, MVB compounds are characterized by anomalously high values of all three indicators,
not found for materials which use one of the other bonding mechanisms. All solids with an ideal rocksalt structure and half-filled -bonds of p-orbitals
are located on the dashed green line. Distorted octahedral structures with similar numbers of p-electrons involved in bond formation are characterized
by a higher number of ES. a) Reproduced with permission.””! Copyright 2020, The Authors, published by Wiley-VCH. b-d) Reproduced with
permission.*! Copyright 2019, The Authors, published by Wiley-VCH.
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Hence, also the second nearest neighbors are included for
distorted structures.

The map clearly separates ionic, covalent, and metallic bond-
ing. Materials which use ionic bonding, such as NaCl or MgO,
are located in the lower right corner of the map, which character-
izes compounds with significant electron transfer but minor
sharing of electrons between adjacent atoms. Solids like Si are
characterized by a high degree of electron sharing, approaching
the value of 2 expected for an electron pair, and are thus located
in the upper left corner of the map. Several van der Waals-
bonded solids can be found in the bottom left corner, character-
ized by vanishing electron transfer and marginal electron
sharing. Metallic bonding, as found in Al, Na, or Ag, is charac-
terized by small electron transfer and moderate electron sharing.
Interestingly, resonantly bonded materials like graphite are
found in a separate region of the map, characterized by the very
significant sharing of electrons between adjacent atoms. This can
be explained by the coexistence of a covalent bond (an electron
pair) and an additional electron between two adjacent atoms,
providing an additional bond order of 1/2. Hence, all five bond-
ing mechanisms discussed so far are located in clearly separated
regions of the map. The only two bonding mechanisms with ill-
defined borders are ionic and covalent bonding. This is a reflec-
tion of common knowledge that the transition between these two
bonding mechanisms seems rather continuous, i.e., apparently
lacking a well-defined “border”.

Interestingly, all chalcogenides discussed so far fall into two
separate regions of the map. More specifically, GeSe, SnSe,
SnS, Bi,Ss3, Sb,Ses, and Sb,S; are all located in a region, where
other covalently bonded materials such as InSb, Si, or ZnSe are
found. GeTe, SnTe, PbTe, PbSe, Bi,Te;, Bi,Ses;, Sb,Te;, and
p-As,Te;, instead, can be found in a separate region. This region
is characterized by about one electron being shared and a modest
level of electron transfer, consistent with the half-filled o-bonds
of p-orbitals discussed earlier. These two regions do not overlap.
Instead, they seem to exhibit a discontinuous border as
evidenced by APT measurements.?’!

Finally, the map can be extended to a third dimension using
material properties, such as the Born effective charge, the dielec-
tric constant, or the electrical conductivity, as shown in
Figure 4b—d. In all three maps, the properties of materials using
MVB stand out and differ clearly from the properties shown by
materials displaying other bonding mechanisms. The unusual
properties, the unique electronic structure, and the unconven-
tional bond rupture all support the view that MVB is a fundamen-
tal and novel bonding mechanism and not a superposition of
other bonding mechanisms.

3. Tailoring MVB

MVB has been attributed to o-bonds predominantly formed by
p-electrons. The contribution of s-electrons is very weak due
to the large energy differences of s- and p- orbitals.[?#°%%)
These ppo-bonds are half filled, in contrast to the electron pairs
forming covalent bonds. These bond-forming p-electrons are
neither fully localized as in ionic or covalent bonding, nor fully
delocalized as in metallic bonding. Instead, they are character-
ized by a competition between electron delocalization (metallic
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bonding) and electron localization (ionic or covalent bonding).
The simplest representative of this bonding mechanism is hypo-
thetic cubic Sb. It has an ECoN of 6 and a bond order of 1/2, i.e.,
one single electron is shared between two adjacent atoms as only
three p-electrons per atom can be utilized to form six bonds to the
neighboring atoms. This is consistent with the quantum chemical
calculations, which reveal that one electron, i.e., half an electron
pair, is shared between adjacent atoms, as shown Figure 4a. This
electronic configuration is similar for other MVB materials such
as GeTe, SnTe, or PbTe. With two p-electrons from the group-1V
element and four p-electrons from the group-VI element, on
average, three p-electrons per atom are available in IV-VI solids.
For example, six p-electrons of SnTe are used to form six o-bonds
between adjacent atoms (see the ECoN of SnTe).

How can systematic trends be described within the family of
metavalently bonded materials? The map implies that there are
two options to modify MVB. We can either “move right” to the
ionic region or we can move vertically, i.e., either up or down.
If we “move up” toward the covalent region, changes of structure
and properties are expected. Compounds utilizing half-filled
ppo-bonds should give rise to an ideal octahedral structure
and metal-like properties with no bandgap. However, this
electronic configuration is energetically unstable. The electronic
energy can often be reduced by a structural distortion, i.e., Peierls
distortion, which opens a bandgap at the Fermi energy.”*>% The
Peierls distortion produces three shorter and three longer bonds
and reduces the ECoN. This increases the number of ES between
adjacent atoms.*®*%) Above a certain magnitude of Peierls
distortion, apparently, MVB is no longer the most stable type
of bonding, and a transition to covalent bonding is observed.*®
Yet, there is a second mechanism, how a bandgap can open.””!
The energy of the solid can also be reduced by charge transfer
(moving to the right side in the map). This will also affect the
MVB character but leads to a transition toward ionic bonding.
Interestingly, in this case, no Peierls distortion occurs and the
ECoN remains six until the border to ionic bonding is crossed.

How does this perspective help us to modify material proper-
ties? As solids using MVB possess many technically important
properties and a wide range of applications, understanding
how to change the MVB character will not only benefit our
scientific knowledge of bonding mechanisms, but also add
one more option to our toolbox of materials design, i.e., bond
tailoring. For instance, the character of MVB has been reported
to play a significant role in many properties like the photoexcited
instantaneous optical change and the soft phonon mode.**#76%
Huang and Robertson revealed that MVB in crystalline PCMs is
the origin of the optical contrast between the amorphous and
crystalline states.*% The disappearance of MVB has also been
demonstrated to be detrimental to the power factor of thermo-
electric materials.l'”? Therefore, in this section, the two routes
of MVB tailoring via electron sharing and electron transfer,
ie., “moving up” and “moving right,” and their consequences
on material properties will be sketched.

3.1. Chemical Bonding Tailoring via Electron Sharing

As discussed earlier, the half-filled pps-bond is energetically
unstable, and the Peierls distortion is one way to minimize
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the electronic energy. This leads to two consequences:
1) the actual structure deviates from an ideal octahedral arrange-
ment. Instead, an octahedral-like “3 + 3” coordination is created,
forming three short and three long bonds;****%! 2) the Peierls
distortion also leads to the change of the electronic
configuration: valence charges gradually transfer from long
bonds to short bonds and get more localized.*® This effect
has been investigated by DFT calculation for GeTe.*®! As shown
in Figure 5a, by manually varying the degree of distortion
(represented by the long bond-to-short bond ratio n/rs), Peierls
distortion induces the redistribution of electrons between short
and long bonds in GeTe. More valence electrons are shared at the
shorter bonds although the total number of bond-forming
electrons is constant. On the contrary, Peierls distortion does
not affect the level of electrons transfer.”® This enhanced
electron sharing is also clearly visible in the map where all ideal
rocksalt structures utilizing half-filled o-bonds are located on one
straight line (the green dashed line in Figure 4a), whereas all
distorted octahedral structures feature a higher count of ES.
The degree of distortion severely impacts the bonding character
and finally leads to the transition from MVB to covalent.?®! This
explains the pronounced difference in bonding mechanisms and
properties between GeTe and SnTe on the one side and GeSe and
SnSe on the other side.*"

Modifying the bonding character via distortions has pro-
nounced effects on many properties. DFT calculations have
demonstrated the reduction of Born effective charges and
changes of atomic arrangement as reflected by the decreasing
ECoNs upon increasing the number of ES, as shown in
Figure 5b.°®! In addition, Peierls distortion also has a significant
influence on electrical conductivity due to the opening of a
bandgap. The bandgap increases with the size of distortion,
leading to a decrease in resulting electrical conductivity.
Figure 6 shows the intrinsic electrical conductivity of a variety
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of compounds at room temperature, showing the possible link
between electrical conductivity and the type of bonding.
While good metals such as Ag or Cu have values close to
6 x 10° S cm™ !, an undoped semiconductor such as Si has a con-
ductivity of 3 x 1078 Scm™" at room temperature. Interesting
enough, MVB solid materials all fall in a narrow range of con-
ductivities between 1 x 10% and 1 x 10*S cm ™. This picture is
compatible with the small bandgap opened by the weak
Peierls distortion. Note that rocksalt structures (SnTe, PbTe,
PbSe, and PbS) are also shown in Figure 6, although their trans-
port properties are mainly dominated by electron transfer and
not an increase in the number of ES.”*! The almost metal-like
electrical conductivities justify calling these materials “incipient
metals.”?! Instead, heavily distorted materials such as Bi,Ss;,
Sb,Se; and Sb,S;, and GeSe and SnSe, where r/r, ~1.2,
are all characterized by a larger bandgap and rather low
conductivity.

Interestingly, the electrical conductivities of these MVB com-
pounds are very close to the Mooij rule for bad metals, which
identifies the critical conductivity where the temperature coeffi-
cient of resistivity changes the sign in metals.”>*" Figure 7
shows the correlation between the electronic transport behavior
and the degree of distortions in a few p-bonded materials.
A metallic behavior (the positive temperature coefficient of resis-
tivity) is found for all weakly distorted materials using MVB,
whereas other materials behave like insulators./*” The transition
from Sb,Se; to Bi,Ses has also been reported to show an insula-
tor to metal transition.®! Actually, the potential link between
the degree of distortion and electronic transport properties is also
hidden in the value of ECoN as the deviation from an ideal
rocksalt-like structure can be characterized by an ECoN value
< 6. This raises the question of whether there is a link between
MVB and metallic behavior, as reflected for example in the
positive temperature coefficient of resistivity. While the question

increasing distortion cubic limit
- o —_—

Figure 5. a) The number of ES and ET of a series of GeTe structures that are gradually distorted along [111] direction. The degree of Peierls distortion
is quantified through the ratio of shorter and longer interatomic distances, i.e., n/rs. The atomic sketches indicate the redistribution of electron
sharing. b) Two different bonding characteristic properties are significantly affected by the degree of Peierls distortion. The upper panel shows
the averaged Born effective charges and projected values on the [111] direction; the lower panel shows the change of the ECoN. a,b) Reproduced with
permission.®¥ Copyright 2019, RWTH Aachen University, published by Wiley-VCH.
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Figure 6. The electrical conductivity data of some representative covalently (red) and metallically bonded (blue) materials, compared with materials using
MVB (green). To maximize the clarity of the viewgraph, we restrict the conductivity range between 10’ S cm ™' (good metals such as Ag) and 1078 Scm ™"
(pure intrinsic semiconductors such as Si) at room temperature. Materials utilizing MVB all fall into a narrow range of conductivities close to the
Mooij value of about 6 x 10°Scm™' (dashed line) for bad metals.’®! Room-temperature conductivity values for CulnSe,, CulnTe,, AglnSe,, and
AglnTe, are taken from other studies.®*®”! Reproduced with permission.*! Copyright 2019, The Authors, published by Wiley-VCH.
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Figure 7. The correlation between the electronic transport behavior and the degree of distortions. The degree of distortion is parameterized by the ratio
between the long bond and the short bond. Weak distortions prevail in MVB materials whereas the others are more heavily distorted. The positive
temperature coefficient of resistivity (TCR) in weakly distorted MVB materials is evidence for an almost metallic behavior. MVB materials are hence
“incipient metals.” Data taken from studies by Kooi et al. and Jovovic et al.?>?® Reproduced with permission.?? Copyright 2020, The Authors, published
by Wiley-VCH.

cannot be fully answered by present results, the interplay
between chemical bonding and electronic transport properties
deserves further investigations.

In the map, MVB is located in the region between covalent,
metallic, and ionic bonding. Materials using MVB are character-
ized by moderate electron transfer. The three lead chalcogenides
PbTe, PbSe, and PbS all possess the same rocksalt crystal struc-
ture. They lie on a straight line in the map within the metavalent
region but with apparently a different degree of electron transfer.
When going from PbTe to PbS, the charge transfer between
cations and anions gradually increases without any structural
transition, as evidenced by the identical ECoN in the three solids,

3.2. Chemical Bonding Tailoring via Electron Transfer
Previous studies!*"?*?***%l and the arguments presented here
have provided convincing evidence that changing the degree of
electron sharing via distortions has significant consequences for

many physical properties. This section will demonstrate that
changing the degree of electron transfer also enables the system-
atic tailoring of the bonding character and many properties.
This mechanism has been systematically studied in a subgroup
of IV-VI materials, i.e., PbX (X =Te, Se, S, 0).1%

Phys. Status Solidi RRL 2021, 15, 2000482 2000482 (9 of 14)

as shown in Figure 8d. The increasing electron transfer has sev-
eral important consequences. As shown in Figure 8a, itleads to a
decreasing chemical bond polarizability Z}, i.e., the charges
become more localized and the bonds become less polarizable.
Similar behavior is also found for other material properties such
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Figure 8. a) Normalized Born effective charge Z;;, b) optical dielectric constant, c) optical bandgap, d) ECoN of Pb, €) mode-specific Griineisen param-
eter, and f) electrical conductivity of PbX (X =Te, Se, S, O). Clearly, the properties of p-PbO differ substantially from the three higher lead chalcogenides.
The green and red colors are indicative of the bonding mechanism of different solids, where green represents MVB whereas the black/red color character-
izes iono—covalent bonding. The term “iono—covalent bonding” is utilized to describe the fact that the bonds in this region possess both covalent and
ionic bond contributions. Reproduced with permission.”?! Copyright 2020, The Authors, published by Wiley-VCH.

as the bandgap, the optical dielectric constant (&), and the
Griineisen parameter (yro). The gradual change of the character-
istic properties shown in Figure 8 is indicative for the reduction
of metavalence upon increasing electron transfer. After PbS, a pro-
nounced change is observed for all properties of -PbO, suggesting
a change in bonding type. Hence, the increased charge transfer
and the concomitant change of properties clearly reveal an electron
transfer-driven transition in chemical bonding. Changing the
degree of electron transfer causes the weakening of MVB from
PbTe to PbS and ultimately the loss of MVB in p-PbO.

4. MVB: Present Status and Future Perspectives
Besides the identification of metavalent bonds in further materi-

als or even material classes, researchers have also made

Phys. Status Solidi RRL 2021, 15, 2000482 2000482 (10 of 14)

successful attempts to induce or destroy MVB via external param-
eters. In this section, we will focus on relevant achievements
related to MVB, stressing its potential in different fields.

High pressure has been a powerful tool to introduce subtle
structure transitions. It enables the control of bonding and prop-
erties without changing the material composition. Pawbake and
coworkers and Bellin and coworkers have reported pressure-
dependent Raman studies of monochalcogenides including
GeTe, GeSe, and SnSe.”®%! The anomalous broadening and
softening of the Raman modes observed in GeTe with both
increased temperature and pressure (less than ~15 GPa) have
been related to MVB and its enhancement. The phonon fre-
quency hardening in the high-pressure region (greater than
~15 GPa), on the contrary, is associated with the electronic
transition away from MVB, as shown in Figure 9.°%°%”) The loss
of MVB character with pressure has also been observed in
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Figure 9. Raman spectra of GeTe from ambient pressure to 57 GPa in
quasi-hydrostatic conditions. Reproduced with permission.®® Copyright
2019, American Physical Society.

SnSb,Te, (~2—4 GPa) and PbSe (~3-4 GPa).*”! On the con-
trary, interestingly, in other p-bonded materials, GeSe and
SnSe, the softening of some phonon modes with pressure has
been linked with MVB.’®#72 A pressure-induced electronic tran-
sition toward MVB has also been observed in p-As,S;.”*)
Particularly, this pressure-induced electronic transition or
bonding transition results in the evolution of many properties
characteristic for MVB including high Born effective charges,
a moderate electrical resistivity, large optical dielectric constants,
and small bandgaps.[®®7+77!

Recently, MVB has also emerged as a conceptually new route
to advance the performance in thermoelectric materials. By com-
paring the lattice thermal conductivities of V,VI; and IV-VI with

www.pss-rapid.com

zincblende IT1I-V compounds, a strong optical phonon softening
results from the long-range electronic interaction of p-electrons.
It leads to a large electron—phonon coupling and therefore strong
anharmonicity in MVB materials.”>*'*®! The strong anharmo-
nicity and consequently low-lattice thermal conductivity have
been observed in many chalcogenides using MVB like SnTe
and PbTe, ensuring fairly good thermoelectric performance even
in pristine materials.?**®7882 The long-range electronic inter-
action has also been demonstrated to be the origin of incipient
ferroelectricity.®’! Besides thermal transport, MVB also leads to
highly anisotropic band valleys which can increase the ratio of
density of state effective mass and conductivity effective mass

(r:f"”) and thus enhances the power factor.'®17#3# The
Drude

manipulation of structural distortions and hence the MVB
character of rhombohedral GeTe via doping has been demon-
strated to be an effective route to promote thermoelectric
performance.">## As reported in a study by Li et al.,** the
enhanced MVB properties induced by symmetrized GeTe lead
to both ultrahigh peak and average ZT, as shown in Figure 10.

As a novel bonding mechanism primarily found in PCMs,
MVB also reveals an intimate link with optical properties. As
reported in a study by Koch et al.*® tailoring the strength of
MVB via Se doping in SnSb,Te, leads to a reduced absolute
reflectivity and hence optical contrast between amorphous and
crystalline phases. Besides the static optical properties, the fem-
tosecond optical excitation of PCMs also reveals an ultrafast
reduction of optical properties prior to amorphization.®%%!
This instantaneous optical change is due to the loss of MVB pos-
sibly triggered by the rattling motion of Ge atoms.®**% These
observations are also technically important as they imply that
the property contrast of PCMs may not necessarily require melt-
ing. Interestingly, besides the instantaneous loss of MVB, the
metastable formation of metavalent bonds in some chalcogenide
glasses upon an applied electrical field has been demonstrated to
be responsible for the amorphous ovonic threshold switching
(OTS) phenomenon.”"?!

These studies demonstrate that manipulating and tailoring
metavalent bonds provide a novel, promising route to property
design. Given these and as well as lively discussions on the con-
cept of MVB, additional advances are both desirable and should
be rewarding. On the one hand, although ~100 compounds have
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Figure 10. Left: Typical Rietveld-refined X-ray diffraction patterns of the sintered Ge;_,Ti,Te and Gego7—,Tio03Sb,Te. Right: Temperature-dependent
ZT of Gey_,,Ti,Sb,Te. Reproduced with permission.'! Copyright 2020, Elsevier.
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been included in the bonding map (Figure 4), a further extension
toward a higher data density, possibly including ternary or even
quaternary materials, is highly desirable. This could be very
helpful, as many functional materials utilize more than just
two elements. On the other hand, the borders between MVB and
conventional bond types including covalent, ionic, and metallic
bonding are still hardly addressed. This investigation should
also be very beneficial as many application-related properties
are highly dependent on the strength of MVB. It is thus
rewarding to know in which composition range MVB can be
expected.

5. Summary

Heavier chalcogenides provide significant potential for several
applications of advanced functional materials, including
PCMs, thermoelectrics, and topological insulators. This has
motivated vivid discussions of the origin of their properties in
the past decades. Studies of the type of chemical bonding used
in this material class are potentially very rewarding as they pro-
vide efficient routes to design functional materials. Here we
review the recent understanding of bonding in several families
of heavier chalcogenides. The type of bonding utilized in three
groups of chalcogenides has been discussed to reveal the under-
lying reason for their wide range of applications. Starting from
IV-VI materials (GeTe, SnTe, PbTe, PbSe, and PbS), the unique
property portfolio and bond-breaking behavior found in these
materials have been demonstrated to be related to a novel chem-
ical bonding mechanism termed “MVB.” A similar property port-
folio is also found for several V,VI; solids (Bi,Te;, Bi,Ses,
Sb,Tes, and p-As,Te;) and some ternary chalcogenides including
crystalline (GeTe);_(Sb,Tes), alloys. The similarities between
metavalently bonded IV-VI solids, the V,VI; solids, and
(GeTe);_.(Sb,Te;), alloys point to the prevalence of MVB in these
compounds. Then, a newly proposed electronic map using two
quantum mechanical descriptors (ES and ET) has been pre-
sented. In this map, all different bonding mechanisms are
located in well-separated regions. Materials using MVB are
found in a region where about one electron is shared between
adjacent atoms and a modest electron transfer occurs. The
degree of MVB can be tailored either via Peierls distortions
or charge transfer. The two approaches mainly affect either
electron sharing between adjacent atoms or electron transfer
and lead to the transitions toward covalent bonding and
ionic bonding, respectively. As many technologically relevant
properties of these materials rely on the strength of MVB,
the tailoring of bonding provides a novel, promising route to

property design.
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