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> 80 of all elements are metals
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Fig.1. Three basic structural types: the crystal structures of Mg (hcp), Cu (fcc)

and W (ccp).
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Bonding 1n metals

Theories of bonding in metals

1) Free electron theory or electron sea model
2) Valence bond theory

3) Molecular orbital or band theory



L) Free electron theory
or metallic bonding 1s..

Definition:

A type of chemical bonding that rises from the electrostatic attractive force between
conduction electrons (in the form of an electron cloud of delocalized electrons) and
positively charged metal ions. It may be described as the sharing of free electrons
among a lattice of positively charged ions (cations). Metallic bonding accounts for
many physical properties of metals, such as strength/ ductility,thermal and
electrical resistivity and conductivity, opacity, and luster.
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c)Valence bond theory

This theory was proposed by Pauling to explain bonding in metals. According to
this theory the metallic bonding is essentially covalent in nature and metallic
structure involves resonance of covalent bonds between each atom and its nearest
neighbours. Pauling suggested that the true structure is a mixture of all the many
possible bonding forms. For example, a lithium atom has one electron in its outer
shell, which may be shared with one of its neighbours, forming a normal covalent
bond. Many arrangements are possible (e.g. Figure | and I1). A lithium atom may

form two bonds if it ionizes and formations of many structures are possible (Figures
[l and V).
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3)Molecular orbital
(band theory)

According to this theory metallic bonding results
from the delocalization of the free electron orbitals
over all the atoms of a metal structure. The electrons
In a metal are considered to belong to the crystal as a
whole and not to iIndividual or any pairs of
atoms. Thus bond model in based on molecular
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Flectronic structure
of metals

Band theory:
e A The electronic structure of solids can also
2 be described by MO theory
(") A A solid can be considered as a
__Electron supermolecule

Lithium Atom

p = A The band appearing in the bonding region
/ Is called valence bandThe antibonding
region is called conduction band
Nucleus
- a5 A In the case of metals the valence and
SR conduction bands are immediately adjacent
N = 2 Li atoms 4 Li atoms N, Li atoms
conduction band
o = N

., Fermilevel
/< —

valence band 10



A band structure

overlap

Conduction
band

Electron energy

metal

(

Fermi level

-

Valence

band

semiconductor

insulator W

In band structure theory, used in solid state physics to analyze the energy levels in a solid, the Fermi level can
be consideredto be a hypothetical energy level of an electron, such that at thermodynamic equilibrium
this energy level would have a 50% probability of being occupiedat any given time. The position of the
Fermi level with the relation to the band energy levels is a crucial factor in determining electrical properties.
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Alloys. solid solutions-s

intermetallics:
what 1s the difference?

In common it is a combination of two or more metals (sometimes with nonmetals)

Statistical Atomic Ordered

(disordered) arrangement

Alloys Compounds

sub-group

Solid solutions



Alloys

blend of elements (at least one metal)
prepared by mixing molten constituents
and cooling the mixture to produce a solid
which exhibits metallic properties

Y 3 Y | Y

Homogeneous/ - ‘

Metal Solution Intermetallic Heterogeneous
alloy with the same crystal alloy with new crystal lattice alloy without a regular
lattice structure as one of the different from the parent crystal structure thoughout
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solute

Solid solutions

(red balls) + solvent
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Examples

Type of Alloy Example Notes:

sterling silver | - atomic radii are within ~15% to not affect the overall crystal structure’
substitutional | Ag 93% - crystal structure of elements should be same for least disruption

Cu 7% - resulting solid remains malleable, ductile, similar density
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http://apchemresources2014.weebly.com/upl
0ads/9/7/6/4/19764824/alloy _handout.pdf 17




Examples

Type of Alloy Example Notes:
sterling silver | - atomic radii are within ~15% to not affect the overall crystal structure’
substitutional | Ag 93% - crystal structure of elements should be same for least disruption
Cu 7% - resulting solid remains malleable, ductile, similar density
steel L : :
interstitial Fe >99% - interstitial substituted elements commonly non-metals (H, B, C, N, O, Si)
E - resulting solid is more rigid, less malleable / ductile
C <1%
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Examples

Type of Alloy Example Notes:
sterling silver | - atomic radii are within ~15% to not affect the overall crystal structure’
substitutional | Ag 93% - crystal structure of elements should be same for least disruption
Cu 7% - resulting solid remains malleable, ductile, similar density
steel L : -
: . - interstitial substituted elements commonly non-metals (H, B, C, N, O, Si)
interstitial Fe >99% : : : :
- resulting solid is more rigid, less malleable / ductile
C <1%
MgZn; - definite proportions of constituent elements
intermetallic*? NasZny; - crystal lattice structure is different from any of constituent metals
CusZn - resulting solid has properties often different from constituents

°— Mg(1
o - Cu(1)

L.

(o]

Laves
phase
MgCu,




Examples

Type of Alloy Example Notes:
sterling silver | - atomic radii are within ~15% to not affect the overall crystal structure’
substitutional | Ag 93% - crystal structure of elements should be same for least disruption
Cu 7% - resulting solid remains malleable, ductile, similar density
steel : i : .
. e - interstitial substituted elements commonly non-metals (H, B, C, N, O, Si)
interstitial Fe >99% : : P :
- resulting solid is more rigid, less malleable / ductile
C <1%
MgZn; - definite proportions of constituent elements
intermetallic*? | NasZn - crystal lattice structure is different from any of constituent metals
CusZn - resulting solid has properties often different from constituents
solder - multiple phases / crystal structures throughout the solid
heterogeneous | Pb ~50% (ie. phase of lead only = phase of tin and lead* = phase of tin only)’
Sn ~50% - properties can vary broadly

* intermetallic is sometimes used to describe phases in heterogeneous alloys with multiple metals
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Synthesis

2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

Synthesis -3
Starting Materials —= Crucible Materials - 3
Phase Diagrams — Metallography - 10
Melting, Annealing and Sintering - 11
Arc-Melting - 14
Induction Melting - 17
Spark Plasma Sintering - 19
Metal-flux assisted Synthesis — 21
Salt-flux assisted Synthesis = 25
Thin Films — 27
Chemical Vapor Transport - 30
Crystal Growth Techniques — 32

1. Pottgen R.,JohrendtD. Intermetallics
synthesis, structure, function. D@ruyter
2014 294p.
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Metallurgical laboratory
/ fundamental research
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Metallurgical laboratory
/ fundamental research

1. Starting materials

2. Furnaces

3. Equipment for analysis
preparing (including glove box,
polishing machine etc.)

4. Microscopes (optical, SEM,
TEM...)

5. Diffraction (XRD and single-
crystal, etc.)

6. Instruments for properties
measurements (thermal
analysis...)




Metallurgical laboratory
/ fundamental research

1. Starting materials
2. Furnaces
3. Equipment for analysis

preparing (including glove box,
polishing machine etc.)

4. Microscopes (optical, SEM, ""”'"“AHL
TEM. .. I sy
) «——_—( silica tube
5. Diffraction (XRD and single-
crystal, etc.) SEEREN
6. Instruments for properties ‘IL
measurements (thermal

analysis...) 2 asingwatet’s .

Fig. 2.11 Awater-cooled sample chamber in an induction furnace (left) for annealing metallic but-
tons in sealed silica tubes. A sketch is presented on the right.



Metallurgical laboratory
/ fundamental research

1. Starting materials
2. Furnaces
3. Equipment for analysis

preparing (including glove
box, polishing machine etc.)

4. Microscopes (optical, SEM,
TEM...)

5. Diffraction (XRD and single-
crystal, etc.)

6. Instruments for properties
measurements (thermal
analysis...)
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Metallurgical laboratory
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1. Starting materials “ ,.

2. Furnaces

3. Equipment for analysis
preparing (including glove box,
polishing machine etc.)

4. Microscopes (optical, SEM,
TEM...)

5. Diffraction (XRD and single-
crystal, etc.)

6. Instruments for properties
measurements (thermal
analysis...)




Metallurgical laboratory
/ fundamental research

Table 1 shows the measurement technigues for each property. Each technique is called DTA, DSC, TG, TMA and DMA.

1 . Starti ng materi a.l S Abbrev. TA Measurement Technigue Property Unit
DTA Differential Thermal Analysis Difference temperature °Cor pv*
2 . F U rn aCES DsC Differential Scanning Calorimetry Enthalpy W =Jlsec
TG Thermogravimerty Mass gram
3 . Eq u i pment for analys i S TMA Thermomechanical Analysis Deformation meter
preparing (including glove boX, o preme vesenca Slstiy Pa= Nm?
polishing machine etc.)
4) JULICH

4. Microscopes (optical, SEM, SQUED - magnetometer

TEM...) :

5. Diffraction (XRD and single-
crystal, etc.)

6. Instruments for properties
measurementgthermal
anal ysi se)

29
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Diffraction
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Real and reciprocal
space (k-=space)

Fourier transforms

Real space _ Reciprocal space

Every crystal structure has two lattices associated with it, the crystal lattice (or direct
lattice) and the reciprocal lattice.
A diffraction pattern of a crystal is a map of the reciprocal lattice of the crystal.
A microscope image, if it could be resolved on a fine enough scale, is a map of the
crystal structure in real space.

https://lwww.tcd.ie/Physics/study/current/und
ergraduate/lecture 32
notes/py3p03/Lecture4_2014.pdf



Crystal structure
solution and refinement

A Integration => .hkl (In definite unit cell)
A Absorbance — SADABS

A Space group — XPREP :@

A Solution — direct methods (XS, XT), Paterson => .res

A Refinement — SHELXL, Olex => cif
A In le thel’e al’e I’eS, hkl Jana2006 is a crystallographic program fo-

Mo lewlz s cused to solution, refinement and interpreta-
File Edit View Structure Mode Tools Model Select Help tion of difficult, especially modulated struc-
©  tures. It calculates structures having up to
three modulation vectors from powder as
well as single crystal data measured with X-

ray or neutron d|ffracu0n The input diffrac-
B i mh nar_tha

ma\gOl.Virls

CaoHoeNgO1s = 'S

returned one solution: magdl.ins_a.res

SC SH & Jiq(‘h?lw <0 QK '[group—subgr!:luggfmns ,IFJFI&%megrg
v méit] [ msoit_] [-Sou SAME ] [__Soit and commensurate-supercell  relations.
wap Showiao ] (sian Sesings Wide scale of censtrains and resfrains is
Brak 5:lliso SHders available including a powerful rigid body ap-
— proach and possibility to define a local sym-
metry affecting only part of the structure.
Histo The latest development of Jana concerns
Select magnetic structures
Naming

*from AnnaSineshchikovgresentation with permission 33
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Crystal structures of
intermetallics

WALTER STEURER AND
JULIA DSHEMUCHADSE

Julia Dshemuchadse

M

Walter Steurer
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Crystal structures of

intermetallics:
many classifications..

1) Hume-Rothery phases
2) Laves phases

3) Zintl phases

4) Frank-Kasper phases
5) REME phases

36



Phases examples

Hume-Rothery phases: electron concentration
dependence. Example: brass phases (Cu-Zn)

a: fce
[3: bce
y. cubic (complex)

—3
N
o

CuZn §-brass)

valence electron concentration

- 1.5 E
£en
£ |
[ CuZn, (Y-brasy
[ | T u T T | T u | 1.0

7( E =—
] ) 8l 60 50 40 0 2 1 (
Cu <« %Cu
Fig. 3.13 Sketch of the phase sequences in the copper-zinc phase diagram at room temperature. CUZ@ (g'brass
Formation of the Hume-Rothery phases depends on the valence electron concentration. The biphasic _
areas are shaded in light gray color. For details see text. E -

1. Pottgen R.,JohrendtD. Intermetallics
synthesis, structure, function. D@ruyter 37
2014 294p.



Phases examples

Laves phases
AB,

d /dg =1,2
orll-1.7
CN,=12B+4A
CNg; = 6A+6B

MgCu, MgZn,

1
gt
MgCug (Fd3m) MgZng (PE3/mmc)

MgNio (P63/mmc)

Fig. 3.14 The crystal structures of the Laves phases MgCu,, MgZn,, and MgNi,. Magnesium and
transition metal atoms are drawn as light gray and black circles, respectively. The networks of con-
densed T, tetrahedra are emphasized. The magnesium substructures are indicated by light gray
lines which do not correspond to chemical bonds.

1. Pottgen R.,JohrendtD. Intermetallics
synthesis, structure, function. D@ruyter

2014 294p. 38



Phases examples

Zintl phases (Zintl-Klemm concept) :

electropositive metal (alkali, alkaline earth, rare earth
+ anionic part (half-metal of the p-block...)

lonic, salts like - NaTl (Na donates e, Tl accepts)

1. Zintl concept can only predict the connectivity
pattern based on the VEC of the Zintl anion, and
not the concrete structure type.

2. This is an assumption neglecting the complex
electronic structure.

3. In spite of the character of the polar/covalent NaTl structure: Tl anions
chemical bonding, NaTl still has metallic form diamond network,
character. Quantum mechanical calculations Na* fill the space between,
show that competition among metallic, ionic and forming double-diamond
covalent interactions has to be taken into structure

account.



Crystal structure
lnterpretation

o Concept of electronegativity

o Zintl-Klemm concept

o Electron counting

o Hume-Rothery electron concentration rule
O lz-acids and —bases

o Geometrical / topological analysis

Intermetallics Structures, Properties, and Statistics
Walter SteureyJulia Dshemuchadse
Oxford University Pres2016



U,-acids and =-bases

Metals
Acids Bases -
Daniel C.
(accept e) (donate e)

Fredrickson

University of Wisconsin-
Madison

Basis of the approximation is the third moment of the eDOS, y,

Chemistry in the Fredrlck’on Graoup

{ revealing the chemical ori |r1s*of'sltI \ X

N tructural complexity infalloys

41



U,-acids and =-bases

Metals
Acids — —, Bases
(accept e) (donate e)

Basis of the approximation is the third moment of the eDOS, L,
M3 controls the balance of states above and below the DOS minimum

The p; Model of Acids and Bases: Extending the Lewis Theory to

Intermetallics L ewis basesdonate
Timothy E. Stacey and Daniel C. Fredrickson* e|eCtrOnS

Department of Chemistry, University of Wisconsin—Madison, 1101 University Avenue, Madison, Wisconsin 53706, United States

© Supporting Information

ABSTRACT: A central challenge in the design of new metallic Lewis acid-base adduct Intermetallic phase LeWiS aCidS: acce pt
materials is the elucidation of the chemical factors underlying the 7 Base Add FedpDOS | [T7a7
N electrons

structures of intermetallic compounds. Analogies to molecular =_pDOS L ‘ES
bonding phenomena, such as the Zintl concept, have proven very

productive in approaching this goal. In this Article, we extend a
foundational concept of molecular chemistry to intermetallics:

¥
the Lewis theory of acids and bases. The connection is developed ¥ 4 _—
- ’. Al

»

Energy .
. Energy(o)
o

R

] + o 1] — n [[ior

KIMCNoT3a OCHOBaHKE

through the method of moments, as applied to DFT-calibrated
Hiickel calculations. We begin by illustrating that the third and
fourth moments (u; and ) of the electronic density of states _
(DOS) distribution tune the properties of a pseudogap. y; controls the balance of states above and below the DOS minimum, Fillel -+ il — [%I | ]
with y, then determining the minimum’s depth. In this way, y; predicts an ideal occupancy for the DOS distribution. The y- 3 4
ideal electron count is used to forge a link between the reactivity of transition metals toward intermetallic phase formation, and
that of Lewis acids and bases toward adduct formation. This is accomplished through a moments-based definition of acidity
which classifies systems that are electron-poor relative to the y;-ideal as p;-acidic, and those that are electron-rich as p5-basic. The
reaction of y3 acids and bases, whether in the formation of a Lewis acid/base adduct or an intermetallic phase, tends to neutralize
the p; acidity or basicity of the reactants. This y;-neutralization is traced to the influence of electronegativity differences at
heteroatomic contacts on the projected DOS curves of the atoms involved. The role of y;-acid/base interactions in intermetallic
phases is demonstrated through the examination of 23 binary phases forming between 3d metals, the stability range of the CsCl
type, and structural trends within the Ti—Ni system.

KHCNOTa OCHOEaHKHE

Stacey, T. E., & Fredrickson, D. C. (2012)
Bases: Extending the Lewis Theoryniermetallics Inorganic Chemistry, 42
51(7), 42564264. doi:10.1021/ic202727k



U,-aclids and =-bases

p=1
E (o)
9)

1,=0
E (o)
| ? ‘

-31 4 |
3
gL
7]
8
g DOS DOS DOS DOS
+ xk=0.0 k=0.5 k=10 k=2.0

K increasing -

Figure 3. Influence of the third moment (y;) and kurtosis (k) on the
shape of a DOS distribution. A comparison of DOS curves with
varying values of y; and k (but equal values for all lower moments)
illustrates that p, determines the balance in the numbers of states
above and below a DOS gap or pseudogap, while x controls how
pronounced the gap is.

The method of moments focuses on the relationships between
the electronic density of states (DOS) distribution, and its
moments

o0
. n
mp:[wEDOﬂDdE -

which are quantities that measure various aspects of the
distribution’s shape.

acid base
0 Mm j3 neutral

ideal
for ug

~e" deficiency

-0.2

E(o)

-0.3

-0.4

-0.5

0 20 40 60 80 100
BF(%)

Stacey, T. E., & Fredrickson, D2019) . B Maslel of Acids and
Bases: Extending the Lewis Theoryniermetallics Inorganic Chemistry, 43
51(7), 42504264 doi10.102%ic20272k



U,-aclids and =-bases

(b) —
Ti(d) pDOS

hcp structure

Fe(d) pDOS

bece structure

= E;x.-.af ~

acid basg

0.
0 20 40 60 80 100 DO DO
BF(%) BF=0.27,Ideal=0.45 BF=0.68, Ideal=0.45

Fe(d) pDOS
TiFe binary

Ti(d) pDOS
TiFe binary

0.
0 20 40 60 80 100
BF(%)

BF=0.26, Ideal=0.24 BF=0.70, ldeal=0.74

Figure 10. pu;-Neutralization of TiFe in the CsCl-type. (a)
Comparison of (BF, E,,) points for Ti and Fe relative to their u;-
ideals before and after forming the intermetallic. (b) The
reconstructed DOS curves from the p; and x values for Ti and Fe
before and after intermetallic phase formation. For each DOS curve,

filled states are denoted with , shading, and the Fermi energy
corresponding to the ideal BF (Ei9e) is marked with a dashed line.

L v vy [ - [ ——

1

The method of moments focuses on the relationships between
the electronic density of states (DOS) distribution, and its

moments

U =f°° E"DOS(E) dE
n 86

(1)

which are quantities that measure various aspects of the

distribution’s shape.

Neutralization upon

compound formation
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~e" deficiency
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-0.4

-0.5
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& Fredri
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ckson, D. C.

Bases: Extending the Lewis Theoryniermetallics Inorganic Chemistry,
51(7), 42564264. doi:10.1021/ic202727k

(2012)
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Crystallochemical
description

A Coordination polyhedra
A Atomic layers
A Polyatomic clusters

Topology of Intermetallic Structures: From Statistics to Rational Design
Tatiana GAkhmetshinaVladislavA. Blatoy DavideM. Proserpig and Alexander P. Shevchenko 45
Accounts of Chemical Resea?€i851(1),21-30



Crystallochemical
description

A Coordination polyhedra P ‘/;Z
A Atomic layers X ' &

565 8 >\., ‘&/

A Polyatomic clusters

VavaVa¥aVa¥y

aYavavavaVa

Figure 3. (top) Decomposition of the CoGaj crystal structure into atomic layers with the tts (left) and 2,3L1 (right) topologies. (bottom) The tts
(left) and 2,3L1 (right) nets are highlighted in yellow as subnets of the hxl net (middle).

Topology of Intermetallic Structures: From Statistics to Rational Design
Tatiana GAkhmetshinaVladislavA. Blatoy DavideM. Proserpig and Alexander P. Shevchenko 46
Accounts of Chemical Resea?€i851 (1), 21-30



Crystallochemical
description

A Coordination polyhedra
A Atomic layers
A Polyatomic clusters

1@14 1@ 14@50 1@14@50@96

Topology of Intermetallic Structures: From Statistics to Rational Design
Tatiana GAkhmetshinaVladislavA. Blatoy DavideM. Proserpig and Alexander P. Shevchenko 47
Accounts of Chemical Resea?€i851(1),21-30



Cluster definition
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Comddansaad Matier

Philosophical Magazine

Publication details, including instructions for authors and
subscription information:
http: //www.tandfonline.com/loi/tphm20

Discussion on clusters, phasons and

quasicrystal stabilisation

C. L. Henley *, M. de Boissieu ° & W. Steurer ©

® Department of Physics, Cornell University, Ithaca, NY
14853-2501, USA

> Laboratoire de Thermodynamique et Physico Chimie

Métallurgique, UMR CNRS 5614, INPG, ENSEEG BP 75, 38402, St.

Martin d'Heres Cedex, France

© Laboratory of Crystallography, Department of Materials, ETH
Zurich, Wolfgang-Pauli-Strasse 10, 8093, Zurich, Switzerland

Version of record first published: 19 Aug 2006

This paper summarises a two-hour discussion at the Ninth International
Conference on Quasicrystals, including nearly 20 written comments sent
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romagnetic ordering has been observed as well as giant-magnetoresistance [17] and
good thermoelectric properties. Some of the Heusler compounds like YPd,Sn show

tivity at low temp First total energy calculations indi-
cated that much more Heusler dswith i ing magnetic ies might
exist [18]. The most deeply investigated phases are MnT,Ga (T = Co, Ni), MnT,Al (T =
Co. Ni. Cu. Pd). MnT.In (T = Cu, Ni, Pd), MnT,Sn (T = Cu, Ni, Pd), MnT,Sb (T = Ni, Pd),
MnCo,Si, MnCo,Ge, and Co,FeSi.

The structural arrangement of MgAgAs might be considered as the ordered defect
variant of the Heusler structure. These compounds are frequently called Falf-Heusler
phases. They are studied in the same context as well as for topological insulators [19].
Since many of the half-Heusler compounds have almost similarly scattering elements,
itis often difficult to determine the ordering of the atoms on the basis of X-ray diffrac-
tion, especially in the cases of extended solid solutions!

One of the most complex bec superstructures is the ternary gallide V,,Cu,Ga,,, a
512-fold superstructure (8 x 8 x 8 subcells) [20].
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3.4 Chemical Bonding

In spite of the rich k ledge about the diverse crystal chemis-
try and manifold phys:cal properties, chemical bonding in intermetallic compounds
is still only d [1]. No ordering scheme seems
to be di thus i ly defy the lities of chemical
bonding concepts with its effective valence rules for covalent and icnic solids. How-
ever, chemists grow up with the conception of chemical bonding categorized into co-
valent, ionic, or metallic according to the Van-Arkel-Ketelaar triangle proposed in the
1950ies (2, 3]. Such an extreme diversification is relativized in the context of quantum
chemicel calculations, where in the end any solid state compounc is reduced to a
spectrum of energy elgenvalus based on the chosen hasis set. It is this eigenvalue
spectrum which ionicity or ity in arbitrary
combinations and with varying In line with this it has
been argued that the term metalllc bond should be completely drepped because it
is fully by band theory and the broader concept
of covalent bonding [4, 5]. Nevertheless it may be useful to maintain the extreme
cases of ionic, covalent and metallic bonds in the ‘toolbox of solid state chemists’
[6] together with classical ideas of classifying solids by the Laves, Hume-Rothery,
and Zintl concepts (see Chapters 3.5, 3.6, 3.7). However, especially intermetallic com-

h us the limitati fall these d which effectively work only
for certein classes of materials and completely fail for others. As mentioned above,
quantum chemical are ind dent from any ived definition of

chemical bonding, and are therefore a good choice to improve our understanding of
such complex materials. Many compounds have been studied using yuantum theory
of solids during the last decades, and it is merely impossible to even summarize only
a fraction of the obtained results within this book. We will therefore briefly outline
some characteristics of the metallic state of matter followed by short descriptions of
the most popular quantum chemical methods that are widely used to analyze chemi-
cal bonding and physical properties of intermetallics. For more detailed information
we refer to the li A i well suited for chemists is the
texthook by Dronskowski [7].

3.4.1 The Metallic State of Matter

Crystal of 1 metals are d d by close sphere packing (ccp,
hep, and bec) with large coordination numbers, The principle of close packing re-
mains generally i for llic ¢ ds, even though their structures
often become very complicated in detail, Independent of the structure, the metallic
state of a compound inherently emerges from certain features in the electronic band
structure. The highest occupied electronic level (named the Fermi-level, £.) is within

rich
knowledge
extremely
diverse crystal chemistry
and manifold physical
properties,

\ {In
empirical
about

spite of the

the

chemical bonding in
intermetallic compounds
is still only rudimentarily
understood}
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thermoelectric properties of intermetallic compounds
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A Multi -centre bonding

The intermetallic phases attract the attention of materials developer for
thermoelectric applications and are currently considered as the main family of
thermoelectric materials. Where physical behaviours of intermetallic

compounds are widely investigated, their chemistry is still an open research A AnalySIS Wlth new quantum
field. These substances are formed by elements located at and left of the Zintl tOO|S | bond | ng |nd|CatO rs Iﬂ

line in the Periodic Table. The valence electron count per atom is usually less

than four. The reduced VEC and the presence of transition and/or rare carth real (p hyS|Cal) Space

metals in this group of inorganic materials allow only restricted application

of the traditional chemical concepts based on two-centre interactions, like the

Zintl-Klemm model, for interpretation of composition and crystal structure . .
[1]. Therefore, a general picture of interatomic interactions as well as A ELI -D = Electron LOC8.|IZB.'[IOH
understanding of chemical composition and crystal chemical features is still ]

under debate. | n d icator

Further progress in this matter require using of the models employing the

multi-centre bonding. Use of new quantum chemical tools - bonding

indicators in real space - opens the way to qualitative and quantitative

interpretation  of atomic interactions in thermoclectric materials as

combination of covalent polar and non-polar, ionic and multi-centre bonds

[2]. Introduction of the terms ‘inhomogeneity’ and ‘anisotropy’ for atomic

interactions contributes to the understanding of chemical and physical

behaviours of thermoelectric materials [3]. In particular, the unusually low

thermal conductivity of intermetallic clathrates can be interpreted as a

consequence of the inhomogencously and anisotropically distributed regions

with different atomic interactions [4,5]. Furthermore, understanding of 51
chemical bonding allows also a prediction for the new compounds [6].



Charge Decomposition Analysis of the Electron Localizability Indicator:
A Bridge between the Orbital and Direct Space Representation of the

E L I - D Chemical Bond

Frank R. Wagner,* Viktor Bezugly, Miroslav Kohout, and Yuri Grin"

ret al. - Chemical Bonding and Physical Properties of YbsBiy

bonding analysis with the electron localizability indi-

001 cator. The ELI distribution around the ytterbium atoms
[100] is nearly spherical (Fig. 3) and shows 5 atomic shells.

The sixth one 1s not observed and the electrons ap-

[010] _, pear to be transferred to the bismuth substructure. In

the vicinity ol the bismuth positions six shells are ob-
served. The sixth one shows deviatons [rom the spher-
ical distribution, but 1s stll closed around the nucleus
(¢f. B12 in Fig. 3). No distinct maxima are found be-
tween the ytterbium and the bismuth atoms in agree-
ment with the ionic bonding picture (¢f. the short-
! est distances between the Bi2 atom and its neighbors,
shown in light green in Fig. 3). An additional maxi-
mum ol ELT 1s observed inside the (Yb1)2(Yb2)(Yb4)
’ tetrahedron (blue in Fig. 3). It reveals the excess elec-
trons contributing to a special four-centre interaction
within the ytterbium substructure in accord with the

0 I 1.65 above electronic balance. The positions of the local

Y . Yb.Bi, maxima of the electron localization function or of the

Fig. 3. Electron localizability indicator for YbsBis: function electron localizability indicator were shown to be very
distribution at y = 1/4. The shortest Bi2-Yb distances are : . : : .

. suitable for the hydrogen incorporation [23]. Upon full

shown in light green, the (Yb1)2(Yb2)(Yb4) tetrahedra with u c ey N £ . P e [. | 1]3 I

the ELI maxima in the center is indicated with blue lines (for occupation of these positions the chemical composi-

colour see online version). tion of the hydride should be YbsBizH in agreement

with the electron balances (1) and (2) shown above. 52
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analysis with LOBSTER

From the band structure... ...to the DOS... ...and the COOP
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With COHP we partition the band structure energy (instead of the electrons)
but again into bonding, nonbonding, and antibonding contributions.

In short: we can evaluate bond energy [eV]
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Aperiodic crystals:
quasicrystals (6d) and
modulated (4d) structures

The International Union of Crystallography (IUCr) redefined crystal as “any solid having an
essentially discrete diffraction diagram,” and an aperiodic crystal as “any crystal in which 3D
lattice periodicity can be considered to be absent.” As a consequence, QCs fall into the
category of aperiodic crystals.

In general, they are also periodic crystals, but in a higher dimensional space
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Modulated structures

Modulation = periodic
deformation of a “basic
structure” having space-group

symmetry

Observation: main reflections +
additional reflections (usually of

weaker Intensity) called
satellites
Periodic

We denote a basis for the lattice of main reflections by a*, b*,
c*. The satellites are separated from the main reflections by
vectors that are integral linear combinations of some basic
modulation vectors denoted by q;, (j=1.2,..., d). Accord-
ingly, the positions of the Bragg reflections are given by

H = ha® +kb* +Ic* +mq, + myq, +... +m,q,. (9.8.1.1)

If the modulation is incommensurate, the set of all positions
(9.8.1.1) does not form a lattice. Mathematically, it has the
structure of a Z-module, and its elements are three-dimensional
vectors (of the reciprocal space). Accordingly, we call it a
(reciprocal) vector module.

The modulation that gives rise to the satellites can be:

(1) a displacive modulation, consisting of a periodic displace-
ment from the atomic positions of the basic structure;

(11) an occupation modulation, in which the atomic positions of
the basic structure are occupied with a periodic probability
function.

A A A AAA[A A[A|A|AA|A]A
Commensurate (q = 0.25b")

M WWW https:// sbl.unmc.edu/research.html

Incommensurate (q=0.297...b%)

1

ALK 4
2 3 4 5 6 7 8 9 10 11

Janssen T., Janner RooijengaVosA., de Wolff P.M.2006 Incommensurate and commensurate modulated
structures. In: Prince Eed9 International Tables for Crystallography Volume C: Mathematical, physical and 55
chemical tables. International Tables for CrystallograpbhC. Springer, Dordrecht
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Application of
guasicrystals
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Properties and

application of
functional intermetallics

AFerromagnetic materials
AMagnetostrictive materials
AThermoelectric materials

AThermo- and magnetomechanical materials: shape
memory alloys

ASuperconducting materials
AHighly-correlated electron systems
ABattery materials



Thermo- and
magnetomechanical materials:

shape memory alloys

Based on phase transformation between HT-austenitic phase and LT-martensitic one
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Martensite Martensite TiNi (nitinol)
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