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Metals

3
> 80 of all elements are metals



Metals. Structure

1. Pöttgen R., JohrendtD. Intermetallics: synthesis, 
structure, function. De Gruyter, 2014. 294 p.
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Fig.1. Three basic structural types: the crystal structures of Mg (hcp), Cu (fcc)

and W (ccp).

close-packed layers: 74% 

space filling

a bit less close 

packing: 68%
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Fig.1. Three basic structural types: the crystal structures of Mg (hcp), Cu (fcc)

and W (ccp) [1].
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Bonding in metals

Theories of bonding in metals

1) Free electron theory or electron sea model

2) Valence bond theory

3) Molecular orbital or band theory
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1) Free electron theory 

or metallic bonding is…

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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Opacity ← scattering of light by free electrons

Luster ← metals do not absorb much or any of the visible light 



2)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 I and II). A lithium atom may
form two bonds if it ionizes and formations of many structures are possible (Figures
III and IV).

8



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 individual or any pairs of
atoms. Thus bond model in based on molecular
orbital theory.

9



Electronic structure 

of metals
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Band theory:

Å The electronic structure of solids can also 

be described by MO theory

Å A solid can be considered as a 

supermolecule

Å The band appearing in the bonding region 

is called valence band.The antibonding 

region is called conduction band

Å In the case of metals the valence and 

conduction bands are immediately adjacent



A band structure
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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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Metal 1 + metal 2 + …
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How many 

combinations 

do we have?

~ 38, 000 compounds in ICSD and PCD



Alloys, solid solutions, 

intermetallics:

what is the difference?

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

arrangement

Statistical

(disordered)

Ordered

sub-group

Alloys Compounds

Solid solutions



http://apchemresources2014.weebly.com/upl
oads/9/7/6/4/9764824/alloy_handout.pdf
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Solid solutions: solute 

(red balls) + solvent 
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Examples

http://apchemresources2014.weebly.com/upl
oads/9/7/6/4/9764824/alloy_handout.pdf 17



Examples
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Examples
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Laves 

phase

MgCu2



Examples
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Synthesis

1. Pöttgen R., JohrendtD. Intermetallics: 
synthesis, structure, function. De Gruyter, 

2014. 294 p. 
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Metallurgical laboratory 

/ fundamental research 

23



Metallurgical laboratory 

/ fundamental research 

24

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 

/ fundamental research 
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1. Starting materials

2. Furnaces 

3. Equipment for analysis 

preparing (including glove 

box, polishing machine etc.) 

4. Microscopes (optical, SEM, 
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5. Diffraction (XRD and single-
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Metallurgical laboratory 
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Metallurgical laboratory 

/ fundamental research 
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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 

analysisé)

SQUED - magnetometer



Diffraction

30

2 d sin θ = n λ d = a (h2+k2+l2)-1/2

Bragg condition



Diffraction

*Pictures are taken from 
Anna Sinelshchikova

presentation with permission
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Single crystal Powder



Real and reciprocal 

space (k-space) 

32
https://www.tcd.ie/Physics/study/current/und

ergraduate/lecture-
notes/py3p03/Lecture4_2014.pdf

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.



Crystal structure 

solution and refinement

* from Anna Sinelshchikovapresentation with permission
33

Å Integration => .hkl (In definite unit cell)

ÅAbsorbance – SADABS

ÅSpace group – XPREP => .ins

ÅSolution – direct methods (XS, XT), Paterson => .res

ÅRefinement – SHELXL, Olex => .cif

Å In cif there are .res, .hkl
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Crystal structures of 

intermetallics

35

Julia Dshemuchadse

Walter Steurer



Crystal structures of 

intermetallics:

many classifications…

36

1) Hume-Rothery phases

2) Laves phases

3) Zintl phases

4) Frank-Kasper phases

5) REME phases

…



Phases examples

1. Pöttgen R., JohrendtD. Intermetallics: 
synthesis, structure, function. De Gruyter, 

2014. 294 p. 
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Hume-Rothery phases: electron concentration 
dependence. Example: brass (латунь) phases (Cu-Zn)

Е=
Σ

Σ

CuZn (β-brass) 

E = = = 

Cu5Zn8 (ϒ-brass) 

E = 

CuZn3 (Ɛ-brass) 

E = 



Phases examples

1. Pöttgen R., JohrendtD. Intermetallics: 
synthesis, structure, function. De Gruyter, 

2014. 294 p. 
38

Laves phases 

AB2 

dA/dB = 1,2 

or 1.1 – 1.7 

CNA = 12B+4A

CNB = 6A+6B

MgCu2 MgZn2               MgNi2



Phases examples

39

Zintl phases (Zintl-Klemm concept) :

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

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

NaTl structure: Tl- anions

form diamond network,

Na+ fill the space between,

forming double-diamond

structure

13 group → isoelectronic to 14 group 

→ valence electron concentration 

(VEC) = 4

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

chemical bonding, NaTl still has metallic

character. Quantum mechanical calculations

show that competition among metallic, ionic and

covalent interactions has to be taken into

account.



Crystal structure 

interpretation 

oConcept of electronegativity 

oZintl-Klemm concept

oElectron counting

oHume-Rothery electron concentration rule

oµ3-acids and –bases

oGeometrical / topological analysis

Intermetallics: Structures, Properties, and Statistics

Walter Steurer, Julia Dshemuchadse

Oxford University Press, 2016
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µ3-acids and -bases

41

Daniel C. 

Fredrickson
University of Wisconsin-

Madison

Metals

Acids

(accept e)
Bases

(donate e)

Basis of the approximation is the third moment of the eDOS, µ3



µ3-acids and -bases
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Metals
Acids

(accept e)

Bases

(donate e)

Basis of the approximation is the third moment of the eDOS, µ3

µ3 controls the balance of states above and below the DOS minimum

Stacey, T. E., & Fredrickson, D. C. (2012). The μ3 Model of Acids and 
Bases: Extending the Lewis Theory to Intermetallics. Inorganic Chemistry, 

51(7), 4250–4264. doi:10.1021/ic202727k

Lewis bases: donate 

electrons

Lewis acids: accept 

electrons



µ3-acids and -bases

Stacey, T. E., & Fredrickson, D. C. (2012). The μ3 Model of Acids and 
Bases: Extending the Lewis Theory to Intermetallics. Inorganic Chemistry, 

51(7), 4250–4264. doi:10.1021/ic202727k
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acid base



µ3-acids and -bases

Stacey, T. E., & Fredrickson, D. C. (2012). The μ3 Model of Acids and 
Bases: Extending the Lewis Theory to Intermetallics. Inorganic Chemistry, 

51(7), 4250–4264. doi:10.1021/ic202727k
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Neutralization upon 

compound formation

acid base



Crystallochemical

description

45

Å Coordination polyhedra

Å Atomic layers 

Å Polyatomic clusters 

Topology of Intermetallic Structures: From Statistics to Rational Design
Tatiana G. Akhmetshina, VladislavA. Blatov, DavideM. Proserpio, and Alexander P. Shevchenko

Accounts of Chemical Research201851 (1), 21-30



Crystallochemical

description

Topology of Intermetallic Structures: From Statistics to Rational Design
Tatiana G. Akhmetshina, VladislavA. Blatov, DavideM. Proserpio, and Alexander P. Shevchenko

Accounts of Chemical Research201851 (1), 21-30
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Å Coordination polyhedra

Å Atomic layers 

Å Polyatomic clusters 



Crystallochemical

description

47

Å Coordination polyhedra

Å Atomic layers 

Å Polyatomic clusters 

Topology of Intermetallic Structures: From Statistics to Rational Design
Tatiana G. Akhmetshina, VladislavA. Blatov, DavideM. Proserpio, and Alexander P. Shevchenko

Accounts of Chemical Research201851 (1), 21-30



Cluster definition

48
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Chemical bonding

50

“There is chemistry in intermetallics”…

John D. Corbett

{In spite of the rich

empirical knowledge

about the extremely

diverse crystal chemistry

and manifold physical

properties,

chemical bonding in

intermetallic compounds

is still only rudimentarily

understood}



Chemical bonding

51

Yuri Grin received

his Ph.D. in

Chemistry 1980

from the University

of Lviv, Ukraine,

and is director at the

MPI CPfS in

Dresden working on

the interplay of

chemical bonding

and chemical and

physical properties

of intermetallic

compounds.

Å Multi -centrebonding

Å Analysis with new quantum 

tools ïbonding indicators in 

real (physical) space  

Å ELI -D = Electron Localization 

Indicator 



ELI-D

52



Chemical bonding 

analysis with LOBSTER

COHP –CRYSTAL ORBITAL HAMILTON POPULATION
53

DOS |  COOP |  COHP 

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]

Richard Dronskowski

RWTH Aachen University



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

54



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

Observation: main reflections +
additional reflections (usually of
weaker intensity) called
satellites

Janssen T., Janner A., Looijenga-VosA., de Wolff P.M. (2006) Incommensurate and commensurate modulated 
structures. In: Prince E. (eds) International Tables for Crystallography Volume C: Mathematical, physical and 

chemical tables. International Tables for Crystallography, vol C. Springer, Dordrecht
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https:// sbl.unmc.edu/research.html

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


Application of

quasicrystals

56



Properties and 

application of 

functional intermetallics

ÅFerromagnetic materials

ÅMagnetostrictive materials

ÅThermoelectric materials

ÅThermo- and magnetomechanical materials: shape 
memory alloys

ÅSuperconducting materials

ÅHighly-correlated electron systems

ÅBattery materials 

57



Thermo- and 

magnetomechanical materials: 

shape memory alloys

https://slideplayer.com/slide/10464393/ 58

Based on phase transformation between HT-austenitic phase and LT-martensitic one

TiNi (nitinol)
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Thank you for your 

attention! 
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