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Superconductivity: by cooling
resistivity drops to zero

Conductivity of metals decreases
with temperature. Increased
interaction of electrons with
latticel

Conductivity of insulators and
semiconductors increases with
temperature. Concentration of
carriers increases!



Electrical resistivity of ceramic (oxide) materials
over 20 orders of magnitude

TiN, TiB,
+ MoSi,, n-BaTiO, (PTC)
(Ni,Mn,Fe)O, (NTC) (Fe,Ti),O4 (NTC)
VO, ReO;, Ru0,, Ir0,

TiO YBa,Cu,0O
2 TiOE_a 2 M7y
Insulators Semiconductors Conductors Superconductor
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Electronic charge distribution in the basic solid types
(chemical bond point of view)

18- 18- 18- 18 I! l!
18, 18 s I! l!

Molecular: Ar Tonic: KClI

‘ . . . l l Delocalized
® & O ®© © © Ce'em"s

Covalent: C (diamond) Metallic: K

4
After N.W. Ashcroft, N.D. Mermin, ,Solid State Physics", Philadephia, 1976



Metals, semiconductors, insulators

Semiconductors: electrons are
excited over the band gap and
occupy energy levels in
conductivity band. Holes are
created in valence band. The
process is thermally activated-
conductivity increase with
temperature.
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Conductivity can be increased by a doping. Through the doping

energy levels within band gap will be created.

A material with an energy gap >2.5 eV is an insulator.




Electron in a (1D) solid

Energy of
an electron: E = hw= (hk)?/2m E ~ k2

k=21T1/\ wave vector

A
=~

A — wavelength
of the electron

Electrons with A>>a (lattice parameter)
can travel freely through a crystal

For more energetic electrons when A-a ????



Electron in a (1D) solid I E

Potential energy of an electron
in a periodic array of positive ions

P [
<« »

Wave functions for A=2a

Distribution of the electron
densities:
Y2~cos?(mix/a) lower energy

Y2~ sin?(mx/a) higher energy

A=2a

Electrons which have a

with the lattice are

wavelength commensurate @ 777°° AN A
scattered on the periodic | [

potential




Band (Bloch-Wilson)
insulators

Partially filled energy band |=> metal

Filled energy band =) insulator

splitted d orbitals
(trigonal prism
coordination)

) S5

insulator

Mo#+ 402 Nb4+ 4d?

metal




No carriers - no conductivity

NC(ZO Na* 2p6350 Oz2- 2p6 Noble gas configuration:

insulator
MgO M92+ 2p6350 Oz2- 2p6 insulator
TiOZ Ti4 340440 02- 2P6 insulator

Free carriers?
Ti10 Tié+ 3d2450 OZ' 2p6 Free d-electrons:

metal

NiO Ni2+* 3d84s0 O2- 2p6 Insulator

But why???

9



'}\ N TiO-rutle  Ti 3d24s0

O

dx? iy

Enamngy

J -d:w? d&z? dyz

metal

NiO- NaCl structure Ni 3d84s°

Is insulator! e
Why not a metal?
‘u:l:-ri ‘dx“-}.ﬁ‘

Enargy
dw‘i du‘i d4i
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Why not metal?
Whatever is the crystal

field splitting the orbitals

CuO Cu?t 3d94¢0 are nhot fully occupied!!!

CoO Co* 3d74s° Odd number of d electrons-
all this oxides should be

MnO Mn2+ 3d°4s0 metals but are insulators

Cr,04 Cr3* 3d34s°

Electron configurations

3d%4s?

Tb|DyHolEr [TmYb|Lu|
Bk|Cf|EsFmMdNol|Lr|




Mott-Hubbard insulators

*The d-levels in most of the transition metal
oxides are partially filled, therefore, the band
theory predicts electron delocalization and
metallic properties.

*According to band structure calculations half
of the known binary compounds should be

The Nobel Prize in Physics

CondUC’ring. 1977: Philip Warren
) ) ] . Anderson, Sir Nevill
‘In r‘eallTy, many oxides show lnSUIG'rlng Francis Mott and John
behavior, implying that the d-electrons are Hasbrouck van Vieck
localized "for their fundamental
' . theoretical investigations
Short-range Coulomb repulsion of electrons of the electronic structure

can prevent formation of band states, of magnetic and
stabilizing localized electron states. disordered systems".
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Mott considered the idealized metal-insulator transition for Na
crystal by changing the
0) interatomic spacing.

E

or\d\—\d.‘\"w
c ) Electron hopping
between atoms

during conduction

Na + Na—=>Na* + Na-

> Bandwidth or band dispersion:
energy difference between the highest

.- and lowest level. Bandwidth increases
+ + + + + + + + with better orbital overlap. Localization

Na Na Na Na of electrons — narrow bands.

wMAAK w&m /
<>
a
#
1/a

Hubbard U - energy penalty for transferring an -

lectron between two adjacent sites -assumed to After: Feng Duan, Jin Guojun,

“Introduction to Conderik8d Matter

be independent on a Physics”, Vol.1, World Scientific 2005



Mott-Hubbard insulators

Coulomb repulsion is described in
terms of a correlation energy,

penalty for transferring an electron
between two adjacent sites.

U~I-A

ionization energy electron
a few eV affinit
( ) ’ Niz* + Ni¢* — Ni%* + Ni*
d8+d® — d’ +d°

+ 4 — W+
Hubbard- U/, which is the energy O—O O O
+ +
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I

I Upper Hubbard band

E,
bbard band

. ->
U=1/2(B +B,) Bandwidth W

If U > W, the d band of the
transition metal is splitted into
sub-bands. For an electron
transfer an energy barrier U
must be overcome and the
material is insulating.

Mott-Hubbard (MH) insulator.

At the point where W ~
U, the bands overlap.
Beyond this point, there

is no energy gap and the
material is metallic.

The effect of the electron repulsion makes even the half-filled band
insulating when the interaction between atoms (band width W) is small.



Pressure and temperature dependence

‘Every material under high g
pressure will have metallic
properﬂes insulator |
‘Insulator-Metal transition can
be achieved increasing
temperature (thermally
induced carriers) or doping a > 1/a
C

metal

16
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Phase diagram of V,0;

METAL IMNSULATOR

&

ANTIFERROMAGNETIC
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—_

10 5 o 5 10
AT % Ti V, Oy AT. % Cr
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15

FI1G. 3. Generalized phase diagram of transition tem-
perature versus both pressure and at.h Cr and Ti in
Vy04: Closed circles are from mixed oxides at 1 atm;
solid and open squares are V,04 on increasing and de-
creasing pressure, respectively; solid and open trian-
gles are (V sqCry_ga)20y on increasing and decreasing
pressure. There are large experimental uncertainties
(=2 kbar) in the pressure calibration below 10 kbar and
therefore in the M-I phase boundary.

Mixed oxides (chemical pressure)
Ti3+ 0.814; Vv3+ 0.78 A; Cr3* 0.755 A

‘Pressure experiments for V,0;
and (Vo 96Cro,04)203

D.B. McWhan et al., PRL, 23 (1969) 1384 17



V,0; metal-insulator transition
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Figure 1 The conductivity of pure V:0; at 1 atm as a func-
tion of temperature (from Ref. 15).

J. Feinleib and W. Paul, Phys. Rev. 155(19¢8 841



Transition metals TM

General rules s e s e e

21 22 23 24 25 26 27 28 249

Sc Ti v Cr | Mn | Fe Co Ni Cu

44 056 [47.88 |50.9441 |51.096 [54.932 |55.247 |58.0232 [52.693 |62 546
=4 40 41 42 43 44 445 46 47

W LU Larger d orbitals Y | zr [Nb | Mo | Tc | Ru | Rh | Pd | Ag

28.906 [91.224 |92.905 |95.94 |[(@7.91) 101.07 (10291 [(10G6.42 107.87
a7 T2 Tz 74 7h TG 77 7 74

La Hf Ta v Re | Os Ir Pt Au

138,91 (17849 120,95 |183.84 [186.21 190,23 189222 [195.08 |196.97

—

*' W  -low oxidation state (more electrons) for early TM (good M-M overlap)
*high oxidation state for late TM (good M-O-M overlap: covalent
bond)

-for covalent bonds: low electronegativity anions
halides, O, S, Se, Te, phosphides.....

NiS, CoS and CuS-metals
NiO, CoO and CuO- (MH) insulators

-electron configuration e.g. Mn?* 3d° has half-filled shell
U -other cations in the structure (as e.g. in perovskites ABO,)

19



Mott-Hubbard models

assumes that the band Oxygen p bands
gap is within d-band. Metal d bands

*In many cases one has
DO

to consider ligands- e.qg. B

oxide anions in oxides. A

Additionally to W and U a i<

third parameter has to be L)
considered: A gap.

A is a gap between
2p oxygen band

and the d-band of ::) u
the metal.

20



(Semi)Metal

oxygen p

2

Conductivity
via holes in
O 2p-band

band

metal d
bands

=

LaCuO, is a metal
Cu 3d-band and O 2p-band
overlap.

Charge-transfer-
insulator
(semiconductor)

T PT
] |

:D_‘!'_

Mott-Hubbard-
insulator

—

U

Lo

Different A/U ratio!

Ep=A

U is large

21



Examples

Metal bands

Oxygen p band

=+

[

A<W

Semimetal

LaCuO3, CuS,

CuSe

—Dr

A

s

P
A<U

Chargetransfer
insulator

CuCl,, CuO

U<A
M ott-Hubbard
insulator

NiO, NiPS;,
Ti,03, V,03,

Cr‘203

—

U<W

Metal

High temp.

mod. of TiO,

Cr'OZ

22



S+

U
B
U 4 Charge-Transfer
E g A
Oxygenp metal d CuO _
band bands NiO
f ) FeO
=
L
=
~ ; Mott-Hubbard
Eg~U
V05
ALY /]
(D v d-metal
(W, +W,)/2 A
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After: Schaumberg, Keramik



Charge Transfer insulator

»
/L.
&

N
.I.

ﬁ / (V) Metal :

do a2 4 at a0 d4° Jd  d°

after I. H. Inoue, Semicond. Sci. Technol., 20 (2005%?112



d! perovskites

gap 1.0 eV

s+ ISNEIC
gap 0.2eV Y hog
" LR

!’i": .3 o/ 1 |
NSy

C l
SrVO; metal aVO; meta 5




Oxygen nonstoichiometric 3d oxides

Table 5.5 Approximate composition ranges for some
non-stoichiometric compounds

Compound Composition range*
Ti0O, [=TiO] 0.65<x<1.25

[=TiO,] 1.998 < x < 2.000
VO, [=VO] 0.79 <x<1.29 ical
Mn,O [=MnO)] 0.848 < x < 1.000 Does the_ e_IeCtr Ica
Fe,O [~FeO] 0.833 < x < 0.957 conduct|V|ty
Co,O [=Co0] 0.988 < x < 1.000
Ni,O [~NiO] 0.999 < x < 1.000 depend on oxygen
CeO, [=Ce,05] 1.50 <x < 1.52 .
Z10, [~Z10,] 1.700 < x < 2.004 content and cation
UO, [=UO0,] 1.65 < x < 2.25 " 9
Li V0, 0.2 < x < 0.33 doping-
Li,WO;, 0<x<0.50
TiS, [=TiS] 0.971 < x < 1.064
Nb,S [=NDbS] 0.92 < x < 1.00
Y. Se [~YSe] 1.00 < x < 1.33
VxTez [zVTeg] 103<x<1.14

*Note that all composition ranges are temperature-dependent

and the figures here are intended only as a guide.
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Lattice defects
Schottky- und Frenkel-defects in crystals

000000
Ooor OO ?_ﬁhofflky-deicergs: st will
00 000 e volume of the crystal will increase

000000

oo o Frenkel-defekts:
The volume of the crystal stays
000 0 constant
A
Dilatometer
Schottky-
defects

Temperature



Defect concentration n/N,

Temperature  Activation Energy eV
[°C] 1 2 8

1(0]0 3-10-14 1-10-¢7

]0/0) 3-10-7 1-10-13

1(0]0[0) 1-10-4 1-10-8

1500 1-10-3 2:10-6

2000 6-10-3 4-10-3




Fe,_,O (FeO,.,) semiconductor type p

FeO

4,FeXFe + OZ > 4F€°Fe + ZOXO + Zv“Fe

Fe'r, ion can trap an electron from the valence band.
In VB a hole is created.

FeO

> FexFe + h.

Fe. Fe

Energy

F(e)

€2+ €3 s
v €3 40 €3
S0HE
® S0
&2 &




TiO,_, semiconductor type n

Tio,

2Tix,, + 0%, » 2Tiy+ V5 + 050,
@ 4 .
TI Ti'-n T|Oz > Tile + e.
A
Donor level is situated
close to the conductive
band.
= e — e "| » The donor cation Tiy, (Ti*)
S’ caninject an electron into
<

F(e)

31



Defect semiconductor. Ni;_;O

In NiO nickel vacancies are created when oxidized with oxygen. The
charge of the additional oxygen sites is compensated by oxidation
of some nickel sites to Ni3*. Through the oxidation the volume of
the material increases.

0.50, +2Niy O TP - Vv +2Ni;, +O;

Ni3* sites are electron acceptors:

Niv, +€ +h" O - Nig, +h°

fa

32




Application ceramic semiconductors

NTC- thermistors (Negative Temperature
Coefficient- thermal resistor)

,O(T):,Oo eXF{?B] B:—EA/k 108§

Conductivity is
thermally activated

\ 500 kQ
105-5
4 NN
500 Q
50 Q

Till 300°C spinels:
Mn;O,

Resistivity [Q]
o

NiMn204 102’ > \
CoFe,0O, ) \
101_5 \
Till ca. 1000°C rare earth 1o°(;0- 3 S o0 I e e e Tae
?(()l"(/j ﬁ_sbeg'ﬂo %o5m;05 Temperature [°C]
o 1D,U3



Extrinsic ionic conductors

infrinsic

extrinsic

Conductivity

doping.

Log o
Doping

Oxides with fluorite structure (ZrO,, ThO,,
CeO,) doped with CaO, MgO, Y,0;, Sc,0; and
La,O;

ZroO '
Y,0, —3 2Y', + 30%, + V',

increase by a

Fluorite structure (CaF,-type)

34



Intrinsic superionic conductor.
B-aluminum oxide- Na" ionic conductor

........
4

c-}o-}.-}o-

B-aluminum oxide Na,OI1AIl,0;
Layered structure of B-aluminum

oxide
35



B-Aluminiumoxid II
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Temperature [K]

lower conductivity is observed
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Hexagonal unit cell.
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Sodium Sulfur Cdll

Beta
Alumina
Tube

Sulfur

High energy density, high

efficiency of charge/discharge
(89-92%) and long cycle life,

and is fabricated from
inexpensive materials.

- Anode
2Ng;, — 2Na’" +2¢”

+ Cathode

2Na’ +55;, +2e" - NaQSS(l)J

The sodium is separated by a
beta-alumina solid electrolyte
(BASE) cylinder from the
container of molten sulfur.

High operating
temperatures of 300 to
350 °C and the highly
corrosive sodium
polysulfides and sodium.

Discharging
2Ng) +55)) - NaS,

Charging
NaZSS(l) = 2Na(|) +SS(|)
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Solid Oxide Fuel Cells (SOFC)

Electrochemical conversion device that produces
electricity directly from oxidizing a fuel.

%Oz"'Hz—) Hzo

Temperature range: 800-1000°C

Cathode Anode
2- 2-
050, MO 0> O ' |HzO
—
- Oz_ OZ' I

- IL@_II% H,




Solid electrolyte- Solid Oxide Fuel Cells

Cathode
Electrolyte

Anode el |

Interconnect

F

Schematic of planar SOFC.



SOFC. Solid Elektrolyte

Iog(ot) [S/m]

990 890 790 690 5(?0 400

T[T

2+ I

L 1 1 1 L

intermediate
temperature
SOFC

e ) B
08 0.9

! ! | ! | ! | !
10 11 12 13 14 15 16
108/T [K-Y]

High stability in air and also
strongly reduced atmosphere
at high temperature

Tetragonal or cubic stabilized
ZrO, (3, resp. 8 mol% Y,0; in
ZrQ,). Thickness ~ 200um.

Stability other materials (e.g.
doped CeO,) in reduced
atmosphere is not sufficient.
Partial reduction gives
electronic conductivity!



PostAuto
e gelbe Klasse.
PostAuto Schweiz AG

peméil0

Im Aargau fahren die ersten Postautos mit +Zuruck

Brennstoffzellenantrieb
Mitteilung vom 09.11.2011

PostAuto setzt als erstes Schweizer Unternehmen die
Brennstoffzellentechnologie im dGffentlichen Verkehr ein. Ab
Fahrplanwechsel im Dezember 2011 fahren auf PostAuto-Linien in und um
Brugqg (AG) Brennstoffzellenpostautos. Der Langzeittest wird von
verschiedenen Partnern massgeblich unterstiitzt, wie etwa vom Kanton
Aargau, dem Bundesamt fiir Energie und der Europdaischen Union.

In den nachsten finf Jahren testet PostAuto den Brennstoffzellenantrieb und nutzt
als erstes Schweizer OV-Unternehmen Wasserstoff als Treibstoff. Ab 11. Dezember
2011 nehmen fOnf Brennstoffzellenpostautos in Brugg schrittweise den Linienbetrieb
auf.



Oxygen sensor (lambda sensor)
C.H,+ (m+n/4)0, - mCO, + n/2H,0

Zircaonia
Sensor

. high-pressure
gas
"

\
outside air

- housing

"
interior platinum electrode
(for outside air)

lati trod “exhaust manifold
platin ectrode

(for exhaust) £1997 Encyclopaedia Britannica, Inc.

h
AF p(e)xzaust

Delivered amount of O,

Stoichiometic amount of O,

<1 fuel excess
A=1  stoichiometric combustion

A1 oxygen excess

exhaus |
0.8 1 %2 "_ m-ﬁ,
0.6 SeNsor
L o™
0.4 -
'ﬂ m-ﬂi
0.2
0.0 : 1 , 10
0.90 0.95 1.00 1.05 1.10

p0, (bar)



Oxygen sensor (lambda sensor)

43



Summary

Itinerant and localized electrons (holes) in solids

Mott-Hubbard transition

*Structure influence

Doping (stoichiometry)

Tons in solids as charge carriers §



