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Tailoringof TEmaterials
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Materials Synthesis Directed by Biological Templates

/Biomineralizatiorof materials with
microalgae

AMineralization using specifically interacting
peptides

ANanostructuring with bietemplates

/Biomineralstructures as models for new
functions

Joachim Bill, DirRothenstein University of Stuttgart Institute for Materials Science



Sability tests (>100h)
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TitanatesEuTiQceramics

APerovskite structure AB@Pmom symmetry)
AStructural distortion below RT [1]
Ewt

4f localized electrons
AFM ordering at 5.3 K
Strong spinlattice coupling

Ti%
~
Transition metal

3d electrons
Strongly correlated

electrons

o>/

octahedron

ABX,

[100] —

Competingnstabilitiesin EUTIO3PRL110, (2013) 027201.

Antiferrodistortivephasetransitionin EuTiO3Phys.Rev B 86, 054112 (2012)



Localizedeu4f electron band
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ABand gap < 1 eV

AlLocalized Eu fielectron band
near the Fer mi
Seebeck coefficient
S"[ Ol n nfE)/ OE

Viennaabrinitio Simulation Package (VASBYle HeydScuserigErnzerho{HSE) hybrid functional

L. Sagarna, K.RushchanskiiA. Maegli, S. Yoon, S. Populoh, A. Shkabko, &t Appl. Phy414(2013) 033701



Thermoelectric properties of EUTIQ& EUT) ogNby 1,054
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EuTiQ Oneof the bestperovskitetype THnaterials

Figure of Metrit:
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SclLn TiG;, Perovskitetype thermoelectrictitanates
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BaTiO,

Band gap: ~ 3.2 eV Ba, ,Eu,TiO,
Ferroelectric, piezoelectric,

di el ectric, t he

BTO as thermoelectric:

A low electric conductivty

A low lattice thermal conductivity
A abundent elements

ETO as thermoelectric:
A high electric conductiviy

A high lattice thermal conductivity
A rare earth element

A band structure: localised Eu 4f

= o0 . v i e
Similarities of BTO & ETO: 3] . h  Ba T,
A n-type semiconductor é: L A
A high Seebeck coefficient EEE S i 0
A high temperature stability §12-§ . L _a Ba 75U, ,sTiO,
A flexible perovskite structure
P B, OV, N i
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Energy (eV)
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_ _ Eu,0;, Barium acetate,
Eu,O, dissolves in hot water _ Citric acid, distilled water |
P

3
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| 20,
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BaEu,TiO,,

Unitcell parameteras function of thé&euconcentration
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homogeneous morphology
with particle size ~ 40 nm.
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Seebeck coefficient of Ba, ,Eu,TiO4;

- EuTIiO, by Leyre et al
-1000 |- *-
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high T limit: Heikes formula

KsT «U, on-site repulsion (U, = 0.1~1 eV)

1alo

n = carriers per unit cell

P. M.Chaikinet al. PhysRev B 13, 647 (1976)

Klowtemperature: no well- \ No.

content and S value;

KEu content.

defined relation between Eu

x high temperature (T > 1000 K):
the |S| value decreases with

/

Samples o123k Ea S12k Es We N 123K i
(S/im) (V) (VIK) (eV) (eV) (x10%%cm?) (cm2V-1s-1)

x=02 945 024 375 018 012 40 0.15
x=04 1990 024 -332 023 002 6.5 0.19
x=0.25 2948 033 -320 030 0.06 7.5 0.25
x=086 3081 032 -321 024 016 75 0.26
x=07 4300 029 308 034 - 8.7 0.31
x=028 2317 026 -302 027 - 9.3 0.35
x=09 6289 030 -300 0.30 - 96 0.41

L/



Electrical conductivity of Ba, ,Eu, TiOg ;

intrinsic excitation
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Eu 4f electrons are excited into the
conduction band and dominate the E . ety e s
electron transport properties at high

-~ Eu4

schematic diagram of the band structure of BTO and ETO.




Electron transport mechanism of Ba, ,Eu,TiO4
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Electron transport mechanism of Ba, ,Eu, TiOg
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dominated conducting

. x=02 945 024 375 018 012 40 0.15
mechanism belongs to

I I x=04 1990 024 332 023 002 6.5 0.19

potaron hopping x=05 2948 033 320 030 006 75 0.25

conduction. x=06 3081 032 -321 024 016 75 0.26

x x  Qthé&mally activated x=07 4300 029 -308 034 - 87 0.31

Kband conduction ? / +=08 5317 026 -302 027 - 9.3 0.35

x=09 6289 030 -300 030 - 96 0.41




Thermal conductivity of Ba, ,Eu,TiOg

Unit cell parameter/ A
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ﬁ kfollows a Tt dependence, indicating the dominant phonon scattering mechanism
Is the Umklapp scattering (phononi phonon interactions).
x Eu substitution decreases the Tii O distance, strengthening the Tii O bond,
resulting in higher A;.
x |n this studied system, the changes in the bond strength appear to be more
effective for depressing the thermal conductivity than the simultaneously
k occurring point defect scattering. /

Hiroaki Mutaz, Ken Kurosaki, Shinsuke Yamanaka,J ournal of Alloys and Compounds 368 (2004) 2271 24



Power factor & ZT value of Ba, ,Eu,TiO;
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x Eu substitution significantly enhances the Power factor and the ZT value,
resulting from that Eu substitution causes a particularly strong improvement
in electrical conductivity.

x EUggBagy,TiO; ZT =0.24 at 1122 K
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Intermetallics: halHeuslelcompounds

n-type TINISh p-type TICoSb

Fourfcc sublatticesshifted ¥ along (111).
A (0,0,0) occupied by Ni/Co

B (Ya, Y4,Y4) occupied by M
C (%4,%,%) occupied 180 Sb

narrow bands
high effective mass

a large Seebeck coefficient

@ M=Ti,z; Hf
@ Ni/Co high thermal conductivity
O Sisb TINISn: ~10-20 W/mK

commercial Bi,Te;: ~1-2 W/mK




Propertiesandfunctionsof Heusleilcompounds

Permanentmagnets
Multiferroics

Piezoelectrics
Thermoelectrics
Photovoltaics

p-type transpareniconductors
Superconductors
Topological insulators

X




TEHH: Synthesimethods
(Tig oHfp6)CO,  Mn,Sb (0 <x<0.16)

Thot

Mixing metals/Arc
melting/annealing

Polishing B
Cutting




Intensity / a.u.

XRD Zr, ,Hf, - NiSn
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Expanded phase with the same symmetry.



p / Qcm

Electricaresistivityof Zr, ,4Hf, -NiSn

T / K
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Half-Heuslerphases defect controlTl, 521, 3Hf; ,gNISn

A impurity band merge with conduction band.
A modification of the DOS near the edge of the conduction
band enhance charge carrier concentration

HalfHeusler {(YZ)

=400 1.2
=N —o—
%\ t, o
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-100
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1 N 1 s 1 s 1 s 0.0 " " L | L ' ' 1 L L 1 |

0 . 200 400 600 800 1000 300 500 700 900
T / K T/ K
Interstitial Ni defects act as classical dopants

control ofn K.Galatzkaet al, inpreparation




FHnanoprecipitatesn HHmatrix

A, Sn Columns Ni, Vacancy position

HRSTEM with HAADF in aberration

by Myriam Aguirre, Zaragoza

= ‘ corrected TEM (Titan G3 at 300 keV)

K.GalatzkaS. Populoh, MH Aguirre, W. Xie et aprigparation



SummanandConclusions

New materials :

V band gap and defect control by innovatisgnthesigrocesses

V large thermopower ircorrelated electronic systems
U Giant Seebeck iBuTiQ (S>1000 pV/K)

V low thermal conductivity byindering phonortransp. on grain boundaries
U synthesignethodfor titanate nanocubesaandfoams

V thermoelectricconversiomat T > 700C inair demonstrated
U high T thermoelectric conversiopower output improved 1@imes
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Zr, Hf, 6, TaNiSn HalHeusleiCompounds
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FullHeuslefHalf Heusleircompounds
T. Grafet al., Prog Solid State Chem., v8B, pp.1¢50, 2011

Heusler structure, _ _ HalfHeusler structure,
"Odoa symmetry "Qo dsymmetry

() Zr
@ Sn
© Ni

Ni

XYZ
Removing 4a Ni atoms per unit cell = change of symmetry



StLn, TiO,,

A EuTiQ Srfor Eusubstitution up tox = 0.75 has no
detrimental effect on the TE properties

A stronghybridizationof the localizedEu4f states
with the delocalized'i 3d states

A reducedtitanates possess up to 5 orders of
magnitudelower electricakesistivity confirming
that oxygen vacancies act as electron donors

A Softchemistrysynthesiamethodfor
nanostructureditanates
k from>7 WK m1to<25WKm1
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Oxygercontentof titanates
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Eu ,C3Ti(O,N),,
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X-ray Photoelectron Spectroscopy (XPS

Ti 2p

Sr,Eu,TiO4

—_
-]
~

Photoemission intensity (a.u.)

I ' I ! I ' I

| SHAr-SETO3

4+
Ti 2pU2

470 465 460 455

Binding energy (eV)

Eu 3

5HAr: larger content of
Eu*than 30HAr

Ratio: EGY/Ew*



