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Theoretical material research: energies and forces

• ““““ClassicalClassicalClassicalClassical“ “ “ “ atomisticatomisticatomisticatomistic modellingmodellingmodellingmodelling

� Empirical interaction models

- Analytical many-body potentials, ionic models, …

- Structure optimization, molecular dynamics, Monte Carlo simulation

• Quantum Quantum Quantum Quantum mechanicsmechanicsmechanicsmechanics, , , , electronelectronelectronelectron theorytheorytheorytheory

� Ab-initio density-functional theory

- Pseudopotential or all-electron approaches

� Semi-empirical tight-binding models
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• MixedMixedMixedMixed----basisbasisbasisbasis pseudopotential pseudopotential pseudopotential pseudopotential methodmethodmethodmethod (Meyer, Elsässer, Fähnle et al., MPI-MF Stuttgart)

- DensityDensityDensityDensity functionalfunctionalfunctionalfunctional theorytheorytheorytheory locallocallocallocal densitydensitydensitydensity approximationsapproximationsapproximationsapproximations

- TranslationalTranslationalTranslationalTranslational latticelatticelatticelattice symmetrysymmetrysymmetrysymmetry interfaceinterfaceinterfaceinterface supercellssupercellssupercellssupercells

- CoreCoreCoreCore----valencevalencevalencevalence interactionsinteractionsinteractionsinteractions normnormnormnorm----conservingconservingconservingconserving pseudopotentialspseudopotentialspseudopotentialspseudopotentials

- RepresentationRepresentationRepresentationRepresentation of of of of valencevalencevalencevalence electronselectronselectronselectrons plane plane plane plane waveswaveswaveswaves and and and and localizedlocalizedlocalizedlocalized orbitalsorbitalsorbitalsorbitals

- Output: Output: Output: Output: total total total total energiesenergiesenergiesenergies and and and and atomicatomicatomicatomic forcesforcesforcesforces ⇔⇔⇔⇔ structurestructurestructurestructure optimizationoptimizationoptimizationoptimization

crystal structures and atom positions ⇔⇔⇔⇔ HRTEM

electron densities and spectra ⇔⇔⇔⇔ STEM-EELS

interface energies ⇔⇔⇔⇔ bonding and cleavage
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Symmetrical tilt grain boundaries in Nb and Mo

• Background: Theoretical investigation
TranslationTranslationTranslationTranslation statesstatesstatesstates of of of of twinstwinstwinstwins in pure in pure in pure in pure bccbccbccbcc metalsmetalsmetalsmetals
LDFT of LDFT of LDFT of LDFT of thethethethe ΣΣΣΣ5 (310) [001] STGB5 (310) [001] STGB5 (310) [001] STGB5 (310) [001] STGB
⇒ T.Ochs et al., Phil. Mag. A 80 (2000) 351

201005d4 6s1W

005d3 6s2Ta

181084d5 5s1Mo

884d4 5s1Nb

% of a0mJ/m2electons

∆τ∆σvalence

⇒⇒⇒⇒ TranslationTranslationTranslationTranslation statestatestatestate dependsdependsdependsdepends
on on on on valencevalencevalencevalence configurationconfigurationconfigurationconfiguration
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• Experimental Experimental Experimental Experimental observationsobservationsobservationsobservations

HRTEM of HRTEM of HRTEM of HRTEM of thethethethe ΣΣΣΣ5 (310) [001] STGB5 (310) [001] STGB5 (310) [001] STGB5 (310) [001] STGB

� In Nb, Mo, TaIn Nb, Mo, TaIn Nb, Mo, TaIn Nb, Mo, Ta by G. Campbell et al. 
(1993, 1999, 2000)

� In MoIn MoIn MoIn Mo by W. Sigle (2001)

W. Sigle, MPI-MF Stuttgart (2001)

HRTEM image HRTEM image HRTEM image HRTEM image alongalongalongalong thethethethe [001] [001] [001] [001] zonezonezonezone axisaxisaxisaxis
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⇒ [ [ [ [ InfluenceInfluenceInfluenceInfluence of of of of structuralstructuralstructuralstructural imperfectionsimperfectionsimperfectionsimperfections? ? ? ? ]]]]

⇒ InfluenceInfluenceInfluenceInfluence of of of of segregatedsegregatedsegregatedsegregated impuritiesimpuritiesimpuritiesimpurities????

• Experimental Experimental Experimental Experimental observationsobservationsobservationsobservations forforforfor Mo Mo Mo Mo 

HRTEM HRTEM HRTEM HRTEM imagesimagesimagesimages alongalongalongalong thethethethe [[[[----130] 130] 130] 130] axisaxisaxisaxis W. Sigle, MPIW. Sigle, MPIW. Sigle, MPIW. Sigle, MPI----MF Stuttgart (2001)MF Stuttgart (2001)MF Stuttgart (2001)MF Stuttgart (2001)
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• TheoreticalTheoreticalTheoreticalTheoretical analysisanalysisanalysisanalysis

insertinsertinsertinsert impurityimpurityimpurityimpurity atomsatomsatomsatoms atatatat GB GB GB GB sitessitessitessites GB GB GB GB energyenergyenergyenergy differencesdifferencesdifferencesdifferences
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Site-projected densities of electron states at the GB
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Bonding electron densities along the GB plane in Mo
I.                                                       II.I.                                                       II.I.                                                       II.I.                                                       II.
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Bonding electron densities across the GB plane in Mo

I.                                                              I.                                                              I.                                                              I.                                                              II.II.II.II.
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• TheoreticalTheoreticalTheoreticalTheoretical interpretationsinterpretationsinterpretationsinterpretations

Bonding Bonding Bonding Bonding energiesenergiesenergiesenergies ∆∆∆∆EEEEBBBB ofofofof thethethethe impuritiesimpuritiesimpuritiesimpurities

� CottrellCottrellCottrellCottrell, Mater. Sci. Technol. 6 (1990) 807: hybridizationhybridizationhybridizationhybridization vs. vs. vs. vs. embeddingembeddingembeddingembedding

- Covalently bonding atoms increase GB cohesion

- Polarly bonding atoms enhance GB brittleness

� RiceRiceRiceRice and Wangand Wangand Wangand Wang, Mater. Sci. Engr. A 107 (1989) 23: boundaryboundaryboundaryboundary vs. vs. vs. vs. surfacesurfacesurfacesurface

- ∆EB = EB
GB – EB

FS

-1.46-0.810.311.08∆EB in J/m2

ONCBLDFT
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• ConclusionsConclusionsConclusionsConclusions

ΣΣΣΣ5 (310) [001] STGB in Nb & Mo5 (310) [001] STGB in Nb & Mo5 (310) [001] STGB in Nb & Mo5 (310) [001] STGB in Nb & Mo

� B and CB and CB and CB and C form covalent bonds with the host metal 
stabilize mirror-symmetric GB configuration I
increase GB cohesion

� N and ON and ON and ON and O form polar bonds with the host metal 
stabilize symmetry-broken GB configuration II
enhance GB brittleness

⇒ R. Janisch and C. Elsässer,  

Phys. Rev. B 67676767(2003) 224101
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Theoretical energy research: predictive power

• CalculationCalculationCalculationCalculation of of of of physicalphysicalphysicalphysical propertiespropertiespropertiesproperties

� Atomistic structures: lattice parameters, atom positions

� Electronic states: electron densities, electron spectra

� Properties of materials: mechanical, chemical, thermal, 
electric, magnetic, optical, …

•Analysis of Analysis of Analysis of Analysis of chemicalchemicalchemicalchemical bondsbondsbondsbonds

� Metallic screening, covalency and polarity, ionic charge transfer

� Empirical many-body potentials from ab-initio results
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NiHNiHNiHNiH, , , , FeHFeHFeHFeH C. E. et al., J. Phys.: C. E. et al., J. Phys.: C. E. et al., J. Phys.: C. E. et al., J. Phys.: CondensCondensCondensCondens. Matter 10 (1998) 5081, 5113, 5131. Matter 10 (1998) 5081, 5113, 5131. Matter 10 (1998) 5081, 5113, 5131. Matter 10 (1998) 5081, 5113, 5131

II. Korngrenzen in MetallenII. Korngrenzen in MetallenII. Korngrenzen in MetallenII. Korngrenzen in Metallen

perfekt reine perfekt reine perfekt reine perfekt reine ΣΣΣΣ5555----KG in Nb und MoKG in Nb und MoKG in Nb und MoKG in Nb und Mo
T. Ochs et al. Phil. Mag. A 80 (2000) 351, 2405 T. Ochs et al. Phil. Mag. A 80 (2000) 351, 2405 T. Ochs et al. Phil. Mag. A 80 (2000) 351, 2405 T. Ochs et al. Phil. Mag. A 80 (2000) 351, 2405 

ΣΣΣΣ5555----KG in Nb und Mo mit KG in Nb und Mo mit KG in Nb und Mo mit KG in Nb und Mo mit segregiertemsegregiertemsegregiertemsegregiertem B, C, N, O und HB, C, N, O und HB, C, N, O und HB, C, N, O und H
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