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L8: Surfaces, Overlayers, and Multilayer Structures for 
Multifunctionality: from

Catalysts to OLEDs to Bioactive Films

● Surfaces

● Periodic and Cluster Models

● Overlayers

● Multilayers

● Multifunctionality

● Catalysts

● OLEDs

● Bioactive Films

Surfaces

“God made crystals, but the Devil invented surfaces”
... attributed to W. Pauli

Decreasing NOx emissions limits for diesel engines impel the further 
development of existing DeNOx technologies, particularly the selective catalytic 
reduction of nitrogen oxides with urea (urea-SCR). In this process a urea solution 
is injected into the exhaust gas and thermolyzed to ammonia and isocyanic acid 
(HNCO), which is further hydrolyzed to ammonia and carbon dioxide. This 
reaction was found to be catalyzed by TiO

2
in the anatase modification, which is, 

therefore, used as hydrolysis catalyst in the urea-SCR process.
ecl.web.psi.ch/
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Real Surfaces are not clean 2D periodic structures

Catalytic oxidation of a-C by Pd particles under oxygen at 5x10-6

mbar at 560 °C. The particles had also been deposited under 
oxygen at a somewhat lower temperature, which causes strong 
faceting, and the production of rectangular holes in the substrate.

www.physnet.uni-hamburg.de

Periodic and Cluster Models

● Periodic boundary conditions allow use of standard band 
structure codes (VASP, WIEN2K, CASTEP, CRYSTAL...) 
to model multilayers

● Space Filling ABABABAB... or interlaced by vacuum gaps 
ABABA...ABABA...

● Electronic bands E(k), charge and spin densities are 
found for relaxed equilibrium structures, typically T=0. 

● E
total 

vs displacements => bulk modulus, elastic 
constants, stress-tensor 

● Local cluster models focus on chemical bonding and 
atomic-scale properties. Especially good for analyzing 
defect complexes, local order, deviations from 
stoichiometry. (GAUSSIAN, ADF,NRLMOL,PNL...)
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Basis Sets, Pseudopotentials, and Understanding

Plane wave expansions:
Ψn(k) = ∑ A

n
(k)exp{ i (k+K

n
) � r }

are easy, all operations are simple, convergence is slow: 

λ
min

= 2π/K
max

Core pseudopotential is essential for obtaining decent valence spectra 
and charge distributions with N ≤ 105 PW. Very good for structural 

relaxation.

Atomic Orbital like expansions:

Ψn(k) = ∑ A
n,τνµλ

(k) Φ
νµλ

(r-R
τ
) exp{ i k �( r-R

τ
) }

maintain intuitive link to atomic structure and chemical concepts;   
not easy to demonstrate convergence of properties with near-minimal 

bases. STO, GTO, LMTO, numerical AO,...
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Fe-terminated Hematite (Fe2O3) Surface 

Adsorption sites investigated:

• on top site ( on top of Fe or O)

• bridge site ( among  O atoms)

• three-fold hollow site among O 
atoms

Most favorable adsorption 
configuration:

• 0.5 ML (FeSA,VB) 

• 1 ML:  all 3-fold 
configurations are almost 
degenerate

TH(VA,VB, Fe
S
C)

TH(VB,VC, Fe
S
A)

TH(VC,VA, Fe
S
B)

½ ML V:

V-O:  1.76 Å

FeSA-O:  1.86 Å

FeS-1C-O:  2.08 Å

V-FeS-1B:  2.56 Å

O

V

Fe

1ML V:

V-O:  1.95/1.97 Å

FeSA-O:  1.97 Å

FeS-1C-O:  2.18 Å

V-FeS-1B: 2.77/2.49 Å

Bond order: V-FeS-1B: 0.39

Overlayers: V on Fe-terminated Hematite



5

Relaxed structure models (DFT, periodic slab) for O adsorption on V/Fe-hematite.
(a): 1/3 ML O  on 0.5 ML VA; (b) 1 ML O  on 0.5 ML VA; (c) 1/3 ML O  on 1 ML 

(VA,VB); (d) 1 ML O adsorption on 1 ML (VA,VB). 

J. Jin et al, Surf. Sci, 2007 (in press). 

Mixed metal catalysts 
like VxOy:Fe2O3

can be understood 
when reproducible 
surfaces can be 
made/measured 
(in situ XSW) 

and when comparable 
theoretical analyses 
(periodic slab DFT) 
are performed.

Total charge density 
(equal interval) 
contour map for 0.5 
ML VB/Fe-hematite.

The plane is 
perpendicular to 
(010) direction, 
including singly 
adsorbed VB, Fe

S-1
B

and one of the three 
surface O atoms.

V-O and V-Fe bond 
critical point 
densities are 
indicated (e/a0

3).
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Densities of states for 0.5 and 1 ML V coverage of Fe-
terminated hematite(0001)

V can strongly adsorb onto hematite(Fe2O3)(0001) 
surface, three-fold hollow site is the most 
favorable.

The adsorption configuration is different for different 
coverage and different surface termination

Adsorption of V can greatly affect substrate geometry 
and electronic structure.

V adsorption causes the redistribution of charge 
density on surface, Fe is partially reduced.

The disagreements between theoretical calculations 
at T=0 and experimental results are sharply 
defined, and probably show the need for finite T 
defect-structure/phase field modeling . 
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Multilayers

Spin Valve-Giant MagnetoResistence,
hard drive read/write head
L= 10-50 nm

www.physics.ohiostate.edu/~hamme

Ni/B4C  Focusing X-ray Bragg Optics
L=240 nm

www.esrf.eu/.../MultilayerLab

High performance 
packaging/wrapping plastic films:
L=1 – 1000 micron

www.specialchem4adhesives.com

High strength, nonslip, chemically 
resistent industrial flooring:
L=0.1 mm – cm

www.armoredfloors.com
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Multifunctionality

● In multiferroic materials, magnetism and ferroelectricity coexist. The coupling of these 
two order parameters provide interesting possibilities of increased functionality. They 
can exhibit large magnetoelectric and magnetoelastic effects, in which magnetic 
fields can produce an electrical and/or elastic response and vice-versa. Such effects 
can be used as a basis for a variety of novel device concepts such as a bi-ferroic 
memory element. (NU MRC, UMD MRC, www.ifw-dresden.de, etc etc)

● Multifunctional hierarchical structural supercapacitors that will carry structural loads; 
store electrical energy; assist in thermal management; and provide electrical power, 
protection against low and high velocity impact, and chemical energy for terminal-
stage high velocity propulsion.( tiims.tamu.edu)

Multi-Layer Ferroics

Model Structure

Ferroelectric

Ferroelectric

Ferromagnetic

Ferroelectric
Charge 
Polarization

Ferromagnetic
Spin
Polarization

+ +

++

+ +

+ +

-

-
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Structural Design 
Parameters

Thickness Variation: The magnitude of the 
FE or FM polarization is dependent
on the thickness of the slabs.

Interface Orientation and Composition:
Spin and charge transfer across the interfaces
modify magnetic and polarization properties.
Doping FE polarized ions and/or
FM magnetic ions can lead to
enhanced coupling across the interface.

Interface CompositionInterface CompositionInterface CompositionInterface Composition

Thickness VariationThickness VariationThickness VariationThickness Variation

Slab Composition: The basic ferroelectric (FE)
and ferromagnetic (FM) properties are set by
chemical composition of component slabs

Periodic Slab 
Bandstructure Results

Setup:  - Oxygen/Iron 
Four BaTiO3 Layers

.001Bulk Ti

.041Interface 

Ti

3.28Bulk Fe

1.09Interface 

Fe

M

(µ-B)

Atom 

(avg)

Charge density of 
Interface BaTiO3 Layer

Charge density of 
Interface Magnetite Layer

Magnetic 
Moments
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OLEDs

Flexible Passive Matrix OLED display by Pioneer Corp

The staggered height of the layers 
indicates their different energies; 
electrons (blue) favour moving to 
lower energies, whereas holes 
(red) tend towards higher energies. 
The emissive layer (EML) is 
sandwiched between a hole-
transport layer (HTL) and an 
electron-transport layer (ETL) 
consisting of transport agents 
(HTA/ETA) containing sulphonate 
groups (SO

3
-). (M+ stands for a 

metal counter-ion.) This structure 
serves three purposes: first, to 
facilitate the injection of holes and 
electrons (A and C) into the 
emissive layer by reducing the 
energetic barriers to their passage; 
second, to enhance the 
recombination efficiency (formation 
of excitons) by blocking the 
passage of one type of carrier (B or 
D) from the emissive layer into the 
opposite transport layer through a 
large step in energy; and third, to 
avoid quenching reactions of 
excitons at the electrodes (+/-). The 
layers of the OLED are deposited 
alternately from water or ethanol 
(HTL and ETL) and from organic 
solvents (EML). The light emitted 
through recombination in the EML 
passes through the transparent 
anode to the top; the colour of the 
emission depends on the material 
or mixture of materials that forms 
the EML.

Organic Light Emittting Diode (OLED)
Cathode+Electron Transport Layer+Emissive 
Layer+Hole Transport Layer+Anode

From:Device physics: Enlightening solutions
K. Meerholz, Nature 437, 327-328 (2005) `
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Four schemes exist for generating full color:
(1) place red, green, and blue (R, G, and B) pixels side by side and address them 
separately as in the top left diagram. 
(2) use a single white-emitting (OLED) and filter its light through R, G, or B media 
or dielectric stacks [next image down 
(3) a single, blue-emitting OLED may serve as a pump of R and G fluorescent 
color-changing media [third image, left] 
(4) R, G, and B pixels may be stacked with intervening transparent contacts to 
form compact stacked OLEDs (SOLEDs) [bottom, left]

adapted from: www.spectrum.ieee.org/print/1578

Multilayer doesn't mean 'flat'; here a porous silicate zeolite hosts 
(more generally, molecularly confined) catalytic particles.

www.chem.usyd.edu.au/~thomas
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Biomaterials are all about Wet 
Surfaces

Hydroxyapatite (HAP) is the hydrogen atom of 
bone and tooth. It is a ‘Green Catalyst’ for 
oxidative reactions, and a component of 

composite (e.g., TiHAP) photoactive materials 
used to remove organic and bioactive 

airborne particles

Surface of HAP crystal (plane a,b): 1200 atoms

6nm

OH c-axis

channel

Courtesy J. Terra
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Ca1

Ca2

P

O1

O2

O3

OH

Surface of HAP crystal (plane a,c): 1200 atoms

Courtesy J. Terra

GULP/MD: Relaxation at (001) surface is dominated by 
distortion of hexagonal (OH) channels; limited to first 
surface layers. Bone- platelets (100) versus free 
nanocrystals (001): Hydrated environment? Collagen niche? 
Protein controllers?
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MD study of Fluorine-uptake by HAP in aqueous solution. 2X2x3 
slab, ~2000 atoms, (N,V,T). (a) dry HAP,(b) wet
N.H. DeLeeuw, J. Phys. Chem.B 108, 1809 (2004).

Dissolved Ca

Adsorbed 
Fluorine

Hydrated HAP(001):(H2O)6
Highly Constrained, VASP structural relaxation

X.Y. Ma et al, 2007 (submitted)
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After: D. Eichert, H. Sfihi, M. Banu, S. Cazalbou, C. Combes, and C. Rey, Proc. 
CIMTEC 2002, Florence.

T. Watanabe, et al., U. Tokyo and Fujitsu Labs
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Bifunctional Material-combines excellent absorptivity of HAP with catalytic power of TiO2

“Gene Delivery by Cell Immobilization to Cell-Adhesive Substrates”
Z. Bengali, L.D. Shea, MRS Bulletin 30, 659 (2005).
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Bioactivity on the Micron Scale

• Steps in formation of a carbo-apatite layer at the biomaterial 
interface : Ca10-x+u (PO4 )6-x (CO3 )x (OH)2-x+2u

Courtesy A.M. Rossi


