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History of The London Dispersion Interaction

T. Young (1805) F. London (1930)

* An Essay on the Cohesion of Fluids *General Theory of Mol. Forces
J. W. Gibbs (1875) Induced Dipoles

J. D. van der Waals (1893) Hamaker (1937)

* Theory of Capillarity »Hamaker Constant

Sellmeier (1872) Casimir (1948) |
«Regarding the Sympathetic Oscillations * Attraction of 2 Conducting Plates
Excited in Particies by Oscillations of the *QED - Casimir Force
Ether and Their Feedback to the Latter, Lifshitz (1956)
Particularly as a Means of Explaining
Dispersion and its Anomalies *QED - General Theory

Maxwell’'s Equations *With Retardation Effects

*Oliver Heaviside

R. de L. Kronig, (1926)
*On The Theory of Dispersion of X-Rays

R. H. French, Journal of the American Ceramic SgckS, 9, 2117-46 (2000).
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Dispersion Contribution to Surface Free Energy

CA[] 340
CA[R] 33.9

vdW - London Dispersion Energy

* Thermodynamic Free Energy Arising From
* London Dispersion Interaction
* Dispersive Component Of Surface Free Ener
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Electrodynamic (vdW-LD)
& Polar Interactions
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Partially Polar
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R. H. French, K. I. Winey, M. K. Yang,

Polystyrene
W. Qiu, Aust. J. Chem.,60 251-63,
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Introduction

van der Waals-London Dispersion Interactio
* Thermodynamic Free Energy

Probes
Surficial:

Refl. EELS

Arises From Oscillating Dipoles Surf. Sci.
e Interatomic Bonds of Elect. Struc. l
J.,, € => London Disp. Spectra Optical Properties &
A - Hamaker Constant Electronic Structure:
Interaction Scaling Constant Interband Tran‘l'sition Strength
Faisp - Dispersion Force vdW-Ld Interaction:

e - Al Hamaker Coefficients

Londonbispersion 9 27| 2 Electrodynamics
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Outline

Interfaces In Ceramics And vdWALd Interactions

Optical Properties And Electronic Structure

van der Waals — London Dispersion Interactions

1. vdW-Ld Energies Of Grain Boundaries in SrTiO;

2. Role Of Retardation In Novel Wetting Phenomena

3. vdW-Ld Driven Rare Earth Segregation In RE-M-SION: SEN,

Conclusions
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Interfaces In Ceramics

And The vdW -Ld Interaction

Atomically Structured Grain Boundaries

Nanostructured Amorphous Films
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SrTiO ;:Fe Bi-crystals

> 5 Boundary nX 13 Boundary
» Atomically Structured » Atomically Structured

(100) (100) (110)
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|IGF's In Thick Film Resistors

Pb,Ru,O, Conductor Particles

Separated by PbAI-Silicate
Intergranular Glass Films

This TiO, Effect Arises From
* Ti Segregation To Grain Surfaces
* A 5 Layer Hamaker Configuration

Compositional Manipulation Of
Nanoscale Intergranular Films
Using vdW-Ld Interactions

Already In Common Use
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Engineering
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Properties Of Rare Earth-M-SION:

Bulk SION Glasses

* Al or Mg Family
*RE Dopants: Y, Lu, La, Gd

Jcv: Interband Transitions
*VVUV Spectroscopy

(a) Si3N4 @Ceramic

(b) La @ Al

Interband Transition Strength, Re[Jcv] (eVZ)
inN
|
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Energy (eV)
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Index of Refraction

SION | Mg Glass | Al Glass
vo| o

Lu 1.70

La

Gd

SisN,

Bulk'

A,,; Hamaker Constant (zJ)

SION | Mg Glass| Al Glass
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Y | 650
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|G Film Thickness Vary With Dispersion Force

LaAl - 8i3H4 .

(zJ)
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Si;N, with Igf Hamaker Constant A ,

Sr-Veels Film Thickness (nm)
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— Force <+

Thickness of Equilibrium Intergranular Films
* In Silicon Nitride

Vary With Magnitude of the London Dispersion Forceat the Interface

R. H. French, H. Mllejans, D. J. Jones, G. DuscReM. Cannon, M. Ruhl&cta Materialia, 46, 7, 2271-87 (1998).
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Interfacial Segregation of REin Si ;N,

From Periodically Averaged La-containing Si,;N,  Lu-containing Si;N,
HAADF-STEM Images

RE Segregation To Interface

IGF _grain

At Grain/Film Interface

And At Grain/Triple Pocket Interfac~<

Different Average Atomic D ©
Arrangement Of La & Lu S S
S 8

In RE-M-SION:Si;N,
*M = Mg c
*RE = La, Lu ©
(@)

G.B. Winkelman, C. Dwyer, D.J.H. Cockayne, 1Departrant of Materials, University of Oxford
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Bi,0;-doped ZnO: Interfacial & Surficial Films

Equilibrium Films
Determined By Detailed Balance

 Of Dispersion Forces
* And Other Forces

J. Luo, H. Wang, and Y.-M. Chiang, "Origin of Seldate Activated Sintering in ZnO-f&,," J. Am. Ceram. Soc.824] 916-20 (1999).
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Optical Properties And
Electronic Structure
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Bulk: VUV- LPLS Spectrophotometer

Laser Plasma Light Source -
» Samaritim §§

Spectral Range L
°1.5t0 44 eV
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Fig. 1. (q) Block diagram of the major elements of the LPLS spectro
photometer. (b) schematic representations of the LPLS spectrophotometer
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M. L. Bortz, R. H. French, Applied Physics Letters,55, 19, 1955-7, Nov. 8, (1989).
R. H. French, Physica Scripta, 41, 4, 404-8, (1990)
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VUV Reflectance and Interband Transitions
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Electronic Structure of Ceramics
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Electronic Structure of Polymers
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Interfaces: Valence Electron Energy Loss Spectrosco o)

[ l | l | l \
magnetic prism

BRI | G

100-

zero-loss peak

(oe]
o
l T

| Grigso 1 % :
Energy Loss Function . .zo A b
* An Optical Property = woswwe SN/ g
scanning coil A% i C? g 6 O
Energy Loss Regimes ™" . . Jow € as measured

 Core EELS: .
* Near Edge EELS: 40

 Valence EELS:
* Interband Electronic Structure
 Too Complex To Analyze?

Scanning Transmission Electron Microscope

Spatially Resolved Microscopy 0 = e

 Probe Size: ~1.0 nm

Energy Loss (eV)
Single Scattering Deconvolution

Kramers Kronig Analysis

London Dispersion Transform
R. H. French, et. alActa Materialia, 46, 7, 2271-87, (1998). A. D. Dorneich,et. dl. Microscopy, 191, 3, 286-96 (1998).

* Energy Resolution: 0.6 eV
* Linescans (100 Spectra in 40 nm)
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SrTiO ;:Fe Bicrystals

> 5 Boundary nX 13 Boundary
» Atomically Structured » Atomically Structured

- Disp. Force -————mo

K. van Benthem, G. L. Tan, L. K. Denoyer, R. H. French, M. Rlhle, Phys. Rev. Lett. , 93, 227201, (2004),
K. van Benthem , G. Tan, R. H. French, L. K. DenpfR Podgornik, V. A. ParsegiaRhys. Rev. B, 74(2006).
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SrTiO; 25 & 213 Interfacial Electronic Structure

Assignments: LDA Band Structure Calc.
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213

Interband Transition Strength, Re[Jcv] (eV2)
|

X3 Ponn K. van Benthem, C. Elsasser, R. H. French, J. Appl. Phys. , 90, 12, 6156-64, (2001). @]UNT
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Measured Properties Gradients At Grain Bndry

Grain
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van der Waals — London

Dispersion Interactions
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Origin of The London Dispersion Interaction

van der Waals-London Dispersion Interactiongttractive Eorce: Nonwetting
* Thermodynamic Free Energy « Positive Hamaker Constant

| | A123
Bk

—pDisp. Forced—

. -

e ISP FOI C QG

Arise From Oscillating Dipoles
 Interatomic Bonds of Elect. Struc.

J., » € => London Disp. Spectra

A - Hamaker Constant

*Fyisp - Dispersion Force

Repulsive Force: Wetting
E — A(I) * NegativeHamaker Constant

LondonDispersion 12771 2

-
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Full Spectral Hamaker Constants

Using Lifshitz Theory, QED

* Acquire Exp. Spectra

e Calc. London Disp. Spectrum
e Kramers Kronig Transform

2 afZ(w)dw

52(5):1 6()2+§t

*Then Hamaker Constant
« Calc’d by Spectral Differences
«of London Disp. Spectra

A="IE [ o[ Incerae

(3121(5):1—A126 | S—
10 50 50 /0 90 110 150 150

A = 52,k(£)_52,j(§() Energy (eV)
ki — ' ' —
J &, (&) +&, (&) A(SI3N4| \_/ac.| %N4) - 192 zJ
A(SI;N, YAISION|SEN,) = 9.3 zJ
R. H. French, R.. M. Cannon, L. K. DeNoyer, Y.-Vhi@ng,Sol. State lonics 75, 13-33, (1995). ZJ = 1021JOU|eS
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vdW -Ld Energies
of

Grain Boundaries

Atomically Structured
25 and x13 SrTiQ; Grain Boundaries

- - -

—lp  DiSP. FOICe  qmmmmm—

The miracles of science™

K. van Benthem, G. L. Tan, L. K. Denoyer, R. H.rkrle, M. RuhlePhys. Rev. Lett, 93, 227201, (2004),
K. van Benthem , G. Tan, R. H. French, L. K. Derrpf® Podgornik, V. A. ParsegiaRhys. Rev. B, 74(2006).



Gradient Properties in Grain Boundaries of SITiO 4

1.8 55

Index of Refraction [n]
|
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Index of Refraction
e 25 Grain Boundary = 1.56
*n213 Grain Boundary = 1.29
n=2.37 for bulk SrTiO,,
 Spectroscopic Ellipsometdy.
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Energy (eV)

Valence Electron Density Variations

* From Oscillator Strength Sum Rule

Units of Electrons Per nn?¥

«for bulk SrTiQ, 25 and 1213 GB

K. van Benthem, C. Elsasser, R. H. FrerctAppl. Phys 90, 12, 6156-64, (2001), K. van Benthem, et &hys. Rev. Lett., 93227201, (2004),

T Ponn K- van Benthem, et alBhys. Rev. B, 74205110, (2006).
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Grain Boundary Dispersion Interaction: A |,

A, Hamaker Constants Abrupt Gradient
* With Sharp Interfaces

(11 1) I t rf
Use Of “Bulk” Hamaker? ierace -
A121NR
=P Disp. Force SITOs | vac. | SIMiQ 2439
= 0,=0.195 nm
_ 29 SITIOs | 1513 | ST 105.5 E = A(l)
= - 4,=0.195 nm oneen 12712
2 2.1
8 - SITIO; |35 | SITIO;  35.0
90:_, 19 0,=0.195 nm
o . 25
g 17 Sioy|vac.|SIQ 8.2
= 1_; d,=0.165 nm
1; 713 >13Grain Boundary: Larger Disp. Int.
) «ThanA (SrTiO, | Silica | SITIQ) = 71 zJ
Bt e rmy «ThanA (SiO, | Vacuum | SiQ) = 68.2 zJ
25 Grain Boundary: Larger Disp. Int
* Than Most Intergranular Films
— K. van Benthem , G. Tan, R. H. French, L. K. DerrofR Podgornik, V. A. ParsegiaRhys. Rev. B, 74(2006).
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A Graded Interface Approach

The Sharp Interfaces of a 1|2|1 Type Mod
* Have Unrealistic Infinite Property Gradients

Are These Sharp Interface Results
 Applicable To Grain Boundaries?

Nanoscale Approach To Apply
* Bulk Continuum Dispersion Theory

Use Graded Interface Model

* Interfaces With Finite Property Gradients
°[1|gradient | 2 | gradient | 1 ]

Define Finest Length Scale For Gradients

* Use A Characteristic Interatomic Bond Length
*For SrTiG; Use d = 0.19525
* The Ti-O Bond Length in SrTiQ

a)

Finest Scale Property Gradients Are Interatomic

K. van Benthem , G. Tan, R. H. French, L. K. DenmpfR Podgornik, V. A. ParsegiaBhys. Rev. B 74, (2006).
R. Podgornik, R. H. French, V.A. Parsegian,Chem. Phys, 124, 044709, (2006)
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Hamaker Coefficients For Arbitrary Multilayers

EA £ At EAL: EA1 Eln EB] EB FBH BB
A, o
<dj1><< djp > < d1>|< ,i ><< p, > < b; 1= bDj+i ]
“Left Side” Central “Right Side”
Layer

Previously Only 3 or 5 Layer Hamaker Coefficients Tactable

“Add A Layer" Approach

* Matrix Expansion Approach Of Left And Right Half &es

* Calculate Effective London Dispersion Spectra
* For Left and Right Side Of Multilayer Stacks

Fully Retarded Calculations
* Any # of Layers, With A “Central” Layer

Penn R. Podgornik, R. H. Frehch, V.A. Pgrsggiah,Chem. Phys, 124, 044709, (2006) @
Engineering DuPont Co. Central Research, Univ. of Pennsylyavaterials Science, R. H. French © 2008 October 16, 2008 VuGraph 31




Add-A-Layer Method For Quadroid Gradients

—> | Variational

' Width
|Quadroid Gradient f
|Linear Gradien:\x\\ /

_“Sharp” Interfaces

— Variational
Width

m|
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3

vdW-L Dispersion Energies Of GBs

Double-Quadratic
Gradient®

el

Abrupt Gradient
GB Stabilization Energy Interface —
* Due To Dispersion
AlZlNR ELondon
) (md.m?)
Abrupt Model Results STO o
« AE (r513) = 169 — 73 96 mJ/n? " djzlo"fgé'm; Q2439 /169
*AE (n25) = 169 — 24 445mJ/n? '
SIMOs | 13| SITG; 105.5( 73
Quadroid Graded Interface Model ¢5=0.195 nm
«AE (n=5) = 119 — 14 59 mJ/n? SITOs|35|SM0s 350 | 24
« AE (n=13) = 119 — 50 205mJ/n? d=0.195 nm
SIO, | vac. | SIQ 68.2 66
0d,=0.165 nm

A"
(2J)
171.2
(L=0.9 nm)
72.5
(L=0.9 nm)
20.7
(L=0.6 nm)

50.3

ELondon
(mJ.ni?)

11

50

X

London Dispersion Stabilization Energies

For These Atomically Abrupt Grain Boundaries Are Appreciable

Compare To Chemical Energies
*23 GB =520 mJ/h
 Surface Energy ~ 1100/mJm

Penn

Engineering DuPont Co. Central Research, Univ. of Pennsylyavaterials Science, R. H. French © 2008 October 16, 2008

VuGraph 33




The miracles of science™

The Role Of Retardation
Of vdW -Ld Interactions

In Novel Wetting Phenomena

Penn
Engineering



Retarded Hamaker Coefficients

Nonwetting

* Attractive Dispersion Force

YAL
SION

——PpDisp. Forced—

Wetting

* Repulsive Dispersion Force

YAL
SION

Alr

| —
Retardation Length
« Can Exceed 300 nm

* Depending On Details Of System

2 Penn

~ = Non-Retarded

= SION:YAI

=| Intergranular Films in Silicon Nitride

0= rrrcrrrrre et rrr
o) 10 20 30 40 50
Distance (nm)

Retarded Ham. Const. (zJ)
i

—~ 0 . " —

N _ Surficial Films on Silicon Nitride

2 -5

S 7

= _105 SION:YAI

S

T

§ -15 —

< —~ Non-Retarded

22 e e B
0 10 20 30 40 5C

Distance (nm)
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Equilibrium Surficial Films Of Water On Ice

Retardation of the London Dispersion Interaction
 Leads to Formation Of Surficial Films Of Water el
» Surface Premelting

Equilibrium ~3 nm Water Film On Ice
* Persists to -4C

4

Interband Transitions
*n(Water) = 1.33
*n(lce) =1.31

P

Ice

T

T

Water

Interband Trans. Strength (Re[Jcv])

O L e O B B
0O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

Energy (eV)

1. M. Elbaum, M. SchickPhys. Rev. Lett 66, 13, (1991); L. A. Wilen, J. S. Wettlaufer, Elbaum, M. SchickPhys. Rev. B 12426.
o Penn _ o
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Equilibrium Surficial Film: Water on Ice

— ice—water-air Hamaker Calculation
Water E
L7 :
~ 0.4
w 1.6
(] _
= Ice
é 1.5 0.2
20 = Non-wetting
5 14
9 | 1]
) ™00
1.3
2 Wettin
_§ 1.2+ Ice B e g
S | _
< X
—1 1.1 Water y
n oo 100 0 206 0 7 Tz00 T 400 0 T 500
1 I I I [ I I I [T [ I I [ I I I i
0 10 20 30 40 50 60 70 80 90 100 Progress: |
Energy (eV)
Equilibrium Surficial Film * Addition of Hydrocarbon Surfactant?
« Stabilized by Retardation of Dispersion Interaction «For Water on Ice
*Important To Water Thickness Increases TA.00 nm
* Friction Of Ice 1000
e Charge Transfer In Clouds vapor raod
Wetting to Nonwetting Transition _ RISLOSRINOT a0
. - wnler
 Multilayer Adsorbate of Water = soo
_;E
1. M. Elbaum, M. SchickPRL, 66, 13, (1991). 0 L

Vo . . 0 140 z80
@E%Ir}erf}mg 2. R. Bar-Ziv, S. A. Safrari.,gngmuw, 9, (1993). 08  Octc hydrocarbon film thickness @ [A"]



Gecko Hamaker: Open Source Hamaker Program

Full Spectral, Retarded Hamaker, Coefficients:
http://geckoproj.sourceforge.neistributed With Optical Spectra Of Materials

| File Database Material Project Admin About
Search: [Search String contains || Go S0 0 Warerdl fee-d
| Mame-  lPai_| SPC Comments ris [M_| DSPEC ]
| T [@alZoz-teelsd#r, A2 032, alpha, sscor@stunt WEELS, KK, |~ |
@203 18815} |} )23 -teeld?, Al203, alpha, sscor@stutt VEELS k) 178 i
’ T alZoz-wuw=4A1203 Single Xtal Basal Plane WY Y0 40,0
AIZ03-WUV-R | ) iz 03 -v-AI2 03 Single Xral Basal Flane yuy yol 175 i
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- - Interpolation by =
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0
- - Interpolation kS E2
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! T icedT =LCs L0, 08, 00 11, 05, 00 40, -
ice-d U jicedU 05 (01, 08, 00011, 05, 00)( 40, 133
- - Interpolation
LINEAR gl e e 0 it
T  maalZod-g#e,Mgal2 04 Spinel Geolagical, Burma, 10'0r
Maal2o4-0... | || imgal?n4-g#7 MgAl204 Spinel Genlogical,Burma,| +&7
T  imgo-veels#e,MgO,HM 16-04-37-1 pO8ado ref
Maalzod=v.. | || |mgo-veelsi#7.Mg0,HM 16-04-97-1,p08620 ref] 172 J
T imgo-veels+#MgO HM16-04-97-1 pOE&20 ref 0.0 —
MOD-VERIS-0 | || mgn-vieels#7, Mg, HM 16-04-97-1,p08620 ref{ 172 0o 10.0 200 30.0 40.0 50.0 50.0
- Arbitrang
= = Interpolation
MIXTUREZ | _ | _ S 0
_ T |pd-palik-t[Pd Palik, ref.=5 C Fain et &, Manatec EUrENT. promcitecateraty
pd-palik-p | || nd-palik-dPd Palik, ref. = S © Fain et al, Manote{ 15 Mumber Material nis Thickness Crnamics
= w Interpolation Lice-d 1.55% -1{Halfspace | Move Up ‘
v
PHADRATIC | [ow Layer 2 2 lwater- 1.33 1iCenter
- - Interpolation _ _ | Move Down ‘
QUADROID N _ LayEtF’j o Zjwacuum-p 1 1iHalfSpace | ‘
: Delete Layer
- - Interpolation
REVERSEQU..| _ | _ tol 0
- - - | | Clone Layer ‘
B T [siZnd-1 HEOESIN/glassGermany®s3aiN . =
Add Material Plot Spectra | Edit Parameters ‘
Extract Material Create Dispersion Spectrum | PFlot n¥is ‘
Delete Material Add To Project | Calculate ‘
Projects... ‘ ‘ ey ‘ ‘ Save ‘ ‘ Save As

[ P
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Equilibrium Surficial Film: A [ Ice | Water | Air ]

ice—water-air nyis Flot F ice-water-air Hamaker Calculation
0.4 Y
15 ‘ 1
E ) 2 Non-wetting
E 5
- 1| Wetting
il =02 4
T e R G ST R O T -I:EI.CII " 100 0 T200 0 300 0 7 400 500
Progress: | — |Progress: |
Index Of Refraction Profile Retarded Hamaker Coefficient
* Showing Steps In Index *Novel Dispersion Interaction
 For Surficial Film On Ice *Wetting To Non-wetting Transition

*With Surficial Film Thickness

Make State Of The Art Hamaker Calculations Available To All
*Open Source Program, Under GNU Public License
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Controlled Wetting by Elec. Structure Doping

Electronic Structure and Dopants
* Glass Additives 24—

Increase Index of Refr. —
»Crossing Condition 20~ Silica w\ 12 eV Lorentz Oscillat
*London Dispersion Spectra n=1.78
* Equib. Surf. Films T
16-
AlLO, | SiO, | Air -
Decreasing Indices 12+

* Normal Wetting

Interband Trans. Strength (Re[Jcv])

Add Dopant at 12 eV Energy 8
*|ncrease Index of Refraction _
Similar to Doping a Glass A
*Na, Ca, Ba,Y, La, Yb |
* Exhibit Narrow Int. Band Tr. :
O- T T T T T T T T T 1T T 1T 17T 11

2 6 10 14 18 22 26 30 34 38
Energy (eV)

Control Of Dispersion Interactions By Electronic Stucture & Chemistry
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Equilibrium Surficial Films by ES Doping

Interaction Energy Retarded Hamaker Constant

%] RS

= Surficial Films on Alumina s

5] Silica Film with 12eV Dopant =)
o= \I}I/G
O 4% ;-
o 4 @ fiot Eil -
S o S 4 S Sur. icia FI ms_onAumlna
. O - = Silica Film with 12eV Dopant
2 £ 2 g
% — :(.1:G - E: I
e - o Non-wetting
c -] o 0
=] S ]

%] ©
-%_ = E--Z-
>_**—_ o | .

E o Wetting

- N I I ) B A B erer e ey rr e

50 0O 4 8 12 16 20 24 28 32 36 40 44 48
Distance (nm) Distance (nm

Equilibrium Surficial FilmAn
Al O, | SIO, with 12 eV Dopant | Air
Energy Minima, Zero Crossing of Hamaker Constant

* Now Equilibrium Thickness Surficial Film
* Wetting of 1.75 with 1.78 Matl: Index “Rules “ Vidked

Design of Equib. Surficial Films By Doping

By Compositional Doping

Can Achieve Same
Wetting/Non-wetting Transition
As In Water And Ice
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Bimodal: Nonwetting/Wetting

Interaction Energy Retarded Hamaker Constant
** 3 Surficial Films on Silicon Nitride N , 5=  Surficial Films on Silicon Nitride
S 2 SION:LaAl e | SION:LaAl
T o S c 23| Non-wetting
0 = S 1.52
- = . —
O *%x — e 13 . .
8 = I 55 Transition Point
c 0= Transition Point 1:5 BE ‘
Q = o 03 I
£ .. = S .53 \//
= 3 8 5 Wetting
e _*% QO _1_
S rrrrrrrrroerrrrrrrrnr i e rrrrrrrrrorrrrrrrrnrrrrrd
0 10 20 30 40 50 0 10 20 30 40 50
Distance (nm) Distance (nm)

Bimodal: Nonwetting, With Wetting

Different Condition From Equilibrium Surficial Film

*Note Zero Crossing & Curvature An Option For
Note Transition Point Thickness “Lubricated Assembly”
» DeWetting Films Below Transition Point With Snap-In

- Metastable Wetting Films Above Transition Pointdkmess| At Assembly Completion?
Useful for Microstructural Design
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vdW -Ld Driven
Rare Earth Segregation
In RE-M-SION: Si;N,

Coupled Compositional Variations
3

— London Dispersion Force f—

—  FO[CE ~f—

3
RE Depleted
RE-M-SIiON

=)
wn
=)
=F
D
-
—
D
=8
(@]
)
=
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Dimensions In Rare Earth-M-SION:Si ;N, IGFs

grain IGF grain
—» 1.5nm &—
—> 0.5¢—

. SiON .
Glasy

— 0.5¢= 0.5

LaMgSIiON:Si;N, LUMgSIiON:Si;N,

1.8 nm Film Width 1.5 nm Full Film Width
*0.6 nm La Segregation Layers *0.5 nm La Segregation Layers
* 0.6 nm Central Layer * 0.5 nm Central Layer
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& Fenn |_| |]N
. Engineering DuPont Co. Central Research, Univ. of Pennsylyavaterials Science, R. H. French © 2008 October 16, 2008 VuGraph 44 (J T®



Index Profiles Across Uniform & Segr. Interfaces

Homogenous IG Film o A131
A12321
Interfacial RE Segr. 1.957
*Increases Index or Ref. Lo
* At Interface '
< 9]
_ S 1.85- 8
RE Interfacial Layer b= o
- Shields Grains £ 18 o)
* From Each Other x (28 <= 30% Segr.
S 1.75- %
Study Two Levels S 10% Segr. => T
*10 % Segregation -1 _
«30% Segregation 10% Depletion =>
1.65+
<= 30% [Pepletion
1.6-{Lu-Mg-SiON:Si3N4
0 5 1 15 2 25 3
Distance (nm)
3
RE Depleted
RE-M-SiON

a0
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Depletion Layer (3) Ham. Coeff.

Non-Wetting Disp. Interaction Lu-Mg-SiON:Si3N4

RE Segregation Reduces
« Hamaker Coefficient 71
* London Interaction Energy

Al131: No RE Segregation

(S
Depletion In SION |5 e
«Di . Dri S 5- Observed Film [Thickness
|sperS|9n riven %
Must Consider Whole System S .4
)
Y4
£ 3
@
<
2- 30% Segregation - —

| Hamaker London
Ey oisp = —% Coeff. A Energy . //
D,=0.22 nm (29) (mJ/n) Megregation

No RE 0 I I I I I I | | | |

I
Segr. 7.2 4.0 15 2 25 3 3 4 45 5 55 6 .65 .7
Distance (nm)
10% Seqr. 1.1 0.6 3
RE Depleted
RE-M-SIiON
30% Seqr. 1.9 1 > Force »

[
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Segregation Layer (2) Ham. Coeff.

Wetting To Non-Wetting

. 2.5 Lu-Mg-SiON:Si3N4 Segregation Layer 2
Transition
2_
Thickness Dependent 1.5
Wetting Transition 5 10% Segregation
= 1
5 5-

Compare To Water On Ice S Non-Wetting
 Equilibrium Water Film S 0 _
*Lond. Dispersion Stabilized  © Wetting
» See Elbaum, Schick PRL g

g 17

RE Segregation Driven = L 30% Segregation
* By Increased Index h
*In Segr. Layer 2

-2.5+ Observed Layer Thickness
[ [ [ [ [ [ [ [ [

0 2 A4 .6 .8 1 1.2 14 16 1.8
Distance (nm)

RE Depleted
RE-M-SION

—  FO[CE < —

!'m-
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Dispersion Driven Interfacial RE Segregation

rain IGF grain

. Lu-Mg-SiON:Si3N4 Segregation Layer 2

RE Segr. Coupled System

* With RE Depletion In Center 3 |
* RE Segregation To Interface 7 : ’ 1o semegaton
2 e
Equilibrium Layer Configuration 2 Bl
* London Dispersion Stabilized 1:: £ 0% Segregaton
E" Observed Lay i
. 5 : ayer hlcl‘mess ‘ ‘ ‘ ‘ ‘ ‘
Comparable To Lu Segr. In SiN, T T N RV
Depletion Layer 3 Segr. Layer 2
Combined Disp. Energy (SION Center) (SigN, Interface) Total Disp.
’ gfa%%gr Il_atyer ] A lond.E| A | Lond.E | ENErgy mim
na Lepietion Layer @) | mind) | @) | mimd) | e.--20
Lowers Dlsper3|on E NSo RE 75 4.0 4.0
« Of Intergranular Film egr.
Sew. | 11 | 06 | -1 | -06 0
o | 19 1 21 | -12 0.2
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Conclusions -
Bulk: ab nitio:
Long Range Interactions In Nanoscale Sciencg VUV LDA Band
* Electrodynamics: vdW-L Dispersion Reflectance Structure
* Electrostatics Probes
* Polar Interactions : —
| nterfacial:| | Surficial:
SrTiO; Grain Boundary Dispersion Energies
* Reduced Physical & Electron Density Trans. EELS | Reil. EEL_S
«~ 5 to 10% of Chemical GB Energy TEM Surf. Sci.
Novel Wetting Conditions 1 1
* Wetting/Non-wetting Transitions: Premelting i i
* Non-wetting/Wetting Transitions: Optlcal I?roper’ues &
- Lubricated Assembly? Electronic Structure:
Dispersion Driven Interfacial Segregation Interband Transition Strength
* But What About The Electrostatic Energy ‘

vdW-Ld Interaction:

New Non-Plane Parallel Hamaker Developmen| Hamaker Coefficients
» Carbon Nanotubes Electrodynamics
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