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InAs/GaAs SELF-ASSEMBLED NANOCRYSTALS EdSe ,PbS,.
QDOTS: 2 MLN ATOMS, ~107 ELE. ~1000ATOMS, ~10® ELE.

InAs/InP QDOTS ON
PATTERNED SUBSTRATES:

10 MLLN ATOMS, ~108 ELE.

GRAPHENE QDOS
100nm*100nm, ~10°® ELE.

[LiLL1] |
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NO EXACT SOLUTION TO THIS MANY BODY PROBLEM EXISTS
NO AB-INITIO APPROXIMATE SOLUTION EXISTS
APPROXIMATE METHODS:

TIGHT BINDING APPROACH
Bryant et al.

Klimeck et al.

Whaley et al.

TB-DFT APPROACH
Frauenheim et al.

PSEUDOPOTENTIAL APPROACH ?

uOttawa
Zunger et al. ey
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MATERIALS InAs,GaAs,InP,CdSe,PbSe,C,ZnTe,...)
e BULK ELECTRONIC STRUCTURE
e MILLION ATOM QDOTS
e SPECIFIC CRYSTAL LATTICES
e INTERFACES
e STRAIN - MULTIPLE SCALES
e SPIN ORBIT COUPLING
e ATOMISTIC DISORDER
e EXCITON FINE STRUCTURE
e POLARIZATION OF LIGHT
e MULTI-EXCITON COMPLEXES
e MAGNETIC FIELD
e MAGNETIC IMPURITIES

OTHER WORK: tb:BRYANT,KLIMECK......,
pseudopotential: ZUNGER,...
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P. Koenraad’s group X-STM

Alloy (vertical gradient)

uOttawa
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Build GaAs
layer

Replace Ga with In
Put InAs

On GaAs

Lattice
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uOttawa
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MINIMIZE TOTAL ELASTIC ENERGY
FIND POSITION OF ATOMS

ETOT — ETOT (Rl,Rz,Rs, ----- ’ RN)

VALENCE FORCE FIELD:

Eqor :%ZZ:AZJ((Ri_RJ )2 B (di? )2)2

I ES

3 4
"‘yy yBijk ((Rj_Ri )(Rk_Ri )_ COS 6’di]qdi?c )2

i =1 k=j+1
’ ’ 108 atoms = 300.000.000 variables

OPTIMAL DISPLACEMENT FIELD FOUND WITH CONJUGATED- .
GRADIENT METHOD (P. Keating, A. Zunger, C. Pryor,...) “()”‘“‘

Canada’s university
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Quasi-electron

V2247, ()4 Vel )+ 20, E) b, (7) = Ep, (7)

_

LCAO APPROACH @, (r)=D_> ¢, ,(R)u,(r —R)

k=l a=1 Sp3d5s*
We don’t really know electronic density Slater-Koster
nor V, and V., ! Parametrize matrix elements orbitals

< ub(Rl) | H |ua'(R) >
Tight binding Hamiltonian i deed |

Canada’s universi




_ORBITALS
,“\

‘ In J. Slater and G. Koster,
G. Klimeck,
T. BoyKkin,
S ‘ §* O.> 4 G. Bryant
> > ——  Is*9)
EI:D — ‘di,0'> B:D
o = ™
5 E — ‘di,0'>
— ‘Pi10'>
S ‘S¢>, ‘ST> — ‘pi,0'>
— ‘s ¢>, ‘s 1 >
BASIS ORBITALS

FOR THE VALENCE ELECTRON R



ENERGY

SLATER ORBITALS

/S A “HOLLOW SPHERE”

}\‘ <r‘s>=Nﬁr“e 7y 00(6’, (0)



<u,(R")|H|u,(R)>

_ 20 1 20 20
— + SO _+
H o Z ZgRaCRaCRa + Z Z ZZRaa'CRaCRa'

atoms R a=1 atomsR a=1 a'#*«a
bands bandsbands

dnn 20

20
T Z z Z ZtRa,R'a'C;aCR'a'

atoms R atomsR'=1 =1 «a'=1
bandsbands

TIGHT-BINDING PARAMETRIZATION
WITH 15t NEAREST NEIGHBORS

PROBLEM:
100 PARAMETERS!
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INCBLENDE LATTICE: TETRAHEDRAL COORDINATION S

‘ ANION

d = d(Ix+my + nz)
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"TIGHT BINDING MATRI

TasLe I. Energy integrals for crystal in terms of two-center integrals.

O (ss0)

E,. I(spo)

Fo,s P(ppo) + (1—F) (ppr) 4— /2 ( P pa') + (]_ — l?) ( p PW’)
B Im(ppo)—Im(ppr)

2. In(ppo) —In(ppr)

Es, ay V3lm (.S‘du’)

Bty %’Vg(!z_mz) (sdo)

B G4 100 RULES

Boov V3Pm (pdo)+m (1 —28) (pdw)

Eaye VBl (pda) —2lmn (pdm) REDUCE 100 HOPPING TERMS
- V3Pn(pda)+n(1—28) (pdr)

Fasts? BB m) (pde)+1(1 P (pr) TO 21 NONTRIVIAL PARAMETERS
Ey 2y $om(P—m?) (pder) —m(14-E—m?) (pdr)

E, . V3 (B —m?) (pda) —n (P —m?) (pdw)

By 3.2 s I — % (P+m® ](pde) —V3in*(pdr)

Ey. 322 y? m["-z —% 2+ mz)] (Pd") —V3mn? (P dr)

E; 3.0 4 n[nt—3(2+m?) (pde) +V3n (B24+m2) (pdm)

Eay, 2y 3Pm?(ddo)+ (P+m? —4Pm?) (ddm) 4 (- Pw®) (dds)

By 3lm*n(dde)+In(1 —4m?) (ddx)+In(m—1) (dds)

- 3Pmn (dda)+mn(1—482) (ddr) +mn (2 —1) (dds)

Ery 2t y? m (P—m?) (ddo)+ 2Im (m2—2) (ddw)+ 3lm (P —m?) (dds)

Ey. 2t 2 Fmn(P—m?) (ddo) —mn[142(8~m? J(ddw)+mn[14- (B —m?) ] (dd5)

By gt $nl(E—m?) (dde) +nl[1—2(B—m2) )(ddx) — ni[ 1 — 3 (I2—m2) ](ddb)

Ezy 3520? V3im[n2— } (P m?) )(ddo) — 2V3Imn? (ddx) + 3V3Im (14-n2) (dds)

Eyr st V3mn[n2— 5 (P+m®) (ddo)+V3mn (B-+m?—n?) (ddr) — 3V3mn (B4+m?) (dds)

FORSPR I V3in[n2—§ (B+m2) ] (ddo) +V3In (P4 m? —n?) (ddw) — 3V3In (P+m?) (dds)

PO LI § (B—~m*(ddo) - [P-+m? ~ (B~ m?)*] (ddw) + [n*+} (P —m?)*](dd5)

B2 24,2 2 3 (E—m2) [ — 3 (2 m?) ) (ddo) +V3n2 (m2— ) (ddr) +3VE (14 n2) (IZ—m?) (dds)

Bt o2 0,042 [n2— 3 (B+m?) B (ddo) + 3n2(P+m?) (ddm) 4§ (P+m?)?(dd3)

J. SLATER & G. KOSTER, PHYS. REV. 94, 1498 (1954)
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SPIN-ORBIT INTERACTION AFTER CHADI ET AL., PHYS. REV. B




TIGHT-BINDING PARAMETERS
FROM BULK BAND STRUCTURE

Canada’s



BLOCH STATES
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7 ~ ENERGIES AND AVAILABLE
' EFFECTIVE MASSES FITTED
“ N USING GENETIC ALGORITHM

EXAMPLE: InAs
;5_/

A X UK - I

NONLOCAL PSEUDOPOTENTIAL, CHELIKOVSKY & COHEN, PRB
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TARGET FITTED

1- / E, 0418eV | 0413eV

I InAs Aco 0.38 eV 0.381 eV
O-

_ / \ m, 0.024 m, 0.025 m,
1

| my, 0.026 m, 0.029 m, [100]
. 0.029 m, [111]

| My 07| 0-35 My 0.369 m,
3] Muy uy] 043 Mg 0.471 m,
A 0 T mg, 0.14 m, 0.098 m,

.

OUR FIT u Ottawa

Canada’s university



INTERFACES
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GEOMETRY RELAXED
STRUCTURE

*TB PARAMETERS ACROSS THE INTERFACE
-INTERFACE PARAMETERS — NOT A PROBLEM FOR GaAs/InAs
-BAND OFFSETS IN DIAGONAL MATRIX ELEMENTS

*MODIFIED ATOMIC POSITIONS

mmm) STRAIN
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RESCALE MATRIX ELEMENTS BY DIRECTIONAL COSINES
AND BOND STRETCHING TERMS (HARRISON’S LAW)

NO STRAIN WITH STRAIN

—

d = dy(I% +m +n) d'=d'(I't+m'j+n'2)

A N
1

nV tlsa,zc — nIV P

sa,zc sa,pco



LOEWDIN-ORTHOGONALIZED BASIS:

1
@) <[ R.a) = 3 Sy nsl R )
R'p
S MATRIX CHANGES AS ATOMS ARE DISPLACED

T.B. BOYKIN, G. KLIMECK, PRB



DIAGONAL HAMILTONIAN ELEMENTS

= (O[H|®), = (R |t R )~ Sy, (R H R )
R'p

SENSITIVE TO STRAIN!

T.B. BOYKIN, G. KLIMECK, PRB



PROCEDURE: USE EXTENDED HUECKEL RULE:

tRa,R'ﬂ (1 7
Stas ¥ Az - irowr,_— BARE” ATOMIC ENERGIES
R'f

gRa
(68, f (5
.0 Ra,R'S Ra,R'f
gﬁa_gﬁa_l_zzc(ﬁa,ﬁ'ﬂ) 0 L 0 AL
R'enn f Cha TRy ATOM

C - PARAMETERS TO BE FITTED



ac, a,

HYDROSTATIC - BIR-PIKUS MODEL

LINEAR SHIFTS OF BAND EDGES
E., =E°% +a.|
s =Ecp+acle.+ée, +¢, )
Eppoy =ES . +a,(e +e, +e_)
VB,HH VB,HH V' \" xx yy zz

10
E,=E, +a, (gxx +&, + gzz)

- DEFORMATION POTENTIALS

u Ottawa

Jniversité canadiennc
Canada’s university




PUSH

BIAXIAL STRAIN

/RI;SPONSE

NONTRIVIAL BEHAVIOR-
FIT TOAB INITIO RESULTS

/--'—I_
u Ottawa

L Universite o anadicnnc




Hydrostatic strain fitted to Bir-Pikus model

1.2 ' '

1.0+

0.8—-
9 0.6—-
T BLACK: BIR-PIKUS
> %*1 RED: OUR FIT
S 024
[
L

-0.2

0.0- -

0.4 -

-0.04 -0.03

Kadantsev et al. JAP2010

Energy (eV)

0.2 1

0.0 _

02 BLACK: DFT i
RED: OUR FIT

0.4 i

-0.6 -

-0.84 INAS -
5.6 5.7 5.8 5.9 6.0

In-plane lattice constant (A)

.

u Ottawa

Canada’s university



SUMMARY :
STRAIN EFFECTS CHANGE BONDS ANGLES AND LENGTHS.
Bonds angles: Slater-Koster formalism

Bonds lengths: a generalized version of Harrison law
1,0 0 afly
Vaﬂy o Vaﬂy (dl] /dl]
d i IS bond length, O superscript = values without strain

Diagonal elements vary in response to displacement of neighbours:

0
0]l
0 (Ra,R'ﬂ Ra,R'f
Cha — CRa T Z ZC(Ea,E'ﬂ) 0 0

R'enn f gﬁa o gﬁ-ﬂ

¢ diagonal and t off-diagonal Hamiltonian matrix eler —
n, C empirical parameters

|
u Ottawa ‘
*Université canadienn

Canada’s university
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<= ENERGIES OF

« DANGLING BONDS
<= IN THE SAME RANGE
AS ENERGIES OF
QDOT STATES

<===

1. ROTATE THE sp? BASIS INTO HYBRIDIZED ORBITALS

Spf’>=%QS>+ p.)+|p,)+p.) Sp§>=%QS>+ p)-1p,)-1p.)
p)=|p,)+]p.)

8) =3 ()1 ) -1p)  [t)=5(s)-

2. IDENTIFY DANGLING BONDS, SHIFT THEIR ENERGIES

3. ROTATE HYBRIDIZED ORBITALS BACK TO sp’ BASIS



LANCZOS ITERATIVE DIAGONALIZATION

1.6

Boop
N &
1 2 1 2

=
o
A

o
o

Energy (eV)

o
D
N 1 N 1 N 1

o
(V)

Lanczos iteration

NO SURFACE PASSIVATION

Energy (eV)

1.6

o
©

o
o

IS IT IMPORTANT?

=
o
R

1000
Lanczos iteration

SURFACE PASSIVATION
M.Korkusinski



S SHELL

B

P SHELL

# *

N states — N~2min

P
—L— 1S

==L

EXTRACTION OF TARGETED EIGENSTATES OF CORRECT SYMMETRY

WITH LANCZOS ITERATIVE ALGORITHM

M.Korkusinski



Under
. symmetric gauge
_ 0 e (* E')
taﬁ,a'ﬁ' _taﬁ,a'ﬁ' exp _ﬁ | X

P.Vogl, C. Strahberger
phys. stat. sol. (b) 234, No. 1, 472-477 (2002)

Jniversité canadiennc
Canada’s university




Distributed memory =
many CPU’s using their own memory (MPI)

CPU'’s

Cache’s 8 cores
111

Memory . . . .

Distribution both of computational effort and memory resources.

A~

@g “Inexpensive” cluster of “desktop” computers

Hard to code (320 cores!)
@ |



QNANO:

Parallel Lanczos (TB)
istribution of TB matrix

Parallel Coulomb ME
arallel fits (genetic alg.)
Parallel LCAO

Including

1. Equal distribution
(load balancing)

2. Proper (no deadlocks)
and minimal (speed!)
communication

M.ZIELINSKI u Ottawa

Canada’s university

CPU 1 CPU 3

Parallel conjugate-gradient (VFF)

and TB matrix-vector product
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SUniversite anadicnno

Canada’s universi



Shell
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Strain Fit

BP

\

a, (eV) +1.0 -1.0
VBO (meV) 210 210
1.35
1.30 - 1.45 4 130 - 1'35__ 1.20 ~
{05 1.40 L 25 1.30 7 1.15
S . . ]
() 4
5 1.20 1.35 4 1.20 - 1 1.10 7
© - 1.20 -
G 1.15 =4 .30 4 l1.15 4L L L 11.05 o4 B
. 0.44=’ ’0 28” =0 .46 = /’030 T =
0.28 — - - -
0.42 - 0 s 0.44 4 0.28 -
0.26 — : B 1
0.40 1 0.42 0.26 -
E,-H, (eV) 0.9136 0.9073 0.9169 0.7797 0.7969
;0.8—
fo.e-
I 0.4
'-IUTO.Z—
w” 0.0




EMP1

1.35-

1.30-

125

1.20;

A\

> ~

[ 02~

-
-~

Q

Q18-

EBOM

1.35- 1.3+
1. 1.

1. 1.2
1.2)25 = 1'155:5
028_ Q
0B am
o | '

EMP2

1.40

1.35-

1.30-

125

0X)

A\

A\

A\

0184

0167

EBOM-effective bond orbital
model,W.Sheng et al, PRB2005.

TB — Zielinski et al,
PRB2010

EMP1(2) — empirical
pseudopotential
results , He et al
Phys. Rev. B 73,

115324 (2006)

.

u Ottawa
SUniversite canadienno
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IMS In-flush growth technique — Wasilewski et al J.Cryst.Growth,1999

QD diameter 12.5 nm, height 2.0 nm
VFF domain: 32.2 min atoms
TB domain : 0.298 mln atoms

u Ottawa ‘
"Universite anadicnno

Canada’s universi



Energy (eV)
=
W
2

1 \\—1
\\
A\

COO0000
NN NN W W
NROOON

SHELL
STRUCTURE
OF HOLES!

A
.
u Ottawa ‘

anada’s university



QD diameter 16.0 nm, height from 5.0 nm to 2.0 nm

VFF domain: 32.2 min atoms
TB domain : 0.44 min atoms uOttawa

Canada’s university




5nm 4nm 3 nm 2nm 5nm 4nm 3 nm 2 nm
Electrons Holes




——
SINGLE PARTICLE SPECTRUM
E(m,n)=Q_(m+1/2)+Q_ (n+1/2)

1.3475
1.450
d 1.325
[y %,
p E 1.375
& i
[——p (2] 1.350
———
S 1.325%
//
[

1.3200

1.275

u) 5 10 15 20 25

Magoetic Field

In-flush grown and annealed gdots ,
Raymond et al, PRL 2004, IMS/Grenoble/Dortmund bl

anada’s un
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INTERACTING
ELECTRONS AND HOLES

Jniversite canadicenno
Canada’s university
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] QUASIELECTRON

GS)

N\ 47+
‘ a, 11> =cyhy,

—O— QUASIHOLE

94

ENERGY OF QUASI_ELECTRON_QUASI HOLE PAIR
E(av il) = (51'1 T Z(il))_ (gal T Z(0‘1))_ V(O‘w i1)+ Vy (0‘11 il)

. B

E(O‘vil): ‘9ng _5513 _V(O‘vil)"' VX(al’il)




HAMILTONIAN OF QUASI-ELECTRONS QUASI-HOLES:

~ ELECTRON SP STATES,
H ZZE,-(e) C +— Z<l jliV., V. |k, l> CkC; E-E INTERACTION
i l]kl
h HOLE SP STATES,
—I—ZE]( 'h h] +— Z<l ]‘th‘k l>h+h+h h H-H INTERACTION
J ljkl
A A AR ke b he
e’Jh eh,dir|"“h' e e’]h eh,xchg|“h?! | B
ijkloc’
ELECTRON-HOLE
s DIRECT AND
1. Build configurations | p) =¢; cilh .. 0) TN

2.Build <S‘H‘ p> 3.Diagonalize H, obtain eigenstates and eigenvalues



EMISSION SPECTRA — FERMI’S GOLDEN RULE

1) =Y [(f, N-1P|i, N 6(E, - E, - ho) Z( &-F|m,\eh,
7
<le X mh> = ZRagf);ag’L +ZZa§f);ag’)ﬂ< ‘x‘ ,B> +ZZa§ega§h)ﬂ<R,a‘x‘R',ﬂ>
R,«

R, f+a R,aa RS

ONSITE ONSITE NEAREST
DIAGONAL OFFDIAGONAL NEIGHBORS

A
u Ottawa ‘

L'Universit¢ canadiennc
Canada’s uni i




IN PRNCIPLE, WE SHOULD SOLVE FOR
SCREENED COULOMB INTERACTIONS

N\ N\ N\ N\

Vi 0)=V°(nn) + Vo) O, o) V(" r, o)
-

POLARIZATION OPERATOR

BUT WE TAKE STATICALLY SCREENED INTERACTIONS

2
5 e

V , —
.r2) (-1




(8 ) = S s i i (Res R
Rioq Ryt Reor Ry

i

COMPUTATIONAL EFFORT NONTRIVIAL!
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(B, Y1 00) =3 53 S 6l ), ol (Re Rua |5 —

Rioy Ryap Ryag Ryay ‘1"1 ! ‘

‘R o, R, a4>

(P | ew)=> > alairald ay), Ral,Ra®—\Ra3,Ra4 )+ ON-SITE

Ry a3y

Z Z al(;;);:klal({])v;az agl?mas al(ell)ou (R, Ry s @ 7| Rty Ry )+ NN

Ry Ryy enarazay
2
(i) () RO L
+ Z Z Z aRlal Ry RZO’Z aRZO’Z D I_O N G - RAN G E
R Ry#R; a; ‘. RZ‘

A
.
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ELECTRON HOLE EXCHANGE
MONOPOLE-MONOPOLE, MONOPOLE-DIPOLE, DIPOLE-DIPOLE

<V'C"VX‘VC> Z Zz(agb)l ga)l 1(2272) (a(c) )< 1"1’Rb2“ ‘\Raz,RH
Ri#=R, a1by ayb,
1 \
< Ry, R, bz“ B “R azin J'jd’idr2¢bl(ri R)p,.(r— R)| |§”b2(”2 R,)@,,(r, —R,)
1 2
El-hole complex El-hole complex
On atom at R1 On atom at R2

|
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ELECTRON HOLE EXCHANGE
MONOPOLE-MONOPOLE, MONOPOLE-DIPOLE,DIPOLE DIPOLE

(ve'lrtlve) = Z ZZ("bel)( ga)l 52272) (a(c) )< 141 sz“ — “Raz Riby)

R1¢R2 a]_bl a2b2

1

<1a1Rb2“ _ “Raz Rb J'jd’idr2¢bl(ri R)p,.(r— R)| r|¢b2(”2 Rz)(”Zz(”z_Rz)
h—n
/
IR N S DU
i-Al |R-R,) R-R)
Y N
+Z(ﬁ—ﬁl>i(za—él)j(‘R“R2‘ > _#(Rf If)"( R,
iJj ‘Rl—Rz‘
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ELECTRON HOLE EXCHANGE
MONOPOLE-MONOPOLE,...

« 1 «
[[dndr, g (= R) @ (1 = R) —=—0,,(r, = R,) 0, (r, — R,)

| =1,

Monopole-monopole contribution

1 1 /

-7 |R-R,) * This term is related to
“s” state content in the hole state
5.5 and
ﬁ+ “p” state content in the electron state

Other terms: dipole-monopole and dipole-dipole uOttawa

Canada’s universi




INTERACTING
ELECTRONS AND HOLES
EXAMPLE
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MULTI_EXCITON COMPLEXES IN A BENCHMARK QD
For pseudopotential calculations see
L. He and A. Zunger Phys. Rev. B 73, 115324 (2006)

QD diameter 25nm, height 3.5 nm
VFF domain: 50.3 min atoms
TB domain : 0.561 mln atoms uOrtawa

Canada’s university
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28.8 peV

0.39 meV
[1-10] [110]
Electron-hole exchange splitting /

TT T Anisotropic EH exchange splitting.
\ 4 But QD is cylindrical...

VS
‘1' ‘ﬂ' ‘l"fﬁ Cylindrical symmetry reduced by crystal lattice!

Dark Bright




Amplitude (a.u.)

Intensity

13N
P D
< 125
u 1 ]J_ &
| . | O
0.8 Energy(oe-il) 1.0 élz}
' - Exciton absorption spectra 5
s shell - c
| w115 7
p s hell i Q%_-
d shellT
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Benson et al

Real life

u Ottawa
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Reimer,Williams,
Korkusinski,PH
PRB2008,PRB2009

Even if two X are different

Py

l1meV break P X

| X

T

AExxf AEX

A
rvy r. T T T Y | | I | T

2 3 4 5 6 7 8 9
Electric field (kVicm)
Theory I ’
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HIDDEN SYMMETRIES
IN MULTI-EXCITON COMPLEXES

u Ottawa

AWojs,PH, Solid State Comm. 100, 487 (1996).,P. H, Phys. Rev. B60, 5597 (1999); M.Bayer,} " ‘ansss e




Interband polarisation operator P~ = ZC}- h,
On shell |H ,P " ]= E , P~
IN >= (P" ) " ]0>. EN=NEX

multiplicative states=exciton condensate

Pairing (XX) operator
.1

Q" =3 Z (cpep +ees hah +hih)

[H,0"1=E, 0"
E(Q " 10 >)=E(P " )2]0>) ,

u Ottawa
AWojs,PH, Solid State Comm. 100, 487 (1996).,P. H, Phys. Rev. B60, 5597 (1999); M.Bayer,P. H, Nature 2000. " 2iosis oot



1] it

singlet triplet
HIDDEN SYMMETRIES
REPLACE HUNDS RULES IN
EXCITONIC ARTIFICIAL ATOMS

uOttawa ‘
AWojs,PH, Solid State Comm. 100, 487 (1996).,P. H, Phys. Rev. B60, 5597 (1999); M.Bayer,P. H, Nature 2000. " 2iosis oot




8X-7X

nl d shell

7X-6X

6X-5X

5X-4X

4X-3X

\S shell

Intensity (arb. units)

3X-2X

1

2X-1X

Hidden symmetry

1X-vac

| | | |
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Atomistic CI calculation (Zielinski et al)
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MULTI-EXCITON
GENERATION

IN

QUANTUM

DOT

g
: Nozik,..
Aé \ ORI Klimoy,...
ne photon yields
two e~—h+ pairs Efros,....
2 J Zunger,...
& B
> e
hv [l- LT Impact ionization
2 (now called
{ multiple exciton
generation,
5 ion, MEG)
é h'
e 0 —
e .

Quantum Dot M EEaere
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FOUR ATOMS PER UNIT CELL:

KORKUSINSKI TWO CADMIUM ATOMS
VOZNYY TWO SELENIUM ATOMS



ELECTRON-HOLE HAMILTONIAN
ELECTRON SP STATES,

E-E INTERACTION

>CZO' ]O'Cko"cla

[:I = ZE;(OQ')CZGCZG T3 Z<

2 o HOLE SP STATES,
() s o . s H-H INTERACTION
+ ZEJGhJGhJG ) ;{m jo'WVulka' lo)h b by by,
ijkloo
o | S ELECTRON-HOLE
- Z((lU,JU V.ko'lo)—(io, jo'\V,|lo. ko)) By ¢,y INTERACTION
ijkloc DIRECT + EHXC

+ Z<i0"j o' \V|ko lo->cmcjgck(,-h,g

ijkloc’

+ Y (io, jo'V|ko' lo)h h, _c. h +....
Z< > jo"kal

ijkloc’
u Ottawa
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SUMMARY:

INTRODUCTION

ATOMIC STRUCTURE DEFINITION

STRAIN

ELECTRONIC STRUCTURE CALCULATION
TIGHT BINDING METHOD
EFFECT OF STRAIN
SURFACE PASSIVATION
EXTERNAL FIELDS

MANY-BODY EFFECTS
MULTI-EXCITON COMPLEXES
CHARGED EXCITONS

EXAMPLES:
InAs/GaAs SELF-ASSEMBLED DOTS
CdSe NANOCRYSTAL,GRAPHENE
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CONTRIBUTIONS:

M.KORKUSINSKI (IMS)- TB, CI, QNANO, ALL
M.ZIELINSKI (IMS/TORUN)-STRAIN, TB,QNANO
E.KADANTSEV (IMS)- AB-INITIO, QNANO, K*P
0. VOZNYY (IMS) — AB-INTIO, NCs,PV

I.OZFIDAN,P.POTASZ.D.GUCLU - GRAPHENE

W.SHENG (IMS/FUDAN) - K*P, EBOM
S.J.SHENG (IMS/NCTU) - EFF.MASS, B, CI



