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1) System and tools

System

machine: IBM powerPC cluster with myrinet

- Marenostrum supercomputer nlarprac mmumnica

60 jobs executed

Some simulations in serial and
some in parallel (60-120 nodes)

2 10.00

Execution times between 5 Average job dura 57 job: 72.00
hours and 3 days al memory used by the | 2|

['ofal disk space (lgabytes):
Siesta Version: Minimun: 10.00
Architecture & xBE_B4-unknown—1inux-gnu——unknown cokradlae Ay
Compiler flags: mpif30 -g -02 Liagirabia: 40.00
PARALLEL wersion
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* Bunning in =zerial mode with MPI S -.-.II:? -
*» Start of run: 14-D0EC-2012  8:09:19 himimun: 1.00

Desirable: 10.00

* IELCOME TO SIESTA  LDA+U *

reinit: Reading from standard input

Desirable: 40,00
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1) System and tools

Simulation tools

- SIESTA (Spanish Initiative for Electronic Simulations with Thoudands
of Atoms)

J. M. Soler, E. Artacho,J. D. Gale, A. Garcia, J. Junquera, P.
Ordejon, and D. Sanchez-Portal, J. Phys.: Condens. Matt.
14, 2745-2779 (2002).

Density functional theory (DFT), linear combination of atomic
orbitals (LCAO) and norm-conserving pseudopotentials.

- VASP (Vienna Ab initio Simulation Package)
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G. Kresse and J. Furthmuller, Phys. Rev. B, 54, 11169 (1996).

DFT, plane waves (PW) and ultrasoft pseudopotentials.
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1) System and tools

SIESTA calculations

- Double-¢ polarized basis set (DZP) - Relaxed coordinates with
- 400 Ry for the real space grid forces below 0.05 eV/A

- LDA and LDA+U exchange-correlation functionals
U =6.0 eV applied on the p orbitals of the oxygens

Unit cells with a number of atoms between 6 and 96

- From the SIESTA calculation we get:
Total energy, magnetic moment, charge and spin densities

Formation energies:
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2) Magnetic semiconductors

Magnetic semiconductors

Semiconductor Magnetic material

V. M. Garcia Suéarez

Momentum

Both semiconductor and
magnetic applications.

Ex.: magnetite. Not as good as
typical semiconductors (can not
be doped)



2) Magnetic semiconductors

Diluted magnetic semiconductors

Spintronic applications

(

¢)
$ o
o

O Hakimi et al., Phys.
Rev. B. 82, 144429

? o o K&U

Element I: Non-magnetic ) Element 2: Non-magnetic ? Element 3: Magnetic
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Examples:

- InAs:Mn, GaAs:Mn. Low Curie temperatures

-Zn0O:Co. Curie T above RT. Transparent and piezoelectric. Spin
transistors, spin polarized LEDs
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2) Magnetic semiconductors

Zinc oxide (ZnO)

Oxide used in rubbers, plastics and ceramics

zinc (II) oxide

Wurtzite structure

ZnO with O vacacancies or Zn
interstitials (native doping):
transparent and semiconductor
(transparent electrodes)

Band gap: 3.2 eV

www.webelements.com

Doped with Co: Zn,_,Co0,0,
- Ferromagnetic with a Curie temperatura of 790 K
- Large magnetic moment of 6.1 pg/Co

C. Song et al., Phys. Rev. B 73, 024405 (2006)
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3) Stabilizing vacancies In SnO,

Tin dioxide (SnO,)

Oxide used in ceramic materials

Rutile structure
White or grey cristalline solid

Band gap: 3.7 eV

www.webelements.com

Doped with Co: Sn,_,C0,0,
- Ferromagnetic with a Curie temperatura of 650 K.
- Giant magnetic moment of 7.2 ug/Co

S. B. Ogale et al., Phys. Rev. Lett. 91, 077205 (2003)
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3) Stabilizing vacancies In SnO,

Simulation of SnO, with vacancies and Li impurities

Unit cell of SnO2 has 6 atoms (2 Sn and 4 O)

2x2x2 supercell (48
atoms) to study the
effect of single
vacanacies and defects

2x2x3 (72 atoms) and
2x2x4 (96 atoms)
supercells to study
how magnetic defects
couple (FM or AFM
configurations)
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3) Stabilizing vacancies In SnO,

Point defects in materials

Real crystals are not perfect

V. M. Garcia Suéarez

Types of defects in a
material: Point defects,
line defects and interfacial
defects

Vacancies

Interstitials Substitutional
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Vacancies in SnO,

3) Stabilizing vacancies In SnO,

Vacancies in SnO, can have different magnetic properties:

V. M. Garcia Suéarez

O vacancy (Vy):
- Non-magnetic
- Formation energy: 1.64 eV

Sn vacancy (Vg,):
- Magnetic. 4.00 pg/vacancy
- Formation energy: 6.87 eV

Sn vacancies
couple FM or AFM




3) Stabilizing vacancies In SnO,

Electronic structure of vacancies
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Transport: SnO, with Vg, is a half-metal, good for spintronics
applications
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3) Stabilizing vacancies In SnO,

Experimental verification

Zn-doped SnO,

4790 J. Phys. Chem. C 2010, 114, 47904796

Structure and Room-Temperature Ferromagnetism of Zn-Doped Sn0O; N ) Doplng of Zn creates VS“
Solvothermal Method and VO

- The presence of Vg,-O-Vg,
can reduce the magnetic
moment

Yo'

7

d: February 14, 2010

. YEV /B 81, 064419 (2010)
AL REVIEW B 81, 064419 (2010) - The presence of

Ferromagnetism in SnO,-based multilayers: Clustering of defects induced by doping VSn could promote
ferromagnetic
coupling
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Mn-doped SnO,

THE JOURNAL OF

PHYSICAL CHEMISTRY

e tomed and . - - Vo does not contribute to magnetism
Origin of the Magnetism in Undoped and Mn-Doped SnO, Thin Films: .
Sn vs Oxygen Vacancies ’ - Vg, promotes magnetism

Ana Espinosa,* Nadiezhda Sanchez, Jorge Sanchez-Marcos, Alicia de 2 s, and M. Carmen Munoz

Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cientificas, Campus de Cantoblanco,
Madrid, Spain
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3) Stabilizing vacancies In SnO,

The role of the formation energy

Concentration of defects in a material

C = Nsite EXP

Formation energy of a
vacancy

c => point defect concentrations
NG = Number of sites
E; -> defect formation energy

E.=E‘-E"+nu,

The larger the formation energy the lower the concentration of
vacancies

- V5 has a low formation energy but does not promote magnetism
- Vg, has alarge formation energy
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3) Stabilizing vacancies In SnO,

SnO, nanosheets

4x4x1 (b), 2x2x2 (c), 2x2x3 (d) and 2x2x4 (e) supercells
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The formation energy decreases

- Towards the surface

- As the width of the sheets decreases
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3) Stabilizing vacancies In SnO,

Li doping in SnO,

Vacancies and Li impurities. Supercells with 48 atoms

Several configurations:
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(@) Li - doped SnO, (Lig,, Lig, Lijy)  (€) Vo + Lig,
(b) Vs, + Lisy () Vo + Lo,

(c) Vgn + Lig; (9) Vo + Lijy,
(d) Vsn + Liin,
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3) Stabilizing vacancies In SnO,

Li impurities only

Lig,: Lig:
. - Magnetic. 3.00 pg/vacancy - Non-magnetic
o - Formation energy: -1.03 eV - Formation energy: -0.85 eV
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Transport: semiconducting or metallic Ferromagnetic coupling
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3) Stabilizing vacancies In SnO,

Vg, + Li in different positions

Vg, + Lig,: Vg, + Lig:
- Magnetic. 7.00 pg/unit cell - Magnetic. 1.00 pg/unit cell
- Formation energy: 1.54 eV - Formation energy: -4.16 eV

VSn + Lllnt
- Magnetic. 3.00 pg/unit cell
- Formation energy: 1.83 eV

Role of impurities and vacancies

-
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Transport: semiconducting or half-metallic
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3) Stabilizing vacancies In SnO,

Vg + Liin different positions

V, + Lig,: V, + Lig:
. - Magnetic. 1.00 pg/unit cell - Non-magnetic
Q - Formation energy: -3.69 eV - Formation energy: 0.15 eV
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©
>
'cgs Vo + I—iint: ROIG Of
. - Non-magnetic structural
= - Formation energy: -0.96 eV relaxation:
S
o
=
IS
)
o
4

SER L | Sn.. .-Il'r-. Iul

=5 & s 1 5 3 [ = n H

Energy (V) Energy (eV)

Transport: metallic or half-metallic
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3) Stabilizing vacancies In SnO,

Experimental verification

Induced magnetism in Li-doped SnO,

Non-magnetic doping induced magnetism in
Li doped SnO; nanoparticles

Mag netization (emuwgm)

5. K. Srivastava.P. Lejay". A. Hadj-Azzem” and G. Bouzerar’ 4 oo 1

Field{Tesla)

“Institute of Condensed Matter and Nano-sciences, Université Catholique de Lowvain,
Lowvain-la-INeuve, Belginm-1348

“Institot Méel, CNRS Grenoble and Undiversité Joseph Fousier, Grenoble, Cedex 9.
France-38042
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- Pure SnO, NP: diagmagnetic
- Li-doped NP: ferromagnetic

Sn__Li

081 {l.{lEIDE

Li promotes magnetism in SnO,

Magnetization (pg/Li)
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Conclusions

- Sn vacancies (Vg,) in SnO, can promote
magnetism and influence the magnetic properties
of doped systems

- The formation energy of vacancies can be
decreased by doping SnO, with light elements (Li)

- Doping with non-magnetic light elements can
also promote magnetism
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