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Challenges for computational solid state physics

New material design: topological insulators
Theory suggests: PbBisTer ARPES measurements
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Challenges for computational solid state physics

Supporting experiments: GaMnAs

ARPES measurements Theory
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Challenges for computational solid state physics

Supporting experiments: STM
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Challenges for computational solid state physics

Simulating experiments: XMCD in La;/3Sr; ;3sMnO3

30

Mn 8
— 3 O K-edge
2 =
= 2
S 20+ 5
o > .
s 1% Lo £ 4
2 104 /R . 2
X % ) s
I\
0 } 0 =
0.04 +

@ @
£ o 2

5
s g 000
& — LSDA 8
a 54 —-- LSDAU Uy =09eV a LSDA
[ | LSDAU Ugg=40eV 9.0.04 + -~ LSDAYU Uyy=08 &V
E @2 Exper. ; . LSDA+U Ugy=4.0 eV

) o Exper.
660 525 530 535 540
Energy (eV) Energy (eV)

A. Ernst, MPI Halle First-principles material design



Topics

First-principles material design

|. First-principle approach

e Many-body problem
o Ab-initio molecular dynamics
o Density functional theory

a) Kohn-Sham equation

b) Approximations for exchange-correlation energy
c) Solving the Kohn-Sham equation

d) Linear response theory within the DFT

o Beyond the DFT
Il. Real systems from first-principles

e Fe islands on Cu(111)
e Ho atoms on Pt(111)
o Magnetic oxides

[1l. Summary
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|. First-principle approach

A. Ernst, MPI Halle First-principles material design



|. First-principles approach

Hamiltonian of a many-body system:

. K2 e2Z; e*Z1Zy
H==2 Vi~ Z*V”Zh—m Z|R—rz 2 RR,

K2 9 K2 9
= - ; Mvz - ; T,rnivi + Ve({r:}, {R:})

2
— =3 i Vi AL RaY)
I

r;, Ry: electronic & nuclear degrees of freedom
H.({r;},{R;}): electronic Hamiltonian

Time-dependent Schrodinger equation:
L0 -
ih s ®({r:}, (Ra}it) = HO({ri}, {R}:0)
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|. First-principles approach
Hamiltonian of a many-body system:

. e2Z; 2717y
H:_;MVQ vauzwﬂm 2 >

R;, — IR,R;|

Tk Te Vee Ve Vk K

2
_ _Zivz > 5oV V(R

= —Z V2+H ({r:}, {Ri})

r;, Ry: electronic & nuclear degrees of freedom
H.({r;},{R;}): electronic Hamiltonian

Time-dependent Schrodinger equation:
0 -
Zhaq)({ri}v {Ri}it) = Ho({r;}, {Ri};t)



|. First-principles approach

Separation of nuclear & electron contributions: Single
configuration ansatz

O({r:}, {Ri}it) = W({r:} ) ({Rr}it) exp {h / dt'm’)]
with
B, = / drdR ¥ ({r;}; )" ({Re}; ) HoU({r:}: ) x({Ro}: 1)

Time-dependent self-consistent field approach: Dirac (1930)

ov R,
e = =3 v Vox b
ih 5 i 2mevl + {/ dR x Vex}

. aX _ § h 2 * 77
Zha = - : TMV]X"‘ /dr\I/ HE\I/ X
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|. First-principles approach

Nuclear as a classical particle:

V{R}:1) ~ AR} 1) exp[ S({R/}: t)}

with an real amplitude A({R};t) and a phase factor S({R};?)
a8 1 2 . 9 1 V3iA

— — U*H U = —

ot Z2M (V15) +/d’” ‘ hZ2MI A

% + Z V]A V[S +27A V2S)

Classical limit: 7 — 0

08 e
5t ZQM (V1S)° /dr\IJ H U =0
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|. First-principles approach

Hamilton-Jacobi form:

O H(R} V1) =0

with
H({RI}, {P]}) = T({P[}) + V({R[}) and P; =V,S

Thus, we have

dP R
d—tl = —Vj/dr\I/*He\Il or
MR(t) = v, / dr U, = —V,VE({Ri(1)})

Further approximation: » — 0 = [x {R;}) | = [[; 0 (Rr — R(?))

ov R _,
e = -y V20 4+ V0
mat szevz +V,

i
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|. First-principles approach

Ab-initio self-consistent set of molecular dynamics equations:
0¥ A
ZFLE = He({ria}a{RIv})\I/
MiR[(t) = -V;VF({R(1)})
with
N nr _,
He({ria }7 {RI7 }) == Z %vz + ‘/e({r“ }7 {RI7 })

Classical molecular dynamics equation:

MiRr(t) = =V VI({R(1)})
with
VAER(D)}) = Zvl(Rl) + Z v (R, Ry)
I I<J
+ > wus(R,Ry,Rg)+ ..
I<J<K
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|. First-principles approach

Electronic system:

o . . . . . .
zhaa—t = H.({r;, },{R, )V with H. =T, + Vee + Ve + Vi i
Ansatz for time independent Hamiltonian
ﬁe¢ =Ey
U Rit) =v(r,R)-f(t) =1 1 qr)
Fw At

Density matrix: density instead the wave function
. L0 foa . B
v = [Yn)(Un] = Zha’YN = {HeaPYN} = [’YN,HG}

Advantages:

@ unique for a state
@ Hermitian
o Observable (A) = Tr (fAnyl) =Tr (/ﬁN)
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|. First-principles approach

Reduced density matrix for fermions: ¢y (x, ..., Xy ) is antisymmetric

’3/1(X1,,X1) == N/dXQ...dXNw}kV<X]_/,X2,...XN)wN<X1,X27...XN>
Ao (x1'x2", x1%2) =

N(N -1
= % /ng...dXN¢7V(X1/,X2/, ...XN)wN(Xl,XQ,...XN)
Expectation value of the electronic Hamiltonian (in atomic units):
L 1
E=Tr (He’VN) = /dxl K—ZV% + U(r1)> 71(X1/,X1)]

1
+ // dx1dxo —72(x1'%2", X1X2)
12

x1'=x%x1
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|. First-principles approach

Spinless density matrices:
p1(ri,r1) = /d8171 (ri's1,r181)

/ / / /
P2 (1‘1 ry ,I'1I‘2) = / d81d5272 (1‘1 S1r2 3271‘1511‘282)

Hartree term:

pl = %// drldmip(rl)ﬂ(rz)

Pair correlation function:

pa(r,m2) = 5p(ra)p(ra) [1+ h(ry,v2)]

Pair correlation function:

pze(r1,12) = p(r1)h(ry, r2)

Electron-repulsion term:

Vee = // drldr27p2 ri,ro) // dr1dr2fp (r1)pge(ri, ra)
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|. First-principles approach

Energy functional of an external potential v(r):
Ey = T[p] + vlp] + Veelp] = Tlp] + v[p] + J[p] + [Veelp] — Jpl]
First Hohenberg-Kohn theorem:

The external potential v(r) is determined, within a trivial additive
constant, the electron density p(r). p(r) determines the ground
state and all other electronic properties of the system.

Second Hohenberg-Kohn theorem:
For a trial density j(r) such that j(r) > 0 and [ drp(r) = N,
EO S EU [ﬁ]

Levi constrained-search formulation:

Eo = Min {Min {<w|T+ Vee ) + /drv(r)p(r)”

P (Y—p
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|. First-principles approach

Total energy functional:

Ey[p] = Tp] +vlp] + J[p] + [Veelp] = J[pl] = Flp] + v[p]

Two main problems:
e Kinetic energy of interacting particles T'[p]
@ Electron-electron interaction [Ve.[p] — J[p]]
Kohn-Sham approach:

Eylp] = Ts[p] + vlpl + Jp] + Exclp]

with the kinetic energy of non-interacting particles Ts[p] and the
exchange-correlation functional

Eyclp] = T(p] = Ts[p] + Veelpl — Jlp]

E..[p] should be approximated
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|. First-principles approach

Kohn-Sham non-interaction equation:

[—;VQ + Ueff(r):l Vi = €41

with

N
o) = 303 fr. o)

and

Local density approximation:

ELDA[) = /d[‘p(r)axc(p)

gxc(p): the exchange-correlation energy of a uniform electron gas

VEPA(R) = erelp(r)) + p@ésg;}m
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|. First-principles approach

Further functionals

Generalized gradient approximation (GGA):
ESEA T, pt] = / drf (o', p*, Vo', Vp")
Hybrid functionals: B3LYP (Becke, three-parameter, Lee-Yang-Parr)
+ ELDA + a, (EGGA _ ELDA)

Exact exchange method: Only exchange, no correlations

occ

B =135 [ anaw PN ()

v —r'|

with the exchange potential

0E,
vo(r) = el
op
Correlation part of E,. can be calculated with another (e.g. LDA, GGA)

approach
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|. First-principles approach

Self-interaction correction method
One electron system:
Jlp] #0, Veelp] =0

It is not the case for many functionals such as LSDA, GGA etc

Necessary requirement:
‘][pzqa 0] + Exc[pga O] =0

Self-interaction correction: Perdew, Zunger (1981)

B, p = ELZPAp", 04 = > (J1pf] + EESPAp?,0))

SIC Kohn-Sham equation:
1
|57 P O 07 = e

with

'USIC(I‘) _ */dr/ pg(r’) _ 5EIC[/)?’O]
v RO
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|. First-principles approach

Self-interaction correction method

Example: NiO

Density of states Band structure Ni-d phase shifts
[States/eV] r A M z Ip]
LSDA
6 8
) 6
— -
Z o 22
o [
w2 e
m 4 4 ®
-6
3 -6
- 71-8
10 2 -10
6 4 2 0.0
SIC- s 8
LSDA ¢ 6
- ‘o
Z 0 2z
[ 0 [
w2 2
m ? 14 [
© |_tagl 1-6
z —t2]_18
ol L el =10
6 4 2 or A M Z 09 06 03 00

M. Déne, M. Liiders, A. Ernst, D. Kédderitzsch, W. M. Temmerman, Z. Szotek, and W. Hergert,
J. Phys.: Condens. Matter (2009)
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|. First-principles approach

Validation of the DFT

Exactly solvable two electron models: Harmonian (Taut 1993)

Fy 1 2 1 2.2 1 2 1 2.2 1
H:7§V1+§w r17§v2+§w I'2+|r_rl|

w is a degree of correlations:
strong (w < 1), middle (w ~ 1), weak (w > 1)

Idea: solve the problem with first-principles approaches and
compare with the exact solution
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|. First-principles approach

Validation of the DFT

Comparison of charge densities

w=1/2 w=6.48771 x 107°
0.10
10.0
1008
8.0 4
1006~
g 6.0 1
=
1004 T 40 4
4 0.02 2.0 J
0.00 0.0
2.0 1.0

M. Taut, A. Ernst, and H. Eschrig, J. Phys. B: (1998)
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|. First-principles approach

Time dependent DFT

Time dependent Kohn-Sham equation: Runge & Gross (1984)

(=577 vuss 00 ) 0. 0) = i), 1(r,0) = 050)

with the time dependent density

N
p(,t) = Z | i(r,t) |2

Linear response theory:

Hicslp)(t) = Hres[p)(t) + 6Valp)() + 6Vaelp](t) + 6V (1)
Charge density response:

dp(r,t) = xxs(r, ;') (OViu[p](t) + Vi) (t) + 6V (1))
The Dyson equation of the TDDFT:

x(r1,ti;re,t2) = XKs(ri, ti;T2,t2)

1
+  Xrs(ritirh,th) <|r’—r’| + ffc(r;até;rllvtll)) X(rY, 81512, ta)

2 1
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|. First-principles approach

Solution of the Kohn-Sham equation

Wave function equation
h2

{5 + %V2 — eff(r)} U(r;e) =0
Green function equation

[a + %VQ - eff(r)} G(r,r';e) = 6(r —r')

Korringa (1947), Kohn & Rostoker (1954)

Dyson equation

G=Gy+ GoAVeffG
AVeps = Vers — Virs

€

A. Ernst, MPI Halle First-principles material design



|. First-principles approach

Green function method

e Bulk

Gouik = Gfree + G free Ver s Goulk

o Surfaces & interfaces

Gsurf = Gbulk + GbulkAVefsturf

Wildberger et al. (1997), Uiberacker et al. (1998)

o Defects in bulk & surfaces

Gcluster = Ghost + GhostAVefchluster

Zeller & Dederichs (1979)
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|. First-principles approach

Coherent potential approximation

Alloys and pseudo-alloys

© © 00000 © ©600000 © ©00000
© 0060000 © 06060000 - © © © 0 < ©
© 0600000 ° e oo © © 00000
© 06060000 © 000 0 “~ © © °
° © 00 © 000 © 0 0,00
© 06060000 © 00 0 ° © <00 0 ¢ ©
©06060060 0 © 000000 060060600

doping/alloys vacancies magnetic impurities

Coherent potential approximation

Soven (1967), Gyérffy (1972)

CPA equation for a binary alloy: ¢caGa+cpGp = Go

©00 06 OO
W O®O +:O0BO - 00O
©©6 ©06 ©COO

Nonlocal CPA: Charge and Spin-Fluctuations

D. A. Rowlands, A. Ernst, J. B. Staunton, B. L. Gyérffy, PRB 73, 165122 (2006)
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|. First-principles approach

Green function method: short summary

Explicit Green Function

@ Dimensions: 1D, 2D, 3D & Cluster
O(N) method

o CPA for disordered alloys

multi-code approach: crystalline structure from VASP or experiments

A. Ernst, MPI Halle First-principles material design



[l. Real systems from first-principles

Fe islands on Cu(111)

STM experiment by Wulfhekel et al: 2 ML Fe on Cu(111)

LDOS

1050 05 1 1050 05 1
Bias voltage [V] Bias voltage [V]

Challenge for theory: How to explain different STS spectra?

A. Ernst, MPI Halle First-principles material design



[l. Real systems from first-principles

Fe islands on Cu(111)

Method: Green function for semi-infinite systems

interstitial region

YY) oY M Yo \
N ANV " \,/.\,/ \,/‘O
O ¢ ‘\/*\/’\. YY)
NN (4 U O9
semi infinite aYaYe) D ... O o ... semiinfinite
U J / \ \ /
substrate e 7 S Vacuum

00000 000 @
U JY U O\Y
aYaYae) ) ) D B D
ANV AN A\ \,,/.\/\/C/
-2 -1 0 1 2 N-1 N N+l N+2 N+3

STS spectra: Tersoff-Hamann approach (1983)
dI/dV ~ LDOS

Atomic relaxations: VASP code
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[l. Real systems from first-principles
Fe islands on Cu(111)

Ferromagnetic Fe/Cu(111)

fcc stacking

I
I
| experimental
|

Island size ~ 20 x 20 nm?

o Islands approximated by 2 Fe i//\_/
ML 5 L\ dsdg=108
b) |

@ Variational parameters: d,/dg,=1.02 |
interlayer spacing, stacking and
magnetic order

d,/dg,=1.00

@ Assumption: 2 Fe ML are
ferromagnetic (fcc)

@ Result: LDOS does not fit
experimental STS

ds/dCu =0.98-

Total DOS (arb. units)

d/d,,=0.96
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[l. Real systems from first-principles
Fe islands on Cu(111)

Phase diagram for Fe bulk
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Fe islands on Cu(111)

[l. Real systems from first-principles

Topology of Fe islands

Island cross section
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A. Ernst, MPI Halle

reduced interlayer distance in fcc
phase: antiferromagnetism is possible
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[l. Real systems from first-principles
Fe islands on Cu(111)

T y T : T
Antiferromagnetic Fe/Cu(111)
Island size ~ 20 x 20 nm2 fce stacking

@ Islands approximated by 2 Fe
ML

@ Variational parameters:
interlayer spacing, stacking and
magnetic order

experimental

d/d,=1.05 |

i d/d,=1.02 |
@ Assumption: 2 Fe ML are

layerwise antiferromagnetic
(fec)

@ Result: LDOS for
ds/dew < 0.98 fit experimental
spectra obtained for the center
of Fe islands

d/dg,=1.00

d./d,,=0.98 |

Total DOS (arb. units)

d,/d,,~0.96_|

How to explain the spectra for -
the rim? T ‘
Energy-EF(eV)

A. Ernst, MPI Halle First-principles material design
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[l. Real systems from first-principles

Fe islands on Cu(111)

Island topology of Fe islands: coexistence of bcc & fcc phases

e 'A‘Q‘ n wam e YA A

i ‘,,,‘_ iy T e " wér e

FA—A"WF' ESESETE A W W 'V"“'A"
B e = /]
‘-'I'—'vv—-nt—-v—vr-vm EARE A XA o
R —— T R A T
R I X A A r,r e oWy N YW
_-._.-Lv.-\v. e ] avAi aw A% v 7
e —— S e AN
B N = o e aVa iV
VA e e me Wy e
iy ARV aTE 6 N ] ol

‘-"‘_‘-—

%

\
i _vj ‘v.“.l'\Y‘ ;v“ A
_Lv.-...‘:j i VANV VA A

e

"AfA!'r""".\""“;';‘d‘ WA ama
"'_:-:-_g‘v‘VA#' ey nv‘A vl
= e o AT S
VA'A'Afl N H h
‘VAVAVxF . i

e WA “'\ff:.:‘;‘ .:‘v.u..:.

A. Biedermann et al, PRB 73, 165418 (2006)
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[l. Real systems from first-principles

Fe islands on Cu(111)

Topology of Fe islands

ferromagnetism is possible

Nnd cross section
048

E]AB \A
£
2 ] A N
D gq
2 | 73
"
o bcc fcci bcc
e S
x [nm]

reduced interlayer distance in fcc
phase: antiferromagnetism is possible
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[l. Real systems from first-principles
Fe islands on Cu(111)

Ferromagnetic Fe/Cu(111)

bcc stacking

Island size ~ 20 x 20 nm?

@ Islands approximated by 2 Fe
ML

@ Variational parameters:
interlayer spacing, stacking and
magnetic order

@ Assumption: 2 Fe ML are
ferromagnetic (bcc)

@ Result: LDOS for
ds/dcy > 1.02 fit experimental
spectra obtained for the rim of
Fe islands

Total DOS (arb. units)
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[l. Real systems from first-principles
Fe islands on Cu(111)

STM experiment by Wulfhekel et al: 2 ML Fe on Cu(111)

antiferromagnet fcc ferromagnet bcc

wn n
o o
[m)] (m)]
— —
'~ Ab initio /
WSS e . e
PV - calculation )
1050 05 1 -1-050 05 1
Bias voltage [V] Bias voltage [V]

STS spectra with Tersoff-Hamann approach: dI/dV ~ LDOS
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Il. Real systems from first-principles

Fe islands on Cu(111)

Topology of Fe islands can modified by an electric field

0.0nm 5.0 10.0

0.0
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2
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c

o

E I

>

O tbcc

©

0 200 400 600 800

time (ms)
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[l. Real systems from first-principles
Fe islands on Cu(111)

Experiment: Topology of Fe islands can modified by an electric
field

0.0nm 5.0 10.0
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[l. Real systems from first-principles
Fe islands on Cu(111)

Electric field in metals is
screened at the surface by free
charge carrier

+

+ 4+ + +

+ o+ + + + + + o+

Charge density in vicinity of a surface (Lang & Kohn 1971)

e\

Formation of a surface dipole

A

A. Ernst, MPI Halle First-principles material design




[l. Real systems from first-principles

Fe islands on Cu(111)

Metallic surface under an applied electric field

Change of the dipole barrier induces atomic relaxations in the
vicinity of the surface

A. Ernst, MPI Halle First-principles material design



[l. Real systems from first-principles
Fe islands on Cu(111)

Layer relaxations under an applied electric field

+ + ++ + +

AN —
AN +
—Fe
Fe

11l1ilil
TTrTT1TTITY

Cu(111)

Only vertical displacements

C
dFez—Fel < d12u

Antiferromagnetic order
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[l. Real systems from first-principles
Fe islands on Cu(111)

Layer relaxations under an applied electric field

+ + ++ + +

AN +
AN —
A

LR S
TTTTTt

Tt
TT
cu(11y)

Only vertical displacements

C
dF@z*Fel > d12u

Ferromagnetic order
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[l. Real systems from first-principles

Fe islands on Cu(111)

Martensitic transformation under an applied electric field

0.12 — * Fe

0.04 — Tl TT *
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[l. Real systems from first-principles

Fe islands on Cu(111)

Fe islands as a memory device switchable by an electric field

Capacity: 400-600 larger then in conventional memory devices

L. Gerhard, T. K. Yamada, T. Balashov, A. F. Takacs, R. J. H. Wesselink, M. Dane,
M. Fechner, S. Ostanin, A. Ernst, I. Mertig and W. Wulfhekel

Nature Nanotechnology (2010)
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Il. Real systems from first-principles
Fe Ho atoms on Pt(111) surface

Single atoms on metallic surfaces

@ The smallest magnetic memory
@ The moment direction as a bit

@ Conducting surface as an electrode

A singe atom on a
metallic surface

A. Ernst, MPI Halle First-principles material design



Il. Real systems from first-principles

Fe Ho atoms on Pt(111) surface

R
el

4 L .. . . @ First experiments
% ‘n= 'l Co on Pt(111): Gambardella (2003)

Co & Fe on Pt(111): Balashov (2009)
@ STM as a spin-flip switcher

@ Problem

Short lifetime: 10712 — 1076 s

A. Ernst, MPI Halle First-principles material design



Il. Real systems from first-principles
Fe Ho atoms on Pt(111) surface

STM-Experiment of W. Wulfhekel: Ho-Atoms on Pt(111)

I
3

A?l/dV? (a. u.)
o
o

Ll ! Lt
-10 -5 0 5 10
Voltage (mV)

=)
o
!

Excitations

Topology

Magnetic moments can be switched by the voltage change

Very long lifetime: 381 £49 s

T. Miyamachi, T. Schuh, T. Miérkl,i C. Bresch, T. Balashov, A. Stéhr, C. Karlewski, S. André, M.
Marthaler, M. Hoffmann, M. Geilhufe, S. Ostanin, W. Hergert, I. Mertig, G. Schén, A. Ernst &
Wulf Wulfhekel

Nature (2013)
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Il. Real systems from first-principles
Fe Ho atoms on Pt(111) surface

Free atoms:
E
R N T
=7 0 Tk

A. Ernst, MPI Halle First-principles material design



Il. Real systems from first-principles
Fe Ho atoms on Pt(111) surface

E _ 2
Free atoms: On a substrate: H=DJ;
E

Uniaxial magnetic anisotropy
B R =)

- Broken inverse symmetry A Nl
L 1 Jl
-J +J
- +J
=7 0 7k
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n=0m=

@ polynomials of order n in the operator J, with order m in ladder
operators J4 and J_ (acting on |JM))

@ only even powers of n < 2]

@ terms with m = 0 contain only
powers of J, — not mixes eigenstates
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Il. Real systems from first-principles
Fe Ho atoms on Pt(111) surface

First order perturbation theory:

|Rap; JM') - unperturbed 4f states with n4y unfilled f shells

V(r) - total electrostatic potential

ngf

Expectation value Eyf(M) = (Ray; JM] Z V(r;)|Rap; JM') .
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First order perturbation theory:

|Rap; JM') - unperturbed 4f states with n4y unfilled f shells

V(r) - total electrostatic potential

n4f
Expectation value Eyf(M) = (Ray; JM] Z V(r;)|Rap; JM') .
Expansion into real spherical harmonics Y, ,,,:
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Open core approximation:

Pt(111) Unfilled f states
J') hep - Gy @ Treated as core electrons
\53) fec - Ga, o Calculated with SIC

He,, = BSOJ + BIOY + BYOS + B303 + B3O} + BSOS J

With Stevens operators:

0(2):3\7,22_'](‘]—"_1)’ ngog(‘]vjz27jj7\7,26)v
09 = 0%(J, 72,75, 0f =03, T.. T2, T2, T2),
0} = 03(7., T3, T%), 0§ =12[J0 +T°] .
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E (meV)
CFP  Value [neV] | CFP  Value [neV] 501,
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" ] ] Vie
Exact diagonalization it
Eigenvalue problem: ) ‘
g P ot | |
He, @ = B rTmey D
Cs, - —8 0 8 ‘
U =0_s), [V 7),...,|¥s) o Different colors: Spin-flip is
48 forbidden
@) = Z filJ2) with AJ, = £3 — Long lifetime
i=-8 — Scattering only via
intermediate state
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[l. Real systems from first-principles
Magnetic oxides

Complexity of oxides

Fe/MgO/Fe(001) tunnel junction

bulk Fe (+ 3%)
® N s
D 7 W2
X

Crystalline structure

. .y 1.57
Chemical composition ® o

Defects & vacancies
Valency of cations

Electronic correlations

Band gap problem of DFT

A. Ernst, MPI Halle First-principles material design



[l. Real systems from first-principles
Magnetic oxides

Some possible approaches for complex oxides

@ Crystalline structure: Total energy calculations

Structure optimization of oxides is rather difficult because of the size of the problem
@ Valency of cations: Self-interaction correction method (SIC)
@ Electronic correlations:

e SIC
o LDA+U
o DMFT
@ Band gap problem of DFT: go beyond the DFT— GW
GW approximation is time d ding for complex materials
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[l. Real systems from first-principles

Magnetic oxides: Appoach

Pragmatic approach

Fit crystalline & electronic structure to available experimental data

e What can be fitted:
XAS & XNCD, Curie or Néel temperature
o Fitting parameters:
o Structure
o Chemical composition
o U in the LDA+U method as a strength of correlations
o Cation valency
e How to proceed:
Varying relevant parameters to reach good agreement with
experiment
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[l. Real systems from first-principles

Magnetic oxidic surfaces

Motivation: magnetism in thin oxide films without magnetic ions
Venkatesan (2004), Khalid (2010)

|. Magnetism is induced by unsaturated p states of oxygen

Cation vacancies or acceptor doping induced magnetism
Elfimiov et al. (2001), C. Das Pemmaraju et al. (2005), H. Pan et al. (2007)

Problem: a high T requires defect concentrations incompatible with the
stability of the material

[I. Magnetism is induced by unsaturated p states of the oxide surface

Breaking symmetry, unsaturated bonds or uncompensated ionic charges

S. Gallego et al. (2005), N. Sanchez et al. (2008)
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[l. Real systems from first-principles
Magnetic oxidic surfaces

Experimental indication: FM signal is mostly concentrated in the near
surface region, grain boundaries or nanostructure interfaces

Representative system: Surface of ZnO(0001)
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[l. Real systems from first-principles

ZnO surface: magnetism without magnetic ions

(ZnCu)O (0001): XAS experiment by Thakur et al. (2010)

T T T
[ (a) ¢, O K edge

ZnO doped with Cu

TFY: bulk sensitive measurement

TEY: surface sensitive
measurement

Intensity (arb. units)

@ For TEY: Increase of B; peak with
increase of Cu concentration

Only XAS was measured

TFY mode 1

525 530 535 540 545 550 555 560 565
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[l. Real systems from first-principles

ZnO surface: magnetism without magnetic ions

Results of our simulations
@ We found several Cu ions in the system

o regular CUZZJ;
o Cul" with oxygen vacancy
° Culz'z with Zn excess
° Cu?;t surface ions
@ Free oxygen due to Culzfl is accumulated on the surface

@ The peak B; is due to O atoms on the surface: O is magnetic with a
moment of 1.2 upg
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[l. Real systems from first-principles

ZnO surface: magnetism without magnetic ions

(ZnCu)O (0001): XAS & XMCD simulations
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Summary & Outlook

First-principles approach is a powerful tool to study various properties of
condensed matter

@ Ground state properties: the DFT
@ Excited state properties: the TDDFT
@ Correlated materials: SIC, LDA+U, DMFT
@ Simulations of real experiments
@ New material design
Future
@ Non-equilibrium states within the DFT and TDDFT

@ Self-consistent parameter free many-body calculations

o Large systems
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