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Ab initio simulation at finite temperature

-

Diffusion of
Cuin Si | #® Ab initio Molecular dynamics
~ # Electronic structure calculation
+ molecular dynamics
_ ' simulation
# Atomic motion at finite
temperature

#® Successfully applied to
= Lattice relaxation
= Phase transformation
Impurity diffusion
s Chemical reaction

Fig. 3. Trajectory of Cu atom in MD simulation at 7' = 1120K. Over a
period of 9.7 ps, the Cu atom (red and large sphere) migrates from the

initial position indicated by the thin gray (yellow) sphere, to the final Ab |n|t|o Sp|n dynam|CSr)
position indicated by the thick gray (green) sphere. ::>

K. Shirai, et. al., Jpn. J. Appl. Phys. 44 (2005) 7760.




Simulation for finite temperature

magnetism
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FCC Fe

Antropov et al.,
PRL 75 (1995) 729

FIG. I Thc left column shows the evolution
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#® Ab initio spin dynamics
® FCC Fe
. Supercell (32 atoms)

= 3k spin structure (a=3.59A)
= 11| Istructure (a=3.73A)

#® Computationally demanding

Practical method

@ Disordered local moment (DLM)
state by using coherent potential
approximation (CPA)

\@) Mapping on Heisenberg model

™

J




Coherent potential approximation

N

L

Scattering path operator
-1
Tcpa=§ [tcpa - g(k)]
1 -1 -1
T =11 'tcpa'T] ;

i=A, B

# Electronic structure of substitutional alloy

#® Taking configuration average by using multiple scattering
technique

-1



Example: Slater-Pauling curve
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Figure 1. Calenlated [10] mmd experinental saturation maguetization of Fe-,
Mi- and Co—lased alloys vs. average clection munbor, The fee instead of Lep

slruclure is assned for Co-based alloys, See rel[10] for further dotails,

# Magnetic Alloys

# Average magnetic
moment behaves
regularly

# Theory reproduces
experimental curves very

well

H. Akali
Hyperfine Interactions 68 (1991) 3.



Disordered local moment state
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L/ . . ”
Paramagnetic state (total magnetization = 0)
H. Akai and P. H. Dederichs: PRB47 (1993) 8739.

CPA effective medium

Scattering path operator

-1 -1
Tcpa: i’ [tcpa - g(k)]

1
cpa > ) 1 .

i 41 i
t _[ti tcpa Tcpa]

@ Electronic structure above 7.

#® Energy difference between FM and DLM states = 7

ci=for¥




Mapping on Heisenberg model

N

(- h
H = —ZJijei "€y
i#j

J;j: exchange interaction

\_ ¢ direction of the moment)

@ How to calculate J

m Finite rotation (Oguchi et al.)

m Infinitesimal rotation (Liechtenstein
etal.)

s Frozen magnon approach
(Sandratskii et al.)

#® Curie temperature

t: single site t-matrix
T scattering path operator
g: KKR structure constant

—

R : lattice vector

&
Jij = 211& Imf de Tr[A](a)'rfj (®) Aj(e) ‘El}i ()]

| A &) =tii(e) -t} (e)

Y ©=Z[t'E) - 9K e) I exp{ i K+(R; - R)}

Liechtenstein et al., IMMM 67 (1987) 65

= Mean field approximation

2c
kpTo = 5 2; Joi e
s Ranuuin pnidse approximation

nTo = 2 (% S 10) - J(q)]l)
q
J(q) = Z Joi exp (iq - Ro;)

i2£0
m Monte Carlo simulation(exact)



Example: Typical ferromagnetic metals

5
N »
#® Fe, Co, Ni
-_é " »
= Exchange interactions
=
m Curie temperature
= Magnon-dispersion
il .
rooow e ! S relation
= TABLE II Caleulsted spin-wave stiffnecs constanes (D) and Curie temperatures (T2 and Tj ) and
their comparizon with sxperimental values IF, and T7.
e . Menl Dy (meVAD)  D.(mVA) TE®  PME TR
F a0 o Fe (bec) 250+ 7 280 330° 1414 950+ 2 10441045
. %, e Co {fee) 56345 580" 5107 1645 1311+ 4 13881398
. o Mi [foe) 756420 5558 4202 397 35042 £24-531
"Mlaznetization measorement (Ref, 37) 28 4.2 B
"Mewtron-seatiering mexsumement sxirapolated to 0 K (B=£ 38).

L I X WK I “Diata refer to hep Co ar 4.2 EL
"N:ut-nn—mait:i::g mezsurement at 4.2 K (B=f 36).

FIC. 1. Mapnon-dispersicn reladons alosp hiph-symmetry lnes
i the Brllowin zone: |a) bee Fe (mipermene: Bef. 33, 10 E, filled

) fo o a0 o N (st R 3. s s Pajda et al., Phys. Rev. B64 (2001) 174402

empry circles). Limes are caloulased nesules.



Dilute magnetic semiconductors

N

%
# Dilute magnetic semiconductors — Spintronics

# (Ga, Mn)As, (In, Mn)As: 7. <room temp.

Dietl et al., Zener p-d model in MFA, : 4
Science 287 (2000) 1019. K. Sato et al., KKR-CPA-LDA JJAP 40 (2001) L485.
\ 4 — - e
: S { Ferromagnetic state
i =2 o 2SR, A
st AP % - o,
AlAs — - -—-3%
SR E o 5%-‘3\
== GaP | ol
== GaAs | S of
GaSb o -
= - @
nP =
inAs | o -4f
“TnSe | a % | rConcentration
— il , & B[ —25% —-10%
100 R, Ty AT
Curie temperature (K g ~---15% :
Paramagnetic state|
ig. 3. Computed values of the Cune temper- . - . = . . A .
Futg,. T flul : yriou ) ; P .J, 4,[ re 10V Cr Mn Fe Co Ni

Ab initio techniqgue for finite temperature magnetism

v" Origin of ferromagnetism in DMS
v" Accurate 7; calculations for DMS
v' Effect of inhomogeneous impurity distribution in DMS




Electronic structure calculation
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# Local spin density approximation (LSDA)
@ Korringa-Kohn-Rostoker method (KKR)

@ Coherent-potential-approximation (CPA)
= MACHIKANEYAMAZ2002 by Akai

(Ga, Mn)As DMS

{Ga1_ﬂ ; Mnl]As (Ga1_c, MI’IL,E, Mni’m}hs

Ferromagnetic state Local moment disordered state

Stability of ferromagnetic state: AE = TE(DLM) - TE(FM)




Coherent potential approximation

@ _Dilute magnetic semiconductors

Ferromagnetic DMS (total magnetization % 0)

Scattering path operator

=1

1




/- in mean field approximation

“* Classical Heisenberg model

-,

H=-2J e e,
P" i ) EI : direction of local magnetic

!T\ € moment at site i

Mean Field Approximation (MFA)

Jy exchange interaction

A. Total energy difference

b ] 2
<H> =-}J <@ >ece > =- =
% : | | c"N E‘DJD <H> =0
€ ! concentration of magnetic lons
2 M : Mumber of lattice sites
AE=T- = C J
E=[-<H> +<H> 1/N b

I%0 0

B. Curie temperature (Molecular field theory)




T-MFA of Mn-doped I111-V DMS
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Curie temperatures of Mn-doped IlI1-V DMS
400 - - - - - - -

| (Ga, Mn)N

i | (Ga, Mn)N; Tc ~ vc
300 | S S = — (Ga, Mn)Sh; Tc~c

|

Electronic structure

Curie temperature (K)
S ]
o -
o o

. ; . : . : # Origin of the
0 2 4 6 8 10 12 14 ferromagnetism

Mn concentration (%) = double exchange
= p-d exchange



MS

Electronic structure of C

Impurity band

N

“inthe gap — double exchange
) . :

- Up spin (Ga, Mn)N || Up spin
] ) l T —~ ‘\
1} W

i i — Total 1 -
Down spin — Mns3d Down spin

Up spin (Ga, Mn)As || Up spin
Mn 5%

A a

L

Total and partial DOS (1/eV/UnitCell, Atom)
[ %]

Down spin — Mn-3d || Down spin

8 6 4 2 0 2 4 6 B & 4
Energy relative to the Fermi energy (eV)
Localized d-states

below valence band — p-d exchange




Ferromagnetism in DMS

Mechanism
Double exchange mechanism ' p-d exchange mechanism®*
E
Ep F,
i band-broadening p-d mixing
: 8 stales:},_ ™ g conduction
_ d states { \I band
( E W / ||I '|I ‘.'I //
k! \1"\ valence p-band""-. L
e T g \_/-"
. H"x_f T = d states
valence p-band ; — p-d mixing

Hole mediated ferromagnetism

Band energy change in impurity d-band Band energy change in valence band

Half-metallic system

Band energy gain ~ W ~ ¢

(if E is in impurity band) Valence band is polarized : -1 pg/ Mn
Average polarization . -C
(mean field) B

Interaction between Mnions ~ ¢

1. H. Akai, PRL 81 (19098) 3002. 2. K. Sato and H. K.-Yoshida, Jpa. J. Appl. Phys. 40 (2001) 485,
3. T. Diall @1 al., Science 287 (2000} 1019. 4. J. Kanamwori and K. Terakura, J. Phys. Soc. Jpn. 70 (2001) 1433,




Calculation for exchange interactions

45— < Magnetic force theorem [ A. |. Liechtenstein et al.
; . ; JMMM 67(1987)65.
Mapping on effective Heisenberg model (1087
-0
\Mn | . .
E.| "." —*.
— g ( €j Vel
L R Mn 07
1 .
Mn random distribution CPA medium

Ji = 1 Im ZZTr[A (e)ﬂrf(a)A (8)T+(8)]
] © 4n i j j ji
-1 -1
Ai(e) =t;4(e) -t”(a)
G ©=[t'e)- T +77@1]

@ =X [T - ok, 01" expl{iKe(R;- )}

t: single site t-matrix
: scattering path operator

—~]

: cpa single site t-matrix
1. cpa scattering path operator

R : lattice vector
g: KKR structure constant




Exchange interactions in DMS

Exchange interactions in (Ga, Mn)N, (Ga, Mn)P, (Ga, Mn)As and (Ga, Mn)Sb

7 14 - - 4
= = | X%
L [ i | ;
£ | 1% (Ga, Mn)N T (Ga, Mn)P
{g.-, 10} |I E
=k | 2
a & '| e
R |
@ 4' ' o
2 5 '| g’
% 2r15% \| 2
Lﬁ O [ M ........................ Ij'j I L I .
0 1 2 3 4 5 0 1 2 3 4 5
Distance (lattice constant) Distance (lattice constant)
; . ; - 0.8 . . ; ,
g 1y Ga, Mn)As | & 15%
Eiof |\ 1% (Ga, Mn) o6} o (Ga, Mn)Sh
Uy
.E‘ I g 0.4 L
2 3
@ “ (.2
£ 06 g
& 0.4 @ 0f
8 &
o 5-0.2'
M 0 I.ﬁ
0 1 2 3 4 A 1 2 3 4 5
Distance (lattice constant) Distance (lattice constant)

» Double exchange system (Ga, Mn)N — strong, but short-ranged interactions
* p-d exchange system (Ga, Mn)Sb — weak, but long-ranged interactions




Magnetic percolation problem

p
UV
e 2D square lattice with nearest neighbor interaction.
lattice percolation
Percolation threshold (c=0.59) = Magnetic ion square thrg.sshgold
triangle 0.50
‘— D ’\l’:"CSH diamond|  0.43
ea
) SC 0.31
only clusters percolated perfect network bee 0.25
fcc 0.20
DR - PE— .
c~0; dilution with
still ferromagnetic concentration
factor c Short ranged interaction

— Ferromagnetism is suppressed
below the percolation threshold




Nearest neighbor Heisenberg model

N

Nearest neighbor Heisenberg model

L/
K .

kT,
N

& \% Percolation thereshold

2 0.4 0.6 0.8 1
Concentration; ¢

o

m c~1, MFA values are reasonable
m Ferromagnetism disappears below the percolation threshold




Monte Carlo simulation

Thermal average of physical observable A

M
2 exp [-H(x;) / kgT] A(X)

I <A>=L [dxexp [-HX) /KgTI AK) = '11

i==

1) Prepare a simulation box.

H=-XJ, 8,8,
i

2) Choose a site i, and calculate the energy change AE
due to a random rotation of the magnetic moment.

3) Generate random number r between 0 and 1.
4) If r < exp [-AE/kgT], rotate the moment.

5) Analyze the resulting configuration and
store the property for the averaging.

3 exp [ -H(x;) / kgT]

Metropolis algorithm ... efficient sampling technique in the phase space

Z: partition function
H: model Hamiltonian T: temperature

ij

*s
.

y

&

€

N

liei

7

*

ﬁf

kB : Boltzmann constant

Exact T values taking disorder effect fully into account



/- by Monte Carlo Simulation

350 r ; 350
- Ly M ST S Al 300
~ <
o 250 = 250}
8 5
& 200y £ 200}
o ©
g 1507 Q {50t =
o Ga. MnIN Monte Carlo £ Monte Carlo
2 100} (Ga, Mn) simulation 5 100f . o simulation
3 | ] =
O 50 f 1 = 50t (Ga, Mn)P -
LA L. S 0o
Og™*2™2 6 5 10 12 14 16 00 2 4 6_8 10 12 44 16
Mn concentration (%) Mn concentration (%)
350 : ¥ - T ' g ' 350
P 11| e o= | R
x < (Ga, Mn)Sb
p =20 1 529 MFA
& 2001 - a 2 200} .
[14] —
o I g= m,10 Monte Carlo o [ RPA
E 130 EXP- o _; simulation & 150 .
< 100} § ™8 8 161
= g 2 Ex Monte Carlo
~ s P- : ;
O 80 (Ga, Mn)As 35 Lo = simulation
0 . X X > 5 ’ 0 S . : - - -
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Mn concentration (%) Mn concentration (%)

Experimental values:

1. Reed et al. APL 79 (2001) 3473. 2. Thaler et al. APL 80 (2002) 3964. 3. Theodoropoulou et al. APL (2001) 3475. 4. Overberg et al. APL 79 (2001) 1312,

5. Ploog et al. J. Vac. Sci. Technol. B21 (2003) 1756. 6. Scarpulla et al. Physica B340 (2003) 908. 7. Theodoropoulou et al. PRL 89 (2002) 107203. 8. Matsukura et al. PRB 57 (1998) R2037.
9. Edmonds et al. APL 81 (2002) 4991. 10. Ku et al. APL 82 (2993) 2302. 11. Edmonds et al. PRL 92 (2004) 37201. 12. Abe et al. Physica E7 (2000) 981.

Reasonable agreement with experiments.
High-T- phases can not be explained.




Inhomogeneous impurity distribution in DMS

N
C

& MBE
@ (Al, Cr)N, Cr 7%, Tc>900K
@ (Ga, Cr)N, Cr 3%, Tc>900K
& TEM, EELS

#® One-dimensional Cr-rich region:
Fig. 1. Energy-filtered electron micrographs showing Cr Ferromagnetlc

segregation in AWCHN films grown at 700°C: (a) 7% Cr-

doped AT (B) 227 Cr-doped AR *® Spherical clusters:not FM

1200
3
L2
. 10 0|

"o Position {nm}) 100 1] Position (nm )

Counts (a.u)
H

Fig. 2. Energy-filtered electron micrographs showing Cr S
" " ; § ingh etal.,

distribution for 4% Cr-doped AIN grown at different substrate # t
temperatures: (a) 700 °C; (b) 800 °C. 3t ALty

Wi APL 86
Gu et al., JMMM 290'291(2005)1395 FIG. 3. (a) HRTEM image and (b) enerey-filtered TEM image showing Cr

distnbution 1n GaN film grown at 775 and 825 °C, respectively. EELS line
profile analysis of Cr 15 shown as inset.

i g
&Mﬂ “hn\»{&\nvn"' (2005)12504



Generalized perturbation method

N

" Ducastelle and Gautier: ‘Generalized perturbation method’
J. Phys. F6 (1976) 2039

Mn H=-3 V. 6 G, Vi = VA VBB oy AB
l ij i~ J Ij ij 1j
i
Vi T e— Mn Vij . Effective p.air-intera_ction
CPA medium j between site i and j
G ; : Occupation number

‘

_ F
Vij = ?2 lmf de Tr[ A (a)‘tij (€) Aj (€) T ©)]

{ Aj(e) =X, () - X (e)
7 ©=21t"() - gk &)1 exp( i K, - F))

X: single site scattering-matrix R : lattice vector
Turchietal., PRL 67 (1991) 1779.  1: scattering path operator g: KKR structure constant




Effective pair interaction in DMS

N

Pair interaction (mRy)

M o w»

' Pair in'terlac?:ior) (mRy)

—~——

120%

—
o

110%

[ 5%

zb-(Ga, Mn)N |

AW WM N =
OOU’IOL”OUI

1 > 3 4
Distance / lattice constant

5

0
5}

-101 20%
-15}

-20t
25t

=357

-

506 zb-(Ga, CrIN |

0

1 2 8 4
Distance / lattice constant

=
x
£ -
L=
5]
+_I
Q
[y]
{
2
£
| -
E
i 59 zb-(Ga, Mn)As ]
(0]
0 1 > 3 4 5

Distance / lattice constant

Effective attractive interactions
between nearest neighbors
—tendency toward phase separation

M. van Schilfgaarde et al., PRB 63 (2001) 233205.
H. Raebiger et al., IMMM 290-291 (2005) 1398.



Generate inhomogeneous distribution

4|

\|/

SImulation of spinodal decomposition

1) Prepare a simulation box. ‘
i ;
>—o- ® Impurity
H=->V. 8'6:
il B Vil ™.,

—» 2) Choose a site i, and try to move it to one of
the nearest neighbor sites.

Calculate the energy change AE
due to the transfar. *
3) Generate random number r between 0 and 1. ——0C>®
— 4) If r < exp [-AE/kgT], rotate the moment. —
5) Store the resulting configuration and —? T

calculate magnetic properties.



Spinodal decomposition in (Ga, Mn)N

#® Low concentration (5%)
s Small clusters
= No percolation

= No 7. enhancement is
expected.

5%, 0MCS| 5%, 100 MCS
# High concentration (20%)
s Connecting random pattern

m  Magnetic network
= /- enhancement

20%. 0'MCS

annealing of bulk sample
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Effects of spinodal decomposition on 7,

700 —
€ ol . : 0
5 600 i, SR @ Low concentration (5%)
§ 5001 U LDA+U, = Small clusters
E J=0.074 Ry = No percolation
8 gup [ ssesssse s .
2 = No 7. enhancement is
> 2007/ 20% 1
o K = expected.
100 f & 1
2%5% 15/—q
Oo0 20 40 _60 _ 80 100 _ _ !
o0 Monte Carlo Step @ High concentration (20%)
Q [ — .
3 600] ] = Connecting random pattern
2 500l /O ~ » Magnetic network
§ 500 g
S 400f / = 7. enhancement
Q /
3 200} zb-(Ga, Mn)N
T — LDA+U, _
5o 072 U=0.3 Ry, J=0.06Ry
Oo0 20 40 _60_ 80 100

Monte Carlo Step




N

Layer by layer growth condition

L

Island formation

......................

1st layer &=

Spinodal decomposition in 2D

_ 2nd layer

Inter-layer diffusion is not allowed

One dimensional structure

’s f“ due to the spinodal decomposition
< R under the layer by layer condition.




Layer by layer growth simulation

(Zn, Cr)Te, Cr 5%

@ Spinodal decomposition in 3D
= Small clusters
= No percolation
= No 7. enhancement

@ Layer by layer growth
simulation

m One dimensional fragments
m Magnetic network

= No 7/, enhancement

m Strong anisotropy

(Ga, Mn)N, Mn 5% i
Super paramagnetic
blocking phenomena




Summary

N

o ®Abinitio simulation of finite temperature magnetism
m Disordered local moment technique
s Mapping on Heisenberg model + statistical method

-

#® Application to dilute magnetic semiconductors
= Mechanism and 7 calculations
s Impurity band in the gap
— double exchange - short ranged interaction
m Localized moment

— p-d exchange - long ranged interaction
= Low concentration, Low 7. (Magnetic percolation problem)

# Inhomogeneous distribution of impurities
m Phase separation (spinodal decomposition)
m Layer-by-layer growth condition
+ Quasi one-dimensional structure
+ Superparmagnetic blocking phenomena



Magnetization curve
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Super exchange interaction

& £
= F Si
& A
=] P
—— Energy
< | d states
(o
w
Y
O
()]
c A
: : 5
Q -
= :
: - Energy
5 d states
£y !
O_ .
: EE
S
@]
()

Anti-parallel configuration of

two local magnetic moments

Tagy
Tamy
"amy
(e

d electron

Anti-parallel configuration

— Band energy gain by

the super-exchange interaction




Effects of spinodal decomposition on 7 of
(Ga, Mn)As

N

L

10MCS 20MCS 50MCS 100MCS

é 3
2
=
40
@ g
E il
5 300 // """""" S e o
[}
= 15%
3 200 (Ga, Mn)As

i LDA+U, |

100 U=0.3 Ry, J=0.06 Ry
2% , . :
0, 20 40 60 80 100

Monte Carlo Step
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Systematic error of LDA

The LDA predicts occupied d-states at too high energy.

Gag gy Mg eofs M 30 D03

Intensity (arb. units)

HEN

12 B 4 0
Binding Energy (V)

FIG. 3. Cluster-model analysis of the Mn 34 partial density of
states assuming the 3n** valence state. The calculated spectmm is
showm by a solid curve. The verdcal bars are unbroadensd specira
In the bottom panel, the caloulated specmum is decomposed into 4°,
gL, and d®L* final-state compoments. The backsround is shown by
a dotted curve. The dashed curve has been obiained by correcting
for the overlapping As Auger emission (see Fig. 1).

Okabayashi et al., PRB 59 (1999) R2486

]

(]

—
T

gl Tl

=l
T

n
@
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| Total ]
Mn; 5% — Mn-3d

Total and Partial DOS (1/eV)
=

La

8 6 4 2 0 2 4 6 8
Energy (eV)

The ferromagnetism depends on
the energetic position of d-states
- LDA+U method




LDA+{/ method

N

In the LDA+U, Coulomb repulsion between electrons in
localized state is treated by the Hubbard like procedure.

E Loney N0 0T =E 0, (0] + E KNGy} - Ey [n, ) n® (1) : electron density
n?n : electron occupation
Oy - S 1S - G 49, : spin m: orbital
EU[{n m _(Ufz)gm’zm‘n mnm +(U J)’ngém,”mnm c rbi

NE 3 nd, N=3XN°
m 9
E 4 KNl = (U/2) N(N-1) - (J:’2)§NG(NG-1)

U: Effective Coulomb interaction

Vv o =V (r)-(U-J) (nS172)

m (1)
LDA+U LDA J: Effective exchange interaction

Mn-doped llI-V, U=4¢eV,J=0.8¢eV

Refs.: Anisimov et al., J. Phys. Cond. Matt. 9 (1997) 767, Solovyev et al,, PRB 50 (1994) 16861, PRB 53 (1996) 7158

SIC calculation: ThM3.4C, M. Toyoda et al.




LDA+U calculations for (Ga, Mn)As

_63

w

A

-
T

o

—
T

N

Mn partial density of d-states (1/eV)

w

400 -
L DA - (Ga, Mn)As MFA: LDA+U
== ) hV4
— LDA+U e | O |
- =
Up spin \ g
- g 200}
Down spin i
@
5
(Ga, Mn)As © 1001
Mn 5%
C N 0 "2 4 6 8 10 12 14 16

Energy (eV) Mn Concentration (%)

In LDA+U we find localized 3d states — p-d exchange

T Is approximately proportional to Mn concentration.
LDA+U with MCS gives reasonable T, values.




LDA+U calculations for (Ga, Mn)N

N

L

w
~J
o
o

3l _ LDA zb-(Ga, Mn)N

— LDA+U |
Up%f

il MFA:LDA
Down spin 0 0 e O P s A
1} _ : )
200 f ~ 1 o ]
ol zb-(Ga, Mn)N _ Experiments ~ MCS: L’Dﬁfy,
Mn 5% 100 | . o
I 1 1 L L i "::.-—-""..'-"‘ MCS: LDA
[ ]
0 2 4 6 8 | o - : ’ )

s 6 4 2 0 . . :
Energy (eV) 0 2 4 6 8 1{_) 12 14 16
Mn Concentration(%)

MFA:LDA+U

Curie Temperature (K)
I
e
o

Mn partial density of 3d-states (1/eV)
o

w

Around E,
the LDA+U predicts very similar electronic structure to the LDA.

Unoccupied d-states are shifted to higher energy.
— anti-ferromagnetic super-exchange interaction is suppressed.




Self-Interaction correction:(Ga, Mn)As

S¥
M To_yoda et al.. 2006. PES J. Okabatashi et al. (1999)
T : T T T T

3 F T T T T '|'Qta]| T Ga0.931 MHO‘OBQAS Mn 3d DOS

2 | Mn-d —— - 4

1+ l . ) -

0 D = 'v‘:h...“‘x ix
~ 1| = |7 LT :
z = N
3 g I
5 > }
> 3F ‘» 1 1
i E
5 -| _ g di Li . |

- 5

0 dlL |

-1 ] ] d4 L A

2} S|IC-LDA - M S

-3 — ] . | N 1 : | : . ] . i __ 12 8 4 O

8 -6 -4 2 0 v, 4 Binding Energy (eV)

Energy relative to the Fermi energy (eV)

Zener’s p-d exchange mechanism




Self-Interaction correction:(Ga, Mn)N
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Exchange interactions and /-
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#® Exchange splitting is two times larger.
-> Suppresses antiferromagnetic super-exchange Int.
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Exchange interactions and /-
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#® p-drexchange-like
#® DOS at £ is reduced.

#® Long-range behavior of the exchange interactions.
-> Enhances 7 in the diluted region (but not in MFA).




Self-Interaction correction:(Zn, Co)O
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Weak ferromagnetic super-exchange mechanism




