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TB MODEL




C2a 1B, MEHL AND PAPACONSTANOPOULOS

Non magnetic Hamiltonian

Ho =D [iA)(iA|H|je)(iu| i, j: atoms
Lo A, 1 orbitals
EEER EEH
‘ »
A= S px py pz dxy dxz dxz dx2_y2 d322_r2
Hopping integrals overlap integrals On-site elements

Two-center SK formulation
B =(AH]ju) Sizju = (14| j1) &, =(IA[H|i2)
&, =1(p)

B(R),S(R) QX
R

>
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R
Analytical expressions
B(R),S(R) =(e+ fR+--)exp(-gR)F. (R)

213 Cpi4/3 + d,oi2 pi = exp(=AR;)F.(R;)

j#i

&, =a+bp

Approximately 70-80 parameters per element

Total energy: the MP trick
Etot = Z faga

The usual pair-potential « repulsive term » is hidden in the
environment dependence of the on-site elements

PRB 54, 4519 (1996)
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TB cn:

LOCAL CHARGE NEUTRALITY

Inhomogeneous systems
|_||I_/g:|l\|/1 Ui(ni _ni,O)
Hisis = %[Ui(ni —N0)+U; (0, =n;0) S,
Avoid charge transfers between unequivalent atoms

LCN = penalization on the local charge

Eoe =D D CiCiH, +1 ZU (n, —n;

a0CC i, j

Min E,, /Z(cf‘) —1=H=H,+H_,

Double counting

= Z faga _%Zui (ni2 o ni2,0)
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Cla 1B, STONER MODEL

Exchange splitting

o e
Hmag __EZ Ii,lm'ﬂ'o-
iA

Im
«—>
1
Eire D02 M, O D, (E)
4 D, (E) l
— — 1 >
=1 =11, £

D_(E)=D,(E +1cIM)
Stoner criterion
Onset of magnetism when: ID0 (EF) >1

Double counting

B = 2.6 +5 2. 1m, :IEF ED(E)dE+1 > Im?,
i

i,

aOCC
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Fixed spin moment calculation

El E}
E, =j ED, (E)dE +j ED, (E)dE +1Im? D_(E)=D,(E+icIM)
E_(M)= [T ED,(E)dE+ [ ED, (E)dE % Im?
em 1 w(M) =] " ED,(E)JE + [ " ED,(E)dE ~§Im
B Er
\/\/ M = [ ED,(E)dE - [ ED, (E)dE £ —El+1Im
m, Ef Er h 2
m——>M | N =" ED,(E)JE + [ " ED,(E)dE E;=El-%1Im
Penalization of local magnetization
2
E = Z ZC?C?HU T Epen Epen = Z;L'(mi —Mio)
woce 1) Epen ZZ&(COS@ _COSHLO)2

Min /() =1= H = H,+ H,,,
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C22Q BEYOND STONER MODEL= TB+U

H= HO i Hint
_2 e a =d(f)orbitals
Hint - Z Uia1a2a3a4Cialaciaza'cia4a'cia3a R (f) o
2 iqaaza, i © atomic site

Hartree Fock decoupling (mean field)

1

HF + + + +

H int E Z ( la o030 <Cia4O'Cia30' > Ciazd'cialo" —U i o040 <Cia4acia30-' > Ci G )
qazaza
oo’

ia,o " oo

Ui, = 1d~°’r [“drgr ()0 () ‘r d ‘co.mgg( ) (F)

Ui = ngrjj:dgr 'gomia(r)q)lﬂza (r ) ‘I‘ ‘Q,qea(r)(pmp (r )

U, 0., = linear combination(A,B,C) Racah parameters:

(Fo , F2 , F4) Slater intergrals

CEA | 10-11 SEPT. 2012 | PAGE 9
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R
New set of parameters (ABC) = (U,J,B)

real orbitals

U =% > U,,.=A-B+C= F°—4—19(F2+F4)

o p#EA

j=1 YU, . =%B+C:9—58(F2+F4)

4 My HF#= A

spherical harmonics (Anisimov)

1 ! 1
U,=—>U_.=A+-—C=F° Uu,-J,=—>» U_.-J
A 25 — mm 5 A A 202( mm mm)
JA:ZB+ZC=i(F2+F4)
2 5 14
- i 2]
UA:U+% U:UA_ A
.< 7 @ B 5
‘]A:g“] J :?‘]A CEA | 10-11 SEPT. 2012 | PAGE 10




From HF to Stoner

~ -1
ni,/la,,ua' — ni,G5AO. e n' 0 7 5 Zn',l,a
HInt — H z /ff nI/IO' o dy\l/lo)cl/ia ilo
I ¥ex
U, =(9U —2J)/5 —(U+6J)/5
| 4 Controls the spin-moment

U-J,B Controls the orbital-moment and anisotropy
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R
What about TB+V

Z Vu |/10 Jya J,uaclxla

Ij Ao, uc’
1#

RO

Vijly B <¢z(r)¢w(r ) ‘<¢i(r)¢w(r )> R_

Hartree Fock decoupling (mean field)
On-site renormalization Spin dependent hopping integrals

:5|M+2Vij <ni> IBiG' — Piaj +Vi <CJr C"w>

A u 14, Ju Juo

e

PRB 69, 064432 (2004) CEA | 10-11 SEPT. 2012 | PAGE 12
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C22A  SPIN-ORBIT COUPLING

Hsoc = Zé (r)Ei-gi
We keep d orbitals only
Gig = J. Riz,d (r)r*dr

Magnetic :
: Band structure anisotro Orbital moment
anisotropy Py
roF = 71D 7]
’;’(5);: a // ok // &t
o 2F o 77— |, M, ~ 0.1z, (bulk)
S 5 1 R JER M, ~ 0.5-1y, (wire)
g 05F 2 ar < 12
S 0.0F 2 et 5t Gt 51
53] E 3 — = — -3
05
10E gl . ar |
1.5 E— Stoh 0=0 - ot 0=n/2 —-5
20E ' T X T X
0 /4 2
k k
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TB PARAMETERS




Fit on ab-initio band structures and total energy

of non-magnetic bulk systems

Total energy

175EF

Energy [eV/atom]

—— TB fcc NM
== TB bcc NM
== TBscNM
— DFT fcc NM
— DFT bece NM
— DFT sc NM

IR

Energy [eV]

S b O o P e & o

Band structure
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Influence of local charge neutrality on surface band structure
3.0

3.0

No LCN

0.0 Hiiii

-

E-Er(eV)

-3.0 |

= =ik

ol
=4
Al

Rh(111) surface

Surf. Sci. 346, 300 (1996)

PRB 58, 9721 (1998)

0.0

-3.0

(]

-6.0 +

With LCN

Al
=]

(b) ]

CEA | 10-11 SEPT. 2012 | PAGE 16



Determination of the Stoner parameter

On-set of magnetism with lattice parameter expansion

I, [0.88,0.95]eV

Magnetic Moment per atom [pB]

Spin

|, =0.60eV

What about U,J,B parameters

| =(U +6J)/5 u/J

J. Phys.: Cond. Matter accepted (2012)

B/J=0.14= B ~0.1eV
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band structure energy (eV)

Determination of the Spin-Orbit Coupling constant

Non-magnetic band structure

band structure of Pt fcc with and without SOC
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Absolutely not « structure » dependent
(same SOC parameter for fcc, bcc, or wire)

&, =0.06eV
£, €[0,45,0.55]eV
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APPLICATIONS




IRON FROM BULK TO WIRE

BULK IRON

Phase stability

06

., =0.95eV

osk

=
I

=
=
T

&2 cc FM

" | ==cc AF
a0 MM
e—acfc FM
—= cfc AF |- r
+—+ cfc AFD 02
a—a ofn N 5
s-ehc FM | _ s
a--4 ho NM lgs

Energy [eV/atom]

Enemie e\V/atomea)
g
TT I L

=
P

OFe bcc stabilized by magnetism For I, =0.88eV hcp is the ground state.

® Complex magnetic structure of Fe fcc LS and HS, AF, spin spiral

J. Phys.: Cond. Matter 18, 6785 (2006)
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L ————
BULK IRON

Complex magnetic structure of Fe fcc

M (d) E(M)
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L ————
IRON SURFACE

(110) Band structure (1)
T T 1] T T T
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R
IRON SURFACE
Magnetic anisotropy energy (MAE)

MAE Convergence / k points Orbital moment
monolayers 0.16
ool T T T T T ] | 'F |(001' I ;En 0.15 -
B 7 c T R
 oesf Fe (110) B ) 136 = ouf .
S 092 . —134 2 03 — (001) 6=0 -
5 094 — - —1.32 S ol —= (00D 6=z} ]
L I k1671 B bty 114 = I - == (110) 6=0 ]
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L, = == ————— ————— ke L gy 0.1
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0.06

Ilk Hk

Easy axis: | surface
© Enhancement of anisotropy
® De-quenching of orbital moment

Bruno’s formula

AE(O,p) = —%AL(@, Q) Works well for saturated systems
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IRON WIRE

Magnetic anisotropy energy (MAE)

Band structure MAE
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IRON WIRE

Beyond Stoner: Orbital Polarization

Stoner
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IRON ATOMIC CONTACTGAMR

S\
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~

45 90 136 180 225

o (degrees)
2 magnetic solutions hysteresis
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FePt L10: FROM BULK TO CLUSTERS

L10 structure

3/

@

Aoy

2O <

e”®
D¢

BULK FePt
3.86 Coxp
aexp \/E aexp
Corp = 3-12A V,, = 217K

Very high magnetic uniaxial anisotropy
MAE=1.4meV/fu (exp.)
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TB model
Hien =D Uien (=) [I)([iA]+ D U (0, —ndy) i) (i4]
i1 ided
Charge neutrality “d” orbital filling
U=U, =20eV

niod adjusted to reproduce electronic and magnetic properties of FePt L10
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L ————
BULK FePt
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BULK FePt

MAE (c/a)

DFT B
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Clusters

cuboctahedron

octahedron cuboctahedron

N =19 N=43 N=55 N =147

v

Pt

Concentric spheres
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Clusters

FM vs AFM
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O Larger Stoner parameters favors FM
@® Pt surfaces favors AFM (Fe favors FM)
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Clusters
MAE
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Clusters
MAE(N)

(per formula unit)
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O MAE of clusters is below the bulk value
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CONCLUSION




advantages

O TB is an efficient and versatile method

®TB is useful to obtain trends by tuning parameters

© Magnetism is well described by simple Stoner models
® SOC is easily described in a TB scheme

© Local basis are well suited to electronic transport formalism

disadvantages

O Often (very) painful to determine parameters
@® It should be handled with care: always check its transferability
© MAE is a subtle quantity ...
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