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Spl'rh—orbit splitting

Transition-metal ions Rare-earth ions
in solids in solids
2S’+1L/ 2S’—|—1L/
~1-2eV T’ ~lev  25FLL
. T - T
2541 " 2541 o
- ’ ~ 12 eV N ~ 200 meV
.°.. T .2S+1LJ
) e . <I meV L ~20 meV
Coulomb  Crystal Spin-orbit Coulomb  Spin-orbit Crystal
+ field coupling + coupling field
intra-atomic intra-atomic
exchange exchange

Why is the strength of SO coupling indicated as < 1 meV for TM
if (,y =10 — 100 meV?

Alessandro Vindigni, ETH Zirich Exchange coupling in transition-metal oxides



Spin-orbit interaction for many electrons

Classroom activity 13 40,204

Knowing that in Fe3* O, complexes
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0.50 Based on this susceptibility plot, try to give a rough

0.00 T | | | | estimate of the energy difference between the two multi-

80 120 160 200 240 280 electron configurations sketched above on the left
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Alessandro Vindigni, ETH Zurich Crystal field and spin orbit
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CHAPTER 2. TRANSITION-METAL AND RARE-EARTH IONS IN SOLIDS41

contributions to its Hamiltonian:
H=Hy+ Hee + Het + Heo + Hy . (2.19)

We express the orbital part of the wave function on the symmetry-adapted
basis |I',7), on which the leading free-ion contribution H, and the crystal-
field Hamiltonian . are simultaneously diagonal. Concretely, the nota-
tion |I',y) represents multi-electron configurations like those sketched in
Fig. , including excited states. We would like to treat the spin-orbit
and the Zeeman interactions,

Hoo = AS - L

: N o (2.20)
Hz = ps (L+gsS) -B,

as perturbations and project out the dependence on the orbital coordinates.
The final goal is to obtain an effective Hamiltoninan that retains only the
dependence on spin coordinates. For simplicity, we focus ourselves on an
orbitally non-degenerate ground state defined by the multiplet |T',~, S, M) =
IT,v) ® |S, M,). The spin part of the Zeeman interaction acts only on spin
coordinates and is not affected by the integration over orbital coordinates;
therefore, we shall write it as it appears in the second line (HZ)Aof Eq. .
The remaining parts of the Hamiltonians depend on L and do not
give any correction to the energy of the ground-state to the first order of
perturbation theory in the absence of orbital degeneracy (as assumed). To
the second order of perturbation theory, instead, one has

5 A (I, 7' lus L - B+ AS - LIT, )|
e O , 2.21
ff = Js/LB 1; o = ( )

where the sum runs — in principle — over all the excited states |IV,~') with
energy Epv > Er,,. The square in Eq. (2.21) can be expanded to yield
s A
Heg = gspiS - B —2up )\ZAQ,,B“S”
— X3 SN 8% = pd U N B2 BY

a,v a,v

(2.22)

with

(L e LT o | EE )
i Z e : (2.23)
I’y IV I3y



5. Treating the spin-orbit interaction at the second order of perturbation

theory, the following effective spin Hamiltonian can be defined

Het = B ZQOWBQS'V — ZDOWS'QSW (1)
where
oy = OOy — 20M\ary and Do, = MA,, (2)

are the g-tensor (or Landé tensor) and the magnetic-anisotropy tensor.
Within the subspace S = 2 the only non-zero matrix elements are

[(dys| L7 |dz—y2) |2
AE( S )
(sl B2 ?
44 AE(dmz o dmz_yz)
g |<dry|£z|dz2—y2>|2
AE(dwy = dzfz,yz) 3

ACE:E 5

A

A

with
e & | - e
(e T dea, i =i (4)
|<dzy|Lz|dz2—y2>|2 =
associated with the transitions sketched in the Figure. Assuming the val-
ues AE(dyy — dg2_y2) = 18000 cm ™!, AE(d,, — dy2_y2) = AE(dy, —
dyz_y2) = 21000 ecm~! and the spin-orbit coupling constant is A = 90

cm !, determine the components of the g-tensor g, = gyy and g,; com-
pute the value of the uniaxial anisotropy parameter D = D,, — D,,.

a b c d
dx27y2 4 T ? » ? »
e [ 4 . 1
e 4 e £
Aoz dyz 4= 4 — 4 = + -+
ground state (i, =5 Ol @y = @lp_ Aoy = dy2_yp2
Z
7

=gy = 4.33
sy
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Heitler-London (HL) model 1

The Hamiltonian: Hy, = Ha + Hp + Hee + HNN + Hip + Hoa

The HL trial wave functions are

WT(£1>£2) = \/2(11_ 59 [t1s(r1,)v1s(rap) — 1s(ryp)bas(ro,)]
VS (ry. 1) = ﬁ(ll o (1)) + s s, )

where S is the overlap integral

S = <wls(fla)’¢15(£1b)> — <wls(£2b)‘¢ls(£23)> — /wls(fla)wls(flb) d3r1

The expectation value of the Hamiltonian Hpy, evaluated on the trial wave functions is

T T T\ Q_X
ET = (W Hyg, |V )_2E15+1_52
Q-+ X

ES = (US| Hp., |WS) = 2, .
(W= Hp, W) 1 +1+52

Alessandro Vindigni, ETH Zirich Exchange coupling in transition-metal oxides



Heitler-London (HL) model 2

The Coulomb integral reads

Q = (Y1s(r1,)V1s(rop)| [HNN + Hee + Hib + Hoal |Y1s(r1,)Y1s(rop))

e2

_ {1 (V15(11,) 15 (1) — |wls<rla>¢1s<rzb>> (1)

d1eg

~1er2,)|— 1e(22)) — (el wls(rzb»}

The exchange integral reads

X = <¢1s(rla)¢ls(r2b)| [HNN + Hee + Hlb + H2a] |¢1S(£1b)¢15(£2a)>

e2

2
_ {5 + (rs(e1) (20— |wls(r1b>wls(rza)> 2)

d1eg

= (re(r2,)|— 1e(a0)) = S (el |w15(r23)>}.

Alessandro Vindigni, ETH Zirich Exchange coupling in transition-metal oxides



Heitler-London (HL) singlet-triplet splitting

d S O
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Alessandro Vindigni, ETH Zirich Exchange coupling in transition-metal oxides
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