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Overview

(\, Molecular magnetism and Single-Molecule
» Magnets

@ Theoretical methods used to describe the
magnetic properties

\/ Examples
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Magnetism

C el ] oM B = po(H + M)
Definitions: X = a_H When y is small, B = uyH

¥ — magnetic susceptibility
M - molar magnetization (moment per unit volume)
H - applied magnetic field.

When H is weak enough, y is independent of H.:
M = yH
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0E

M:_a_H

For a molecule with an energy spectrum E,,(n =
1,2, ...), we can define a microscopic magnetization

JE,

ST
The macroscopic magnetization is then

N 5w (~ S7) exp(=En/kT)

"= Zn exp(_En/kT)
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Van Vleck formula

By expanding the energies E,, to the increasing powers of H:
En = E +ESVH + EPH? + -
and considering that :—T <« 1, one obtains:

 NHZ, (15,?)2 /KT — ZE,(,Z)) exp (—E,SO) /kT)

M =
din EXP (—E,SO) / kT)
and
NY,. (E,g”2 /KT = 2B ) exp (—E” /kT)
X = (0)
Zn exXp (_En /kT)
From the perturbation theory EM = (nHpoman|n)

2) _ Z <n|ﬁZeeman|m>2
E,;” =
mI
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N3, (E,gl)2 /KT — ZE,,?)) exp (_E,g°> /kT)

. Znexp (B /kT)

When all energies E,, are linear in H (small field), the second-
order terms vanish and the Van Vleck formula becomes:

N3, (15,21)2 /kT) exp (—E,g") /kT)
T See(~ED k)
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Free spin paramagnetism

Free spin-1/2
Hzee = UpgeB; * S,

h
Ug = = 9.2740100657 - 107%*] . T~
2m,

The eigenstates of B, - S, are =B /2

The partition functionis
7 — e~ BusB 4 oBupB

The free energyis F = —kgT In Z. The magnetic moment per
spinis then
oF
H=—5p = tanh(SugB)

For many spins (n) per unit volume we define magnetization M.
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At a small field, expanding the tanh for small argument:

N x3+2x5 17x7+
e T ET

and using B =~ ugH, the magnetic susceptibility is

i M _nons €
XTH000H ~ kgT T

This is the Curie law!
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Hunds rules

* Electrons try to align their spins.

* Electrons try to maximize their total orbital
angular momentum.

* Total angular momentum is:

| = L + S for more than half-filled orbitals
| = L — S for less than half-filled orbitals
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Example: Dy3* ion

DyY ion has the electron configuration
[Xe]6s24f1°

Dy3* ion then has the configuration [Xe|4f”

Pt

m, 4 0 +1 +2 +3

L=5 5=2>
=55 =3
J =15/2
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Why do spins align?

‘P(rl, 01,172, 0-2) = Yorp (Tl» rZ)Xspin (01,0)
Y must be antisymmetric.
If spins align, xs,;, (T, 1), symm.
Thus, Y ,,, must be antisymm.

lim lporb (7"1;7"2) -0
ri1—71o

Electrons with alighed spins cannot get close to
each other === the Coulomb energy is
reduced.
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Russel-Saunders terms (LS coupling)

A term symbol is denoted as

2S+1
L,

L= 0 1 2 3 4 5 6 7 8 9 10

S P D F G H I K L M N

For Dy3* we have the following in the ground
state

°Hys,2
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Multiplets for Equivalent p, d, and f Electrons

p Electrons

Configuration | Terms
php° i
p*p! SP,'D, 'S
p3 45’ 2D, 2P
d Electrons
Configuration | Terms
d', d° D
d?, d® 3F,3P,'G,'D, 'S
d®, d’ ‘F, 1P %H, %G, *F, 2 x D, *P
d*, db °D,3H, 3G, 2 x3F,3D, 2 x*P, 1,2 x'G,'F,2x'D,2x 'S
d® 68, 1G, 1F, D, *P, %I, ?’H, 2 x *G, 2 x 2F, 3 x 2D, 2P, %S

L2

q Maastricht University

f Electrons

Configuration | Terms

f1;f13 2F

f2,f12 3H,3F,3P, 117 IG, lD7 IS

73, 1 A1,4G, 4R, 4D, 2], °K, 21, 2 x °H, 2 x %G, 2 x 2D, %P

f4, fro 51,5G,5F,5D,5S,3M,3L, 2 x 3K, 2 x 3], 4 x 3H, 3 x 3G, 4 x
3F,2x3D,3x3P, N, 2x'L,'K,3x'I,2x'H, 4x G, 'F, 4 x
D, 2x18

5, f9 SH SF, 5P AM, L, 2 x *K,3 x *I, 3 x *H, 4 x *G, 4 x *F, 3 x
1D, 2x%P, 1S, %20, 2N, 2x2M, 3x %L, 5x 2K, 5x %I, 7x2H, 6 x
2G, Tx2F,5%x2D,4x 2P

16, 3 TF,°L, 5K, 2x°1, 2x°H, 3x°G, 2x°F, 3x°D, °P, ®S, 30, ®N, 3x
SM,3x3L,6x3%K,6x3%,9x3H,7Tx3G,9%x3F,5x3D, 6 x
3P, 10, 2xIN, 2x M, 4x 'L, 3x K, Tx'I, 4x'H, 8x G, 4 x
P 6x'D, 1P, 4x1S

7 85 6] 6H 6@, 6F 6D, 6P AN, 1M, 3 x *L, 3 x ‘K, 5 x 11,5 x

1H, 7xG,5x*F,6x1D,2x*P, 2x1S,20,2x2N, 4x%M, 5 x
2L, Tx2K,9%x2[,9%x2H, 10x %G, 10 x 2F, Tx 2D, 5 x 2P, 2x %S




A given (L, S) term has the degeneracy (in absence of
spin-orbit coupling)
2L+ 1)X(2S+ 1) «
The term (L, S) splits into submultiplets (J, L, S),\Wwhere
each multiplet has the degeneracy 2/ + 1 and
J=L+S, .., |L—S5|

Example: consider the °P term. Find the degenera%y of
each level.

S=1landL =1.Thus,] =2,1,0. o
°P, has 2] + 1 = 5valuesof M; = —2,-1,0,1,2[
3 = O states
Py has2] +1 = 3valuesof M, = —-1,0,1

Py has 2] + 1 = 1valueof M; = 0
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Example: 1s2p helium configuration

Configurations Terms Levels States My
lp 1p, 1
B — 0
/ r - -1
/
/
/
/
/
/
/
! -1
// 2047 cm
I/ M]
/// Py P _ g
T R iSO 1 St
/ / = § 0.08 cm™! o — _
/ ,/ b ik § == 1
/ / 2
I 1
o, 0
I/ //
/7 :%
12p )/
A A A A A A A A A
HO° H® + Hy, H® + H,o,+ Hg o H® + H,p, + Hg o+ Hp

=1

=2 )

er . ..47T80rl]
L J>1
n

HSO - fiLl Sl
=1
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Spin-orbit coupling

l

where { is the spin-orbit coupling of the it" electron.

¢ increases from the light to heavier elements!

Within the Russel-Saunders term 2S“L, the Hamiltonian can
be written as

Hso. = L-S
where L and S are the total orbital and spin operators, and
¢
A=+—
— 25
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The spin-orbit Hamiltonian is not diagonal in the uncoupled
|m;mg) basis, but it is diagonalin the coupled |jm;) basis.
J=L+S
J2=L*+S%*+2L-S
1
L-S:E(JZ—LZ—SZ)

Thus, the first-order energy correction due to spin-orbit
coupling is

A
g = (Hso) = (jmj|AL- Sljm;) = 5= (jmy[)? — 17 — $2|jm;)

:%[[(j+1)—l(l+1)—s(s+1)]

2p:
2

N=2 T 2p 2ps

> 281 .
\\\
2p, %Py e
3 2S1
D —

q Maastricht University Bohr Spin-Orbit  Relativistic Darwin
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Zeeman interaction

The total magnetic moment

U=pus+ U, =—gelupS — gupL

The interaction Hamiltonian is
ﬁZee =—n-B= HB(glL T ges) - B
In a homogenous magnetic field along z axis

ﬁZee = /le(ngz + gegz) - B,

E’m Maastricht University



Weak magnetic field

The Zeeman energy correction is

Egz?e = (jmijee jmj)

= upB(gi(m;|Lz|imy) + ge(imy|Sz]im))
The L, and S, operators are diagonal in the uncoupled basis
lm;m;), that is connected to the coupled bases via the

Clebsch-Gordan coefficients:
Tedious though!

mi) = )" lismymg)(ismumsljm;)

E’m Maastricht University



More elegantly, we can use Wigner-Eckhart theorem

n UmilV - Jlim;)
m;|\V,|jm;) =
To use this theorem (projection theorem), we need to know the

gmlJzlim;)

diagonal matrix elements, (jm;|V - J|jm;).

J=L+S
S=]J—-L
squaring
S2=J%+1%-2L-]
1
L-]:E(]2+L2—SZ)
Similarly,

s-]=%(]2+sz—L2)

E’m Maastricht University



1
(]’”ijS : ]Ijmj) ZE[](] +1)+s(s+1) -1+ 1)]

1
(]'ijL : ]|jmj) = E[I(] + 1D +I1(l+1)—s(s+1)]
Using the projection theorem, we get

Ji+D+ss+ D=1+ 1)

(im;1S,1jmj) = TR gm;lJ,|ljm;)
G+ +I10+1)—s(s+1
ity =22 SEED G

% Maastricht University



The first-order Zeeman energy correction

Ezee = (imy|Hzeelimy) = s B(gi(imy|Lz1jmy) + ge(imy 3, |im;))
G+ +Il+1) - 1 (J+1 1) —-I(l+1
:MBB< ety g U D e e D )>(jm,-|12|jm,-)

JjG+D+IA+1)—s(s+1) j(j+1)+s(s+1)—l(l+1)>m
j

= uyB +
v (gl 2 +1) v 2jG +1)

This can be written as

1
Eée)e gjusBm;
where
_J+D+IA+ D) —s(s+ 1) JG+ D +s(s+1)=1l(l+1)
y 2jG+ 1D e 2jG+ 1)

> This is the Landé g factor
q Maastricht University



Hydrogen atom (weak field)

After considering the gyromagnetic ratios: g; = 1, g, = 2)
jG+D) +s(s+1)—-1l(l+1)

2j(j + 1)
For the hydrogen 2p state, we have

3 1
L=1;S = 1/2thLIS] :E'E
Therefore e i m
3/2 3/2
4 2 3/2 1/2
_ = — 2ps
gs = 3 and g1 = 3 P2< 32 -1/2
2 2
3/2 -3/2

2 12 -1/2

% Maastricht University ©2013 Pearson Education, Inc.
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Strong magnetic field

We should include the Zeeman Hamiltonian in the zeroth-order
and treat the spin-orbit coupling as a perturbation

Ryd
0
Efz ) - n2 + (mlmsleee|mlms>

In the uncoupled basis, the spin-orbit corrections are

Egy = <mlmS|Hso|mlms> = Amymg|L - S|myms)

=A <mlm5 5 (LyS_+L_S,)+L,S, mlm5> = Am;mg

E m, mg
A

.1

-1 5

o
= _ -
- -
- _ -
- -
= - T
p‘:——————_———
=z
< e s
~ N
~ -

[
|
|
|
|
|
|
|
|

| |

—

r\)|—|a m|-ar\>|—|~ =

-1
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Intermediate magnetic field

In the uncoupled basis |m;my), Hy,, is diagonal but Hg,, is not
diagonal and vice versa. We must diagonalize the entire
perturbation Hamiltonian matrix, H' = Hgp + Hzee

Exercise: build the matrix representing the perturbation

Hamiltonian, H', in the coupled basis for the 2p states of
hydrogen atom.
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/—/1 + 2ugB 0 0 0 0 o\ 32,32
.2 V2 3/2,1/2

0 A+ZugB 0 0 ugB 0
y' = 3 3 3/2,—1/2
= 3/2,-3/2
1/2,1/2
\ / 1/2,—1/2

>
>
—L
| —

Intermediate Field

Weak Field

2p3

2p:
2

WAl
mo| o fro| 5 ro1= ]| | ol s
—
| |
I ERERY ERE T

% Maastricht University
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Zeeman interaction (anisotropic cases)

For a free atom, the electronic magnetic moment can be
written:

Uy = —g]HB]
and the Zeeman Hamiltonian for the interaction with a field B:

ﬁZee = —(#] ' B) = gj.UB(B J)

In anisotropic cases:
ﬁZee = HB(B "8 §)
- UB{gxxBxgx + gyyBygy + gzszgz + gxyBxgy + gyxBygx

+ gyszgz + gzszgy + gszzgx + gxxBxgz}

E’m Maastricht University



By choosing suitable x, y, z axes (principal axes), in

most cases the Hamiltonian acquires a simpler form:

ﬁZee = //‘B{gxxBxgx + gyyBygy + gzszgz}

In axial symmetry

(gxx = Yyy = Y91, Yzz = gll)

E’m Maastricht University



Energy levels for S = % Zeeman effect in an applied

field, H.
W=+}g98H

H increasing — W=—19pH

E’m Maastricht University



Energy levels for S = 1 in the absence of any initial splitting of
the levels, left (cubic symmetry) and lower symmetry (axial),
right.

+5r

1
'*/>w+1 =+l
W=+4D
+4L +g. BH.

? |+1>

+3f

+of

0 hv=|D+g.BH.
l [0> =0 a |D+g.8H.|
= oL
0> We—iD

=gBH
o} hv =|D~g.pH|
[-1>
N N
[=>N W =g il ; (g:m%:/m P——
—~ - N N 3 1.
Hzee:‘uB(B.g.S) HZee:MB(B'g‘S)‘FD{SZZ—gS(S-I-l)}
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Crystal-field splitting

The crystal field splitting can be described by the following

Hamiltonian
Hr=S-D-S

where D is a symmetric tensor. Therefore, it has three
orthogonal eigenvectors. Choosing the x, y, z axes parallel to

these eigenvectors, D is diagonal and

Hcr = DyyS% + Dyyy Sy + D, S7

E’m Maastricht University



Adding a constant to the Hamiltonian does not change physical
properties. Thus, subtracting

%(Dxx T DYJ’)(‘S}% + 532’ T Szz) = %(Dxx + Dyy)S(S + 1), we get

Hep = DSZ2 + E(SZ — S3)
where

1 1 1
D = Dzz =5 Dxx =5 Dyy; E = E(Dxx —Dyy)

Subtracting the constant DS(S + 1)/3 from the H, 5, we obtain
a traceless Hamiltonian (Tr H = 0):

_ 1
Hor = D |S? —55(5 - 1)] +E(SZ — S2)

E’m Maastricht University



1

1
_Dxx _E

D:DZZ_Z

1
Dyy; E = 2 (Dxx - Dyy)

When D,,, = D, = D,, (cubic symmetry) = D = 0. In axial
symmetry, Dy, = Dy, = E = 0, therefore

ﬁCF — DSZ2

0 +S

E’m Maastricht University



Higher terms

Hqr = S-D -Sisthe simplest Hamiltonian for CF splitting. We
can include higher terms:

Acr = ) BYOY
N,k

where N = 2,4,6, ...,2S
and B are parameters, and O% are the Stevens operators (well
tabulated):
09 =352 —s(s+1)
1
07 =5 (S¥+52)
07 = 3557 — [30s(s + 1) — 25]S2 + 35%(s + 1)? — 6s(s + 1)

% Maastricht University



Example: Ni(ll) ion in axially distorted octahedral

The total spin Hamiltonian considering the CF splitting and
Zeeman interaction is (assuming D- and g-tensors have the
same principal axes)

H=ugS-g-B+S-D-S

5 S(S+1)
= gulpSyBy + D |57 — 3

where u denotes the direction of the applied field.

+E(S2—S%)

When B, is parallel to the unique axis, the Hamiltonian matrix
Is diagonal

1) |0) |—1)
1’_1‘ — gZ:uBBZ + D 0 0
0 0 0
0 0  —gzupB; +D

E’m Maastricht University



Introducing those energies in the Van Vleck formula, y =
N Zn(E,(f)z / kT) exp(—E,SO) /kT)
Xn exp(—E,(lo)/kT)

, the magnetic susceptibility is

_ 2NgZug  exp(=D/kT)
Xz =7%T 1+ 2exp(—D/kT)

When B, is perpendicular to the unique axis, the Hamiltonian

matrix is
/ 1) 10) | — 1) \
o D V29, 1ipBy/2 0
\/ng.uBBx/Z 0 \/zngBBx/Z

\ 0 V2gyipBy /2 D /

E’m Maastricht University



The eigenvalues are:
E]_ — D

Eys = <D + \/4gquH2 + D2> /2

Assuming |D| >» g,ugH,, and using the Van Vleck equation, the
perpendicular magnetic susceptibility is

2Ngzug 1—exp(=D/kT)
D 1+ 2exp(—D/kT)

Ax =

0.5 [ 0.5 r

D=+5cm™?!

0.4f 04f
03[ 03f

Xx

0.2f 02f

Y cm3 mol~

0.1} 0.1F

0.0k 00"
0 10 20 30 40 50 0

T,K
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For powder susceptibility we can average it

_ 2Xx T Xz
3

X
or more accurately

. .
X = Onfon)((e,gb) sin @ dOd¢

E’m Maastricht University



First-order orbital momentum (spin-orbit coupling
important)

Examples:

e dlin distorted tetrahedral environment

e dlinoctahedral environment
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g-tensor of transition metal d! system.

Consider a d! ionin a distorted tetrahedral environment:

Free ion Tetrahedral field Tetragonal distortion

E’m Maastricht University



Some reminders

1 U L
dy2_y2 = e (12,2) + |2,-2)) L-§=-(LiS-+L.S, +1,S,)
l. S, = Sy +iS,
dyy = ——(12,2) — |2,-2)) 5. =8, -8,

SiIS, Ms) = [(S + Ms + 1)(S — Mg)]*/2|S, Ms + 1)

S_IS, M) = [(S — Ms + 1)(S + Ms)]/?|S, Ms — 1)

Same formulas apply for L by replacing S with
L, and MS with ML'

% Maastricht University



The spin-orbit coupling mixes |d,z) with |d,,;) and |d,). First-
order perturbation theory gives us

__(iH'|0)
Y E—E
Our first-order Hamiltonian is
H =(l-s

Therefore

¢
Coi = =4 (ill-s[0)

The first-order corrected ground state wavefunctions are:

V3 ¢ V3¢
|+) = |d22: a) +7LZ |dyzug> +73|dxz:,8>

V3 ¢ V3¢{
|_> — |d22’ﬁ> +TLZ |dyz:a> _TZlde: CZ)

E’m Maastricht University



The Zeeman Hamiltonian is

ﬁZee =ug(l+g.s)-B
written in the basis of |[+) and |—):

ﬁZee |+> |_>
1 1 1
<+| Ege/'lBBz E:UBBx(ge _ 6(/A) - E l.uBBy(ge _ 6(/A)
1 1 1
(—| E.UBBx(ge — 6{/A) + EillBBy(ge — 6{/A) _Ege.uBBz

If the field is applied along z axis:
AE, = gelpB,

This corresponds to the free electron g-value.
If the field is applied along x or y axes
AE, = AE, = (ge — 6{/D)upB

g, = (ge—63/4); g = Yde

E’m Maastricht University



d! in octahedral environment

In 0y, symmetry the d orbitals splitinto t,, and e, levels.

Using the functions: dyya, dy,a, d @, dyy B, dy,f, and d [ as
the basis set, the spin-orbit Hamiltonian, Hgy = AL - S, becomes:

E’m Maastricht University



ldxya) |dy.0B)
0 /2
1/2 0
Hso = iA/2 i1/2
0 0
0 0
0 0

Diagonalizing Hs o , we get

E=—=
2

E=21

% Maastricht University

ldzxB)  |dxyB) |dyza) |dgxa)
—il/2 0 0 0
—i1/2 0 0 0
0 0 0 0
0 0 —A/2 —i1)2
0 —A/2 0  iA)2
0 ix/2 —ii/2 0
V6
Y = ?(deya - dyz,g - idzx,B)
P, = ?(deyﬁ +d,,a — idga)
Y, = \/72 (dyza + idzxa)
\/Z
1'04 - 7(_dyz,8 + idzx,B)
V3
lpS — ?(dxya + dyz,g + idzx,B)
V3

Ye = ?(dxy[)’ —dy,a+ idga)



&

Using the functions y; as a basis set, the Zeeman Hamiltonian,
H=2L-S+ ug(L+ g,S) - B, becomes:

Y1y ¥2) 3 Y [¥s) 1Ve)
-A/2 0 0 0 3vV2ugB/3 0
- —1/2 0 0 0 —3v2uzB/3
H = —1/2 0 0 0
—1/2 0 0
kA — 3ugB/3 0
kA + 3ugB/3
Using the Van Vleck formula with the eigenvalues of the above
Hamiltonian, one obtains o
0.4
- 8+(ﬁ—8)ex (—i) ‘%03
G kT P\™ 2kT S0z
~ 3KT 34 me ]
A/KT (2 + exp (=577 e
Maastricht University

L} 1 i

0 0.4 0.8 1.2 1.6 2
kT/ A

Does not obey Currie law.



Rare-Earth metal ions

>
(@)
]

AL - S
AL - S

Perturbation theory not appropriate. Exact diagonalization of the SO
Hamiltonian needed.

|

E’m Maastricht University



Spin-spin interactions

Direct Kinetic
exchange exchange

Double- Dipolar
exchange Interaction

% Maastricht University

Super
exchange

Dzyaloshinskii—
Moriya




Potential (direct) exchange

Consider two orthogonal localized orbitals:
A B

oS

The direct exchange interaction stabilizes the ferromagnetic
state:

eZ
K = f 031052 = 02 p(1)dr
2

Usually rather weak.

E’m Maastricht University



Kinetic exchange

Consider two nuclei M and M’, with one orbital each and two
opposite electrons in total. There are four possibilities:

£t N
+ | 0 S % 5 SR YOS SO O X3
M M’

We can use the Hubbard Hamiltonian:

= —t Z (c Cig + Cl-l-aCjJ) + UZ njrn;y
J

(j,l)o

E’m Maastricht University



The Hubbard Hamiltonian in this basis is

U t -t 0 )
~ [t 0 0 ¢t T,1)
H= —t 0 0 —t L1
0 t —t U L 1)

Diagonalizing the Hamiltonian, we obtain:

1
E;=0 Y1 = \/—E(lT, DL
1
E,=U Y, = ﬁ(”lr') — |+ T)
Es4 = % (v +/U2 +16¢2)

U ¥FV16t2 + U? —U +V16t2 + U?
)IH)—( — )Il,T>

Y34=TL) + |, L) — ( 41 41

E’m Maastricht University



If U > t,%(Ui\/U2+16t2) z%[UirU(l +8U—t22)]

This leads to the following energies:
t? t?
E=0 U —4—; U+4—
U U

E = 0 corresponds to the triplet state

t2 :
E = —47 corresponds to the singlet state.

2

Therefore, the singlet-triplet gapis/ = —4%

This is similar to the spin-1/2 Heisenberg exchange model
(coming below)

E’m Maastricht University



Superexchange
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Goodenough-Kanamorirules

4
tdp

d d B
» ]~A2(2A+Up)
&= A=E;—€,

SIE B

L to1
TN T T ’

\H/tpd } { )

E 80°: Half-filled orbitals on both sides

Strong antiferromagnetic

909; empty-half-filled orbitals on sides

Weak ferromagnetic

Weak ferromagnetic

E80°; one side occupied another empty
P

Maastricht University



Double-exchange

1 (<P 1
1' | g 0 2p ] | g
Mn3* (d*) Mn+ (d?)
a b
J ]( 1)
E.(S) = —t —+=(S —

where S, is the spin of the configuration without hopping
electrons (Sq = 3/2).
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Dipolar interaction &

x|

251

dip _ #1_%3 (n - R)(R - uy)
12 _ﬁ ul'u2_3 |R|2

Rather weak. Important only when other exchange interactions
are weaker.

E’m Maastricht University



Spin-spin interaction Hamiltonian

The interaction between two spins can be described by the
following Hamiltonian (introduced by Heisenberg, Dirac, Van
Vleck):

Hexcn = SiJij* S;
This can be rewritten as

Hexch — —]l-jSl- : S] +38S;: Dij . S] + dij . (SlXS])

isotropic anisotropic antisymmetric
Dzyaloshinskii-Morya

E’m Maastricht University



Isotropic exchange two spins-1/2
H=-JS;-S;=] %(stz_ +8783) + 87 - Sf]
Write down the Hamiltonian in the basis:
I 1) 11D | 1)

Reminder:
S+1S, Ms) = [(S + Mg + 1)(S — Mg)]*/2|S, Mg + 1)
S_|S, Mg) = [(S — Ms + 1)(S + Ms)]Y/2|S, Mg — 1)

% Maastricht University



Broken-symmetry DFT

A+

BS
ﬁSpm — 2]S:ASAB
Applying the relationship §2 = (S, + Sg)%= S7 + S5 + 25,55
the spin Hamiltonian takes the form
HSpin — ](52 SB)

(Wos|Hspin|¥Was) = —J[(S%)ps — Sa(Sa + 1) — Sp(Sp + 1)| = Eps

(Pus|Hspin|Pus) = —J[(S% s — Sa(Sa+ 1) — Sg(Sp + 1)| = Eys

J=— EHs—EBs
C2 —_(S2
E’m Maastricht University <S >HS <S >BS




Classical magnets

Bulk property

Blocking of magnetization in each domain is due to a
P24 Maastricht University  MaACroscopic amount of spins



Relaxation time of magnetization in magnetic materials

Bulk magnet Magnetic nanoparticle

M= 10°-106 Mg
t—finite, very large
T'<Tc

u=107-108 pg
T—00
T<Tc

p  H=10-100 pg

T (Mn;,)=1 month
(T=2.5 K)

61
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First single molecule magnet (SMM):
Mn,,-acetate

Mn-12 Acetate

Mnl! ¢ Mn'V‘

S= 8x2 -4x32 =10

R. Sessoli et al, Nature 1993, 365, 141.
[Mn|20,2(CH3COO)|6(H20)4 ]. ZCH';COOH L4 4H20

Well defined large spin (S = 10) at low temperatures (T < 10 K)
E’m Maastricht University 62



Mechanism of magnetization blocking

-10-8 -6 4 -2 0 2 4 6 810

Amg

8 N 8 N N N N N _6 _4 _2 0 2 4 6
Magnetic field (tesla)

Blocking due to anisotropy

Angew. Chem. Int. Ed. 2003, 42, No. 3
E’m Maastricht University 63



First reported single-ion SMM

Iz
600 o £ e
T — e +1/2
500 — iﬁ —— T #2
'_A R — — 5 [D
‘= 400— ¥
&)
>~ 300 — £712
o —— 315/2
§ 200 — —— 192
100 —
—_— 1172
0~ 6 —— — — #1312
U.+(Tb)=230 cm’ Ln= Tb Dy

"«’m Maastricht University Ishikawa N. et. al. J. Am. Chem. Soc. 2003, 125, 8694



Why SMM?

e Fundamental interest Evolution of Memory Storage

o
oy

* Molecular spintronics

* Quantum computing

* High-density information

storage

“Evolution of Data Storage” by Diptangshudatta, licensed under
CC BY-SA 4.0 (via Wikimedia Commons).

% Maastricht University



L2

QTM

|

tun_E

L

Uo Q2 H ! + g H

Strong axiality as the reason of SMM behavior

Pseudospin, §

> L

Ising
CF

A n(instrinsic)

Rate of quantum tunneling of magnetization:

8o 8y 8o 8y
Awn  large Awn  small (axial)
QTM unquenched QTM quenched
Not SMM SMM

Maastricht University
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Theoretical methods

E/kcal mol
so] | H RHF
2
. CASSCF
Cl
-50 -
-100 -
o'i'é'é'i'éR/ao

Bacskay, G.B. Molecules 2025, 30, 1154.

Multiconfigurational methods are needed:

Y = ClOCI)HF + 2 al-CIDi
=1

E’m Maastricht University



Hartree-Fock (HF) and excited Slater determinants

=+
|
|

- — = —
- — +

_%_
-

=
i

4 |+
4 | -

HF S-type S-type  D-type  D-type  T-type  Q-type

E’m Maastricht University



Configurational State Functions (CSF)

T aln -
Singlet CSF Triplet CSF

S, = 0 for both determinants.

Only the linear combinations (+) become eigenfunctions of S?
operator.

E’m Maastricht University



Complete Active Space Self-Consistent Field
CASSCF

RAS3

0,1or2

All o
excitations

excita- RAS?2

CAS
tions

RAS1

For M active orbitals, N active electrons and a total spin §
(Weyl’s formula) (n) n!

611 /M+1\ / M+1 k)~ kl(n—k)!
#cas = N N
M+1\ —-5 —+S5+1

2 2

P2y Maastricht University #cas grows very fast!



What to include in the active space?

* Depends onthe problem

 Organic molecules: usually all 7 orbitals

* Transition metal complexes: all d-orbitals. Double-shell effect for the first
row of atoms.

* In complexes with very covalent bonds, we should include also p orbitals
(more expensive though).

* Lanthanide complexes: usually 4f orbitals.

* Actinide complexes: usually 5f, 6d and 7s orbitals.

E’m Maastricht University



Spin-orbit-Restricted Active Space State Interaction
SO-RASSI

LIJ E RASSI CASSCF
l SM rSM
rSM

. CESAA,S,SI are obtained via the exact diagonalization of the spin-

orbit coupling matrix in RASSI.

 This approach treats SO coupling in an exact way, even for
systems with multi-configurational nature.

 Second-order perturbation theory (earlier slides) is only valid

for systems with weak spin-orbit coupling effects.

E’m Maastricht University



Ab initio calculation of the g-tensor for pseudospin § =
1/2: SINGLE_ANISO/Molcas

 Zeeman Hamiltonian is written in an arbitrary basis (¥, ¥,) and
diagonalized for an arbitrary magnetic field, B = (fx, Sy EZ)B.
* The obtained eigenvalues are:

1/2
Ezee = —4B, Ay =+ (z gaAa,BEﬁ>
ap

1
Aag = =7 (namp| + |1pual)

(.ua)ll (.Ua)12
(4p),, (up),,

2 ,~
gl:il,l_ Aii' l:X,Y,Z
B

L.F. Chibotaru, L. Ungur. J. Chem. Phys. 137, 064112 (2012)

|\uatip| =

% Maastricht University



Two steps of ab initio description of exchange
coupling constants

* Low-lying multiplets localized at magnetic sites are
considered in the first place.

* Exchange interaction between the localized multiplets at
different sites is treated subsequently.

E’m Maastricht University



Ab initio treatment of magnetism of mononuclear
fragments

CASSCF/SO-RASSI
Spin-orbital multiplets
\_ /

/ SINGLE_ANISO \
e g-tensor

 /FS parameters

X magnetic susceptibility
* M magnetization

v ...... /

75
http://molcas.org/documentation/manual



Accuracy of ab initio calculated energies

Synthesis: B. M. Flanagan et al.
Inorg. Chem. 2001, 40, 5401.

Luminescence: K.S. Pedersen et al.

Chem. Sci., 2014, 5, 1650.

% Maastricht University

Energy / cm™?

700+

600 -

500-

400 -

300+

200+

100 -

-~

CASSCF / RASSI |

(XMS-CASPT2 / RASSI|  EXP.

— ISP | S L=
LA
A3 B3 3 A4 B4 C4

CAS(11,7)
CAS(11,14)
RAS(17,25)

Basis Set:

ANO-RCC
vDIP

SO mixing:
35 x (5=3/2)

L. Ungur, L. F. Chibotaru, Chem. Eur. J. 2017, 23, 3708.
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Semi - ab initio treatment of magnetism in polynuclear complexes
and fragments

e N

Fragment 1 Fragment 2 Fragment N
Lines model for the exchange interaction {from fitting
K _]Linesgi ) §] from BS_DFT/

d

4 POLY ANISO N\

* Exchange spectrum

* g-tensor

* X magnetic susceptibility
* M magnetization

\' j

L. Ungur, and L. F. Chibotaru, Computational Modelling of the Magnetic Properties of Lanthanide
Compounds. In: Lanthanides and Actinides in Molecular Magnetism (Wiley-VCH, 2015)
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I) A{Cr",Dy'",} Single-Molecule Magnet: Enhancing the Blocking
Temperature through 3d Magnetic Exchange

Z 0-
= L
-4
| —— 18K
6- —0—25K
- o 3K
-8 -
-10 T T T T T T T T T
-40000 -20000 0 20000 40000

H/ Oe

Cr,Dy, ———) Hysteresis

Why ?
Co,Dy, ———)> No hysteresis
% Maastricht University

S.K. Langley, D.P. Wielechowski, V. Vieru et al. Angew. Chem. Int. Ed. 2013, 52, 12014.
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Dy fragment calculations

Elcm™a KD | E,cm?! | g-factor
g, 0.002
—— —— axial
250 + 1| g 0 0.003
e 8: 19.9
gy 0.1
200 t 2| g | 101 0.1
g, 17.2
150 +
100+ ==2
50+ AcR100cm? > Experimental blocking barrier is not of
CF type (Usy=54 cm™)
0+ =1

80



Exchange Interaction

H=- (—]gggl_Dyll +]Z'2Vc1h_Dy1’) Spy1,z8py1',z (—]c(iirp1 e Crl’) Ser1-Scr1t =
3]g{p_CT’SCr1,ZS cr1',z

—]gg)l_crl[(l — 3¢0s*0)3py1 zScr1,z — 3sin6 cos §Dy1,ZSCT1,Y] —]gg?l’_crl[(l -

3 cos® 0)3py1 zScr1,z + 3sin6 cos 6 5py,17 7 Scriy] _15%191—&1’ |(1 —3cos?0)3py12Scr1 7 —

3sin 6 cos 0 3py1 zScr’ v| — ]331’01’_6”, [(1 — 3 cos? 0)Spy1' zScr1’z + 3sinf cos b §Dy1’,ZSCr1’,y] —
J Z?]cj;z_crlgDyl.Z Ser1z =/ ggc%_crlgbyf,zsc,‘rl,z —J Zz:;_crllgDyl,ZS cr1'z —J Zﬁ:—cm’ Spy1!,z5¢r1',z

=5.2 cm-1

2 .2 2
JoyI=DyL _ BIDyz _ . ¢, ]Crl—Crl’ _ _HBILr  _ 0.34. ]D_yi—Csz UBIDy,zdCr
T Jdip Rz‘rl—Crl’ o Tdp

1 — p3 3
dip RDyl—Dyll RDyl-—er

Exctracted from BS-DFT:
J(Dy1-Dy1°)=1.00 cm™
J(Cr1-Cr1’)=0.12 cm’
J (Dy1-Cr1)=-26.0 cm™'
J(

Dy1-Cr1’=-32.5 cm’

81

Strong overlap! Y Strong kinetic AF coupling




Blocking of Magnetization Barrier

Ising Hamiltonian for low-lying states:

H = _]Dy1—Dy1’§Dy1,Z§Dy1’,Z - Fitted values:

Jpy1-cr1 (§Dy1,ZSCr1,Z + §Dy1',ZSCr1',Z) - J (Dy1-Dy1’)=1.00 cm-"
J(Cr1-Cr1’)=0.10 cm’
J (Dy1-Cr1)=-20.5 cm-
J (Dy1-Cr1’=-17.0 cm™

]Dyl—Crl’ (SDyl,ZSCrl’,z + SDyl’,ZSCrl,Z) -
J Crl,Z—Crl’,ZSCrl,ZS cr1,z

30
28 Dy2Cr2
26 /-.‘_/
S 24 —7’/
2
20 ‘A ===-Experimental
g 18 '| data
|;; 16 : Calculated data
14 14
12 !
10 . : .
0 20 40 60
T, K
b 82
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60

50

Low-lying exchange spectrum and relaxation path

E.cm

Cr,Dy,

0.2-12

D=

0 FEO
: A,=8.5E-07 cm’

U.«(exp)=54 cm™

A, =2.3E-06 cm” —>

A,=4.3E-06 cm”

A, =8.9E-10 cm”

A,=1.4E-09 cm”

I I | | ] I I I I I
-15 12 3 0 3 6 9 12 15

Multi-level exchange-type barrier

Magnetic hysteresis

i >

18 Y/u,

>

Co,Dy,

2- = 0.06 > m—m D+

1.7 ().0?'

P 83107 ... > —

1- 1+
1 1 1 1 1 1 1 1 1 1 —
T I I 1 1 1 T 1 T 1 —>
" 8 6 4 2 0 2 4 6 & 10
W

Barrier originates from one
excited state on individual Dy
center

Lack of magnetic hysteresis

S.K. Langley et al. Inorg. Chem. 2012, 51, 11?373



Il) Key Role of Frustration in Suppression of Magnetization Blocking in
Dy,Sc 5., N@Cyg,

20 A0 00 10 20 20 a0 00 10 20 20 -0 00 10 20
uH(T) uH(T) u,H(T)

Why is n=3 the worst SMM?

b H i H 84
¢ Maastricht University V. Vieru et al. J. Phys. Chem. Lett., 2013, 4 (21), 3565.



Calculated multiplet spectrum of DySc,N@Cg,

4 A
E/cm
DySCQN@Cgo DySC2N6+
1500 T —
—_  Ground and 1stexcited KD are very axial
— == * (g4, cage lowers the axiality
1000 + == =
500 T
= g, gyz’] 03
= — g, §,~10"
0+ == +—g,g~10" = < g 8~107
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Magnetic interactions

H — Z (Jcl;lp Ismg )SZz SZ]

Strong axiality =) |sing model

Interaction Dy2ScN@Cso DysN@Cs
Dyl1-Dy2 6.4 6.7
Jaip (em™) Dyl-Dy3 6.8
Dy2-Dy3 --- 7.0
Dyl-Dy2 10.8 12.2
Joxer, (cm™) Dyl1-Dy3 - 12.1
Dy2-Dy3 --- 14.0

dipolar - exact
exchange - BS DFT




Low-lying exchange spectrum




Connection of the lowest six magnetic states in
Dy;N@Cg,

PR N
! ! |

/g\‘\} I P Avoid frustration

States are connected via single-
momentum flips e




Magnetic Properties and Theoretical Investigation of a Series
of Ni'-Ln!l-WV

| series Il series

NLi’ Ln ﬂ—‘\t_‘

Ln=Gd,Tb,Dy Ln=Gd,Tb,Dy,Ho,Er

None SMM Tb complex SMM

Why is only TONiW SMM?

E’m Maastricht University 89
V. Vieru et al. Inorg. Chem. 2016, 55, 12158.



Low-lying multiplets on Ln sites of NiLhW

&

Complex NiDyw NiTbW a NiTbW b
Center Dy center” Tb center Tb center
0 0
119 1.0]' large 0.01 M
CF levels, cm™ 174 75 199
214 84 200
g-factors in the ground multiplet
gy 0.02 0 0
g, large{0.03 0 0
g, 19.8 17.5 17.9
Not SMM SMM

*Kramers doublets

Maastricht University
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Calculation of magnetic properties

N

H. .=

ines

-J Ni—LnSN' é

1

Ln J Ni—WSNi

S,

H
X
T
= ] E |
N e 0 2w | -

X iz

0- T T T T T T

0 50 100 150 200 250 300

T (K)

Pair/Compound| NiYW (1) NiGdW (3) NiTbW (4) NiDyW (5)
Jlines(Ni-Ln), cm- - 3.46 3.0 2.5
JLines(Ni-W), cm 16.08 21.6 22.0 24.0

91



Origin of strong ferromagnetic coupling in Ni-W pair
Wer Ni2*

}\ Goodenough + direct exchange
4 1 e

Strong ferromagnetism

g
/@V ﬂ
* “"“ N
5d'

Kinetic AF mechanism is suppressed
(L.F. Chibotaru et. al., ACIE 2001,40,4429)




&

Axiality of the lowest exchange doublets in NiLhW

Ising doublet:
Complex | NiGdWa | NiGAWb | NiDyW a NiDyW b NIiErW

Ay, M 0.004 0.009 0.002 0.009 0.06
\ ' J
large | » Not SMM
Kramers doublet: / / \
g-factor NiTbW |TbW a NiTbW b ™ g NiHoW
g, 027 4 003 ]_/ 0.002 \_[1.8
gy 0.3 0.03 0.003 3.5
g, 23.5 23.2 23.5 1.2
small > SMM

Ab initio calculations explain why only one complex is SMM

Maastricht University
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&

Magnetization blocking in the NiTbW complex

4 - — —

Maastricht Ur | ] I | I I i = —>
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Prospects for Enhancing the SMM Performance of
Polynuclear Complexes

g-factors of the ground exchange doublet of NiTbW complex under
different anisotropy at Ni(ll) site.

Ni-isotrop D(Ni) Il Z(Tb) D(Ni): Z arbitrary -D(Ni) Il Z(Tb) Unmodified

2.5x10-° 0.0033 0.0046 6.0x10° 0.0020

2.5x10° 0.0041 0.0053 6.1x10° 0.0025
23.7 22.4 22.0 23.7 23.5

Coupling of weakly anisotropic magnetic units to strongly anisotropic
ones (lanthanide ions) will result in a drastic enhancement of SMM
properties.

E’m Maastricht University 95



Giant exchange interaction in mixed lanthanides

%o

M (ug)

Ln3*-N,3--Ln3", ] ]
H (T)

Ln=Gd, Tb, Dy, Ho, Er
Tb complex shows hysteresis up to 14 K

Strongest magnetic coupling
Exp.:J. Rinehart, et al., Nat. Chem. 3, 538 (2011), J. Am. Chem. Soc. 133, 14236 (2011).

Origin of unusual exchange interaction and magnetization blocking?

96

B:ﬂ Maastricht University V. Vieru, N. lwahara, L. Ungur, L. F. Chibotaru. Scientific Reports, 6, 24046 (2016).



Exchange mechanism

* BS-DFT calculated J for the Gd compound (-21.4 cm™™) ~ exp. J
(-27 cm™)

* Transfer parameters t and the averaged electron promotion
energy U extracted from DFT

U UCoulomb A

/ ~6.4ev mmmp SmallU~1eV
l Ucoutomb— €lectron repulsion in the f~shell

Large A,small —=»  Strongkinetic exchange J~—t*/U

E’m Maastricht University
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Crystal-field splitting on Ln sites

For Ln=Tb, Dy, Ho, Er:

* strong kinetic exchange
interaction

Efc:m'l n

* strong magnetic anisotropy

500 | AE.; (Th) ~ 700 cm™

f AECFz AEGX

AE,, (Gd) ~ 400 cm’™ ﬂ

All components of the J multiplet
have to be involved in the exchange
interaction.

- ord)S, . .
Hexch Z quqlq' OO(J ); quS
k i

i=1,2 k=1,3,5,7 q.q'

E’m Maastricht University N. Iwahara and L. F. Chibotaru, Phys. Rev. B 91, 174438 (2015) °°



Magnetic properties

T T T T T T T T T T
0 50 100 150 200 250 300
T(K)

Magnetic moments in the ground
exchange state

Magnetic susceptibility for H=1T
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Structure of the exchange interaction

TABLE II. Calculated exchange parameters Jyq14 (cm™ ") for H, = Z Z Trqrg ot IZ (Ji)Sy
the complexes 1- 5. i ( )
kg Trqrq’
1(Gd) 2(Th) 3 (Dy) 4 (Ho) 5 (Er)

1 0 0 94.9 95.8 70.8 55.4 24.2 1st rank part:
1 +1 =F1 —94.9 —95.8 —70.8 —55.4 —24.27 .
3 0 0 00 134 106 —44 5.0 * Dominant
3= Fl 0-0 52 —65 —27 3.0 * Isotropic Heisenberg type
3 +3 =1 0.0 10.6 —8.4 —3.5 3.9
5} 0 0 0.0 17.0 —16.0 —1.6 4.2
5 1 =F1 0.0 —12.8 8.4 6.8 —6.1
5 £3 =#£1 0.0 —2.5 7.5 —7.6 3.4 _ Higher Order terms:
5 +4 0 0.0 5.7 —0.8 —7.5 5.0
5 +5 F1 0.0 —13.5 11.5 3.2 —4.4 NOt negligible
7 0 0 0.0 0.3 —3.3 4.6 —2.3
7T *1 F1 0.0 —0.2 2.5 —3.5 1.7
7T 3 =1 0.0 0.2 —2.2 3.0 —1.5
7T 44 0 0.0 —0.4 5.1 —7.1 3.5
7T x5 F1 0.0 0.6 —7.2 10.0 —5.0 =

Uz

q Maastricht University 100



Nature of low-lying exchange states

AE.cm
300+ B
[ 12+
200+ S TRtT:
NS -, 10- 10+
Ty 8 - 9+
L 8 ; ;‘ 8+
YAN 6- +
5 &e
100+ ®©
Largest contribution X
comes from the °
ground CF doublet
100+
-200+
E’I- 1+
-1I8 I-1I2 I 6 I 0 I 6 I 1I2I 1I{;“/“B

Excited CF states contribute too
Tba*-Nza‘—Tb3+

Tb*

101
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Mechanism of the relaxation of magnetization

* Rate of quantum tunneling of magnetization: AE.cm
Tb Dy Er Ho 300t
The 4 h _
Rate of QTM | Small Small Large 13+ Ta+
largest S =,
200+ / ‘. "o a1
Magnetic Yes _ o - o+
= 5 .
hysteresis ves ves Weak No = T
/ 6 6+
1004 \ $°
* Barrier for magnetization relaxation at high T, cm™: ol
Tb Dy Ho Er
E, ...(lexp) | 227 123 73 36
-100+
E,..(calc) [ 208 121 105 28
-200 +

102
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Influence of excited CF states on the height of the blocking

barrier

Exchange mixing of the
excited CF levels
excluded

J

* Relaxation goesvia the
excited states

* Two times larger barrier

Large CF

300 LS E,Cm-1

200 T

100

0
-2
-100 + A
ey

-200 +
o L 6510°

1- 1+

| | |

T T T T T T T T T T T T T
-300 18 12 6 0 6 12 18 Wiy

Th3*-N,3-Tb3*

Good SMM

Large exchange

E’m Maastricht University



This prediction was confirmed: higher axiality larger
barrier

104 2-Tb
5 -
- ) I
= 0 - =
c s
- Ugig 1 = 276(1) cm
o T4 = 1.3(1) x 107 s
N Ueff,2 = 564(1 7) Cm-1
"'10- 10’2=2(1)X10'11S
/h T
1 1 | 1 1 -~ ]
0.00 0.04 0.08 0.50 =19 =10 =5 HOT 5 10 15
1/T (K) (T)
% Maastricht University 104
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Magnetization of a Multimolecular Single Crystal of
Radical-Bridged [Dy'"',] Cubane

KD Dy” Dy”
1 0 0
2 95 109
3 150 197
4 216 272
S 264 318
6 322 396
7 466 521
8 586 636
g-tensor of the ground and first excited KDs
1 & 0.00073 0.037
g 0.052 0.095
g 19.2 192
2 g 0.75 0.53
g 123 0.79
g 16.1 15.7

“Two symmetry inequivalent Dy ions.

% Maastricht University J. Phys. Chem. C 2018, 122, 20, 11128-11135



_/ ________ Lo \_\ Hyn = _]1(SDy1'SDy2 + SDyl’SDy3 + SDy2°SDy4
: + Spy3-Spys) — L,(Spy1-Spys + Spya-Spys)

- ]3(§Dy1'§R2 + §Dy4'§R2 + §Dy3'§R1 + §Dy2'§R1)

pair ]dip ]exch ] = ]dip + ]exch
- _ _ _ Table 3. Energy of the Low-Lying Exchange States of 1 and

Dyl-Dy2 2.56 0.096 266 Main g-Factor of the Ground and First Excited Exchange
Dyl1-Dy3 —-0.92 —0.11 —1.03 Doublets
Dyl-Dy4 —2.85 —0.47 -3.32 energy (cm™) ghactor
Dyl—-R2 —-0.30 —15.26 —15.56 0 g =123
Dy3—-Dy4 -2.17 —0.080 -2.25 0.000000
Dy3-RI1 -0.27 —15.24 —15.51 3483231 g = 684

3.483231

7.920883

7.920887

7.920921

7.920926

8.127443

8.127447

8.127494

% Maastricht University 8.127497



Experimental vs. calculated magnetic data

70 25
60
amamsssssocosessoooos 20 o,
o:”'_.:’. —————
,;— 2

15
X
S

10

5

0 0
0 50 100 150 200 250 300 0 1 2 3 4 5 6
T, K HT

% Maastricht University



Single crystal experimental vs. calculated magnetization

-~ —

O] —E,;,,/ kT
Zl,m”Bgz mer 'éa e
M,(H, T) = ).
“ Z e_Erlm/kT
4 I,m
I 1.0
0.5 0.5
S o 0.0
0.280 T/s
-0.5 oosstss b —0.5
_0.00BTIS
. cooita| =10
1 05 0 o5 1 -15 -10 -05 00 05 10 15
HIT HIT
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