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i - ] ? 4 Single Molecule Magnets

Beauty of Magnetic Molecules
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The beauty of magnetic molecules |

e |Inorganic or organic macro molecules, e.g. poly-
oxometalates, where paramagnetic ions such as
Iron (Fe), Chromium (Cr), Copper (Cu), Nickel
(Ni), Vanadium (V), Manganese (Mn), or rare
earth ions are embedded in a host matrix;

e Pure organic magnetic molecules: magnetic cou-
pling between high spin units (e.g. free radicals);

e Single spin quantum number 1/2 < s < 7/2;

¢ Intermolecular interaction relatively small, there-

fore measurements reflect the thermal behaviour
Mn2 of a single molecule.

Magnetism goes Nano, Ed. Stefan Bllgel, Thomas Brickel, and Claus M. Schneider, FZ Jilich, Institute of Solid State
Research, Lecture Notes 36 Julich 2005
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The beauty of magnetic molecules Il

e Dimers (Fe,), tetrahedra (Cr,), cubes (Crg);
e Rings, especially iron rings (Feg, Fes, Feig, ...);

e Complex structures (Mn;5) — drosophila of
molecular magnetism;

e “Soccer balls”, more precisely icosidodecahedra
(Feso) and other macro molecules;

e Chain like and planar structures of interlinked
magnetic molecules, e.g. triangular Cu chain:

J. Schnack, H. Nojiri, P. Kdgerler, G. J. T. Cooper, L. Cronin, Phys. Reuv.
B 70, 174420 (2004)
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The problem
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You have got a molecule!

Congratulations!
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T ® Problem

You want to build a quantum
computer!
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Very smart!
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You have got an idea about the modeling!

N
H = -2 J;30)-3(G) +  gusB)  s.(i)
1<J 1

Heisenberg Zeeman
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In the end it's always a big matrix!

Fell: N =10,5s =5/2

Dimension=00,466,1 /6. Maybe 10O big?
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Thank God, we have computers

RS,

“Espresso-doped multi-core”

128 cores, 384 GB RAM

... but that’s not enough!
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Contents for you today

‘a 1. Finite-Temperature Lanczos
a) .
L 3 42 4711 2. The magnetocaloric effect
42 0 3.14
4711 3.14 8 3. Deposited molecules
# -17 007 1
1.8 15 08

We are the sledgehammer team of matrix diagonalization.
Please send inquiries to jschnack@uni-bielefeld.de!

Jirgen Schnack, Magnetic molecules 10/42



FTLM

Finite-temperature Lanczos
Method

(Good for dimensions up to 101°.)
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Lanczos — a Krylov space method

e Ildea: exact diagonalization in reduced basis
sets.

e But which set to choose???

e Idea: generate the basis set with the operator
you want to diagonalize:

Lo), H|¢), H*|6), H*|),...}

e But which starting vector to choose???

e Idea: almost any will do!

e Cornelius Lanczos (Lanczos Kornél, 1893-1974)
(1) C. Lanczos, J. Res. Nat. Bur. Stand. 45, 255 (1950).
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Finite-temperature Lanczos Method |

Z(T,B) = Y (v|ep{-8H} |v)

124

(viep{=BH} |v) ~ Y (v|n@))exp{-fe} (n)|v)  (Step2)

n

Ny,

AT S 3 exp {~ead [(n(v) |v)

N
(s
CS
2

r=1 n=1

e |n(v)) n-th Lanczos eigenvector starting from |v)
e Partition function replaced by a small sum: R =1...10, N;, ~ 100.
J. Jaklic and P. Prelovsek, Phys. Rev. B 49, 5065 (1994).
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Finite-temperature Lanczos Method Il

e Problem: for anisotropic Hamiltonians no symmetry left
— accuracy drops (esp. for high T').

e Simple traces such as Tr (gz) — 0 tend to be wrong for R not very big.

O. Hanebaum, J. Schnack, Eur. Phys. J. B 87, 194 (2014)
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Effective magnetic moment of Mn,,-acetate

25 L Mn,,—acetate 4

* Experiment, Sessoli, B=0.1T, polycrystaline powder
* Experiment, Murrie, B=0.1T, powders in eicosane
= Theory, PRB 89, 214422, Heisenberg only, g=2, R=100

m /
1 20 15 — Theory; PRB 70, 104422, Heisenberg only, g=2, R=100
\ ®= Theory, Proc. Saratov 1996, Heisenberg only, g=2, R=100

\lq: = Theory; PRB 66, 054409; Heisenberg only, g=2, R=100 b

(b} )

NS4 e
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We can check DFT parameter predictions for large molecules!
O. Hanebaum, J. Schnack, Phys. Rev. B 92, 064424 (2015)
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Yes, we can!

(Treat spin systems with dimensions up to 10°.)
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The magnetocalor

The magnetocaloric effect
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Magnetocaloric effect — Paramagnets

A A
T T
S1

T e

S,
T, |

- o
B B

e |deal paramagnet: S(T,B) = f(B/T),i.e. S = const = T x B.

e Atlow T pronounced effects of dipolar interaction prevent further effective cooling.
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Magnetocaloric effect — af s = 1/2 dimer

A g

Y =5

e Singlet-triplet level crossing causes a peak of S at 7' ~ 0 as function of B.
e M(T =0,B)and S(T = 0, B) not analytic as function of B.

e M(T =0,B)jumpsat B.; S(T =0,B.)=Fkgln2, otherwise zero.
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Magnetocaloric effect — af s = 1/2 dimer

T-B isentropes

Magnetocaloric effect:
(a) reduced,

(b) the same,

(c) enhanced,

(d) opposite

D %\ _ when compared to an ideal paramagnet.

Case (d) does not occur for a paramagnet.

blue lines: ideal paramagnet, red curves: af dimer
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Gd- — Basics

e Often magnetocaloric observables not directly
measured, but inferred from Maxwell’'s rela-
tions.

e First real cooling experiment with a molecule.

¢ g:_22i<j JijSi-S;+gusB Ziv S7

J1 = —0.090(5) K, Jo = —0.080(5) K
and g = 2.02.

e \ery good agreement down to the lowest tem-
peratures.

J. W. Sharples, D. Collison, E. J. L. McInnes, J. Schnack, E. Palacios, M. Evangelisti, Nat. Commun. 5, 5321 (2014).
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Gd; — experiment & theory
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J. W. Sharples, D. Collison, E. J. L. Mclnnes, J. Schnack, E. Palacios, M. Evangelisti, Nat. Commun. 5, 5321 (2014).
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Gd- — Experimental cooling

00 05 10 15 20 25 3.0
B (T)

J. W. Sharples, D. Collison, E. J. L. Mclnnes, J. Schnack, E. Palacios, M. Evangelisti, Nat. Commun. 5, 5321 (2014).
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NRG

Numerical Renormalization
Group calculations

(Good for deposited molecules.)
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You want to deposite a molecule

Chain

,
5th layer .’
*800 ¢tdPb3D 000"

4th layer ,’
800 CTeLPID 000

. 3rd layer i

“\\ 'coocc%::oocu a3
2nd layer ,* T\ ~60°

soocePrdooos —> [

BBBCCEBREETEEE

15 10 05 00 05 10 16
oH (T)

M. Bernien et al., Phys. Rev. Lett. 102, 047202 (2009); A. Ghirriet al., ACS Nano, 5, 7090-7099 (2011); X. Chen et al.,
Phys. Rev. Lett. 101, 197208 (2008); M. Mannini et al., Nature Materials 8, 194 - 197 (2009).
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Physical example (ICMM 2010)

Chain\ R Cham\ ’

’ ,

5th layer .* 5th layer .

- o0 o0 eigPrd 000 Z sooctdPrd 000

® 4th layer ,* = 4th layer ,*
©0-00-CTLPID 008 ©0-00-CTLHID 008
3rd layer +° 3rd layer

A}
‘i\ ~000 ccgzc) o000° 5
2nd layer ,* \\~60°
>8-0-0 c:c@m eogo —>

1stlayer > O
cBISE> o BSLD o=

%%%3%8%%%@8%%88 —

Stack of deposited Cobalt phthalocyanine (CoPc) molecules;
Co?* with spin s = 1/2.

T 800 CCT 20080
2nd layer ,* & ~60°
>g-00-CePrdooso
T, Do

Under which circumstances is the picture of total screening correct?

X. Chen et al., Phys. Rev. Lett. 101, 197208 (2008).

Jirgen Schnack, Magnetic molecules 27/42



@ @ = o ] ? ® NRG

NRG — minimal model (already an approximation!)

ZE

Helectrons =+ choupling =+ Ijimpurity

Iielectrons — Zz;éj o twdT de + ge,uBBQZ

J Hcoupling = —2J485-80 , 8o —spin density at contact

J ® Himpurity = Hamiltonian of your molecule!

] e NRG = construction of a small (!) effective model in
- order to evaluate properties of the deposited cluster,
the impurity (3).

(1) K. G. Wilson, Rev. Mod. Phys. 47, 773 (1975)
(2) M. Hock, J. Schnack, Phys. Rev. B 87, 184408 (2013)
(3) Impurity is a technical term in this context and not an insult to chemists.
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NRG in a cartoon
\ ] J
] > !
| B .
: 1 t, ‘t2 ‘t3 o
0 1 2 3

Metallic surface is replaced by semi-infinite Hubbard chain;
Parameters of the chain: hopping matrix elements and on-site energies;

Stepwise enlargement of the chain (t1 > to > t3...);
Truncation of basis set when matrices grow too big.
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Once more: deposited chain

Chain

5th layer »*
>8-00 c:c:Q}oq 000G

4th layer ,’
>8 00 CTLPIDI 000

3rd laver ¢
‘1\\\ +000 €243 000¢
2nd layer ,* N\ ~60°
>0-0-0-CC 0080 — >

1st layer DI
@3 oo BLD -

X. Chen et al., Phys. Rev. Lett. 101, 197208 (2008).
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Energy levels of limiting cases for deposited trimer

E) B

S=3/2 5=l

S=1/2 S=0 \
BC B BC B

e energy levels of a trimer e energy levels of a dimer

Magnetization curves different; could be seen in XMCD.
NRG calculates observables also between limiting cases
and can thus tell under which circumstances a limiting case applies.
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Increasing coupling to the substrate
15 F ' ! 'l_L__'__'__'_-'_
T~0 [
W=1 eV I J
o 10 : . '
% | = TJ=1 meV, Jx=0 eV V777, JAi
; j
05 f = = = = = = : -
OO B | 1 | 1 | 1 | 1 | ]
0 2 4 6 8

B/(1073W/(gup))

H.-T. Langwald and J. Schnack, submitted; arXiv:1312.0864.
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o e w o [] 7 ®
Increasing coupling to the substrate
1.5_l ' 1 ':----l-__-'----l----'-__-l_
T~0 !
W=1 eV | J
o 10 :' . !
o> ' = = =1 meV, 1,=0 eV :
3 :
05 F --z-=-=-=-=- | -
OO B | 1 | | | | ]
0 2 4 6 8

B/(1073W/(gup))

H.-T. Langwald and J. Schnack, submitted; arXiv:1312.0864.
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Increasing coupling to the substrate

1.5 |

T 7= meV, Ja=0 eV 777777

M/ (gup)

05 -----rrr-- -l === 3=-1 meV, J,=-0.15 eV

00

R
B/(1073W/(gug)

H.-T. Langwald and J. Schnack, submitted; arXiv:1312.0864.
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Increasing coupling to the substrate

15 | L S

"7 =1 meV, Ja=0 eV 77777

M/ (gup)

06 F ~-------- el 77731 meV, 1,=-0.15 eV -
— J=-1 meV, 1,=-0.2 eV

B/(1073W/(gup))

H.-T. Langwald and J. Schnack, submitted; arXiv:1312.0864.
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Increasing coupling to the substrate
T~0 | oommmmomTTTTTTTTTT
W=1 eV /;f/' y J
1! |
“m 10 | : | -
S D1l me, 3,70 o | =Ll
N 'y
= o5l cemmmmmmdea 77T I=-1 meV, J4=-0.15 eV 4
—J=-1 meV, 1,=-0.2 &V
00} ciod
0 2 4 6 8

B/(1073W/(gup))

H.-T. Langwald and J. Schnack, submitted; arXiv:1312.0864.
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Increasing coupling to the substrate
T~0 A
W=1 eV ’/T 7 J
< 10F f"/ ] :
% .: | T J="1 meV, Jx=0 eV r///JAa
S )
] -,1-" === J=-1 meV, 1,=-0.15 eV -
—J=-1 meV, 1,=-0.2 &V
0.0 — ] T eV, 3y=10 eV
0 2 4 6 8

B/(1073W/(gup))

H.-T. Langwald and J. Schnack, submitted; arXiv:1312.0864.
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Weak vs. strong coupling

“.{ J J
4*"_J
LB

I1.>>1
V. %
e weak coupling limit: e strong coupling limit:
unperturbed molecule (trimer) effective remainder (dimer)
o [Ja| S01W o [Ja|l 2 0.5W

Inbetween: no simple characterization + further sequential screening possible
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Summary

e Magnetic molecules for storage, g-bits, MCE,
and since they are nice.

e Finite-temperature Lanczos is a good approx-
imate method for Hilbert space dimensions
smaller than 101°.

e Isentropes for interacting systems are much
richer than for paramagnets. Good for applica-
tions away from (7T'=0, B = 0).

e NRG delivers local observables, such as mag-
netizlation, which can be compared with XMCD
results.

e Screening can lead to interesting limiting cases:
different behavior than the free molecule.
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Thank you very much for your
attention.

The end.
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Molecular Magnetism Web

www.molmag.de

Highlights. Tutorials. Who is who. Conferences.
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Frustration effects
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Model Hamiltonian

N

H = -2% J;3()-3() +  gusB)Y  s.(i)
1<9 1
Heisenberg Zeeman
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Definition of frustration

e Simple: A spin system is frustrated if in the ground
state of the corresponding classical spin system not
all interactions can be minimized simultaneously.

e Advanced: A non-bipartite antiferromagnet is frus-
trated. A bipartite spin system can be decomposed

|nto two sublattlces A and B such that for all ex-
change coupl mgs

» ~a 2 2

J(xa,yB) < g%, J(xa,ya) > 9°,J(zB,yB) = g7,
cmp. (1,2).

A B A B

(1) E.H. Lieb, T.D. Schultz, and D.C. Mattis, Ann. Phys. (N.Y.) 16, 407 (1961)

B—A—B—A (2) E.H. Lieb and D.C. Mattis, J. Math. Phys. 3, 749 (1962)

A B A B

B A B A
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Fe;;, and friends
Corner sharing triangles and tetrahedra

e Several frustrated antiferromagnets show an unusual magnetization behavior,
e.g. plateaus and jumps.

e Example systems: icosidodecahedron, kagome lattice, pyrochlore lattice.
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Giant magnetization jumps in frustrated antiferromagnets |

Giant magnetization jumps in frustrated antiferromagnets |

the icosidodecahedron

20

E_ /1

I Icosidodecahedron, s=1/2 l

L T=0

1

S
gugB/ NI

e Close look: Enin(S) linear in S for high S instead of being quadratic (1);

e Heisenberg model: property depends only on the structure but not on s (2);

e Alternative formulation: independent localized magnons (3);

(1) J. Schnack, H.-J. Schmidt, J. Richter, J. Schulenburg, Eur. Phys. J. B 24, 475 (2001)

(2) H.-J. Schmidt, J. Phys. A: Math. Gen. 35, 6545 (2002)

(3) J. Schulenburg, A. Honecker, J. Schnack, J. Richter, H.-J. Schmidt, Phys. Rev. Lett. 88, 167207 (2002)

Jirgen Schnack, Magnetic molecules
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Giant magnetization jumps in frustrated antiferromagnets |l

Giant magnetization jumps in frustrated antiferromagnets lll

9 12

Non-interacting one-magnon states can be placed
on various molecules, e. g. 2 on the cuboctahedron
and 3 on the icosidodecahedron (3rd delocalized);

Each state of n independent magnons is the ground
state in the Hilbert subspace with M = Ns — n;

Linear dependence of Eni, on M
= (7' = 0) magnetization jump;

A rare example of analytically known many-body
states!

J. Schnack, H.-J. Schmidt, J. Richter, J. Schulenburg, Eur. Phys. J. B 24,
475 (2001)
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Giant magnetization jumps in frustrated antiferromagnets lll
Kagome Lattice

e Non-interacting one-magnon states can be placed
on various lattices, e. g. kagome or pyrochlore;

O

e,
\V4

/\
(X AKX X
\/ O

_

e Each state of n independent magnons is the ground
state in the Hilbert subspace with M = Ns — n;
Kagome: max. number of indep. magnons is N/9;

e Linear dependence of Enin, on M
= (T = 0) magnetization jump;

e Jump is a macroscopic quantum effect!

e A rare example of analytically known many-body
states!

J. Schulenburg, A. Honecker, J. Schnack, J. Richter, H.-J. Schmidt, Phys. Rev. Lett. 88, 167207 (2002)
J. Richter, J. Schulenburg, A. Honecker, J. Schnack, H.-J. Schmidt, J. Phys.: Condens. Matter 16, S779 (2004)
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Condensed matter physics point of view: Flat band

505 |

) sawtooth chain 0.8 sawtooth chain
+ N=400, s=1/2, 1 magnon space

\/ \/ “J=20 %500-\‘__% e 06 |
r — 04
3495
Ll 0.2t

sawtooth chain 40b, 0 0 0 N Noss ——
0 50 10L(<) 150 200 0 05 1 15 2 25 3 35 4 4t
h

e Flat band of minimal energy in one-magnon space; localized magnons can be
built from delocalized states in the flat band.

e Entropy can be evaluated using hard-object models (1); universal low-
temperature behavior.

e Same behavior for Hubbard model; flat band ferromagnetism (Tasaki & Mielke),
jump of IV with p (2).

(1) H.-J. Schmidt, J. Richter, R. Moessner, J. Phys. A: Math. Gen. 39, 10673 (2006)
(2) A. Honecker, J. Richter, Condens. Matter Phys. 8, 813 (2005)
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