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Structure of {Mor;Fes}

e largest magnetic molecule synthesised to date;

e small red balls — oxygen, big red balls — iron,

blue balls — molybdenum;
e 30 iron ions (s = 5/2), four next neighbours each;
e dimension of the Hilbert space (25 + 1) ~ Nu;

e rather small next-neighbour coupling,
J =~ 0.78 K;

e perfect icosidodecahedron;

e displayed viewing along a fivefold symmetry axis.

2

“A. Miiller et al., Archimedean synthesis and magic numbers: “Sizing” giant molybdenum-

oxide-based molecular spheres of the Keplerate type, Angew. Chem. Int. Ed. Engl. 38
(1999), 3238.
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Magnetisation of {Mo7;Fes)}
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How to describe {Mor,Fes}?

e Heisenberg model seems to be appropriate;
e structure suggests isotropic next-neighbour interaction;
e single coupling constant J determined from high temperature susceptibility;

e dimension of the Hilbert space (25 + 1)V ~ 10°!

= model low-temperature behaviour by using rotational band structure
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Heisenberg model

Hamilton operator (AF: J <0, F: J > 0)

H = - M J(u,v) ﬁwwngw?vu_uw ﬁw._.A@vMIAev._.MIA:vM._.AeLW
(u,v)

N
+gus B s%(u)

v = 0 — Ising model; v = 1 — Heisenberg model.
Spin operators

Tizy

$'(0)] =icape 55 0un , sF(w) = 51 (w) i s?(w)

~J

Very often all individual spin quantum numbers are the same, like in the iron rings.
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Typical observables in the canonical

ensemble

Mean energy and specific heat

1

(my = su{ge™} | zou{c) | p=L
1
2

0 = S ({(H) = (B - ()

Magnetisation and magnetic susceptibility

M = gup AW?AMw@lQ@Wv

v = () =t (C() - ws )
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4 Symmetries 1 -

Heisenberg Hamilton operator & Zeeman term

= |M J(u,v) 3(u .m@vipmmM

Rotational symmetry, good quantum number S

ZCf}l

H 0 & [S%2,8% =0
7.8 = 3 5°]
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Symmetries 11

Translational invariance of rings

Cyclic shift operator T

T |my,...,my_1,mn) = |mn,m1,...,mn_1)
27 =0 & 1.5 =0

use appropriate symmetry operator for other spin topologies

Eigenvalues of T, good quantum number %

m\a
NH@%UAI&PW v\aHOLV...VZIH
N

Evaluation of eigenvalues and eigenstates of the Hamilton operator in Hilbert subspaces
H(S, M, k) with good quantum numbers S, M and k.

Uni Osnabriick 9 J. Schnack
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Rotational bands: justification I

Fourier decomposition according to sublattice structure?,
applied to rings of even N

N
B o= 203 3w st =20 3 05, 5,
u=1 pe@ peG

I
(]
2

YV : s(u) 3 HIW v 3wy peG=42" k=0, N—1
u:s(u)=s, Sp 1= — e'P*S(u), p =< —\ k=0,...,N —

u=1

27 (& ’ N Y
porie = 5 (X 30) (S evram) = [g-n-5)
u=1

other Hp small in ground state band; M\T wm sublattice spins.

~Y

“B. Bernu, P. Lecheminant, C. Lhuillier, and L. Pierre, Phys. Rev. B 50, 10048 (1994).

Uni Osnabrick 12 J. Schnack



Rotational bands: justification 11

Bounding and approximating parabolas®
m — M&:\Mt.\m: , Juw = Jup Jup =0,
j13%
consider only cases where j = M Juv,

evaluate eigenvalues of J = (J,. ); dimension N x N.

Jmax

N

.w. - .w.gmb

o S? + jminNs(s+1) < H < 2=

M.w + wgmemAm + Hv

°H.-J. Schmidt, J. Schnack, M. Luban, Bounding and approximating parabolas for the
spectrum of Heisenberg spin systems, submitted to Europhysics Letters, cond-mat/0101228.
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Bounding and approximating parabolas

40 cube, s=1 ] wc..é..
No-l\\nl- 20 -
> = = == = = 1 — I -
N o= m B EE 1 N o _ ]
L [EE @ E = W 12 £ 3 ]
-20 b= W = —= - W m ] ]

: I wES ]

-40 - - -

[ ) 1 1 1 1 1 1 1 L] |MO|_ ] ] ] ] ] _|

0O t+ 2 3 4 H 6 7 8 0 1 2 3 4 ) 6

appropriately shifted bounding parabola approximates ground state band very well;
curvature parameter D uniquely defined by eigenvalues j and jmin;
for symmetric spin arrays result coincides with other “derivations”;

generalization; works also for non-symmetric systems.
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Rotational band Hamiltonian

DJ |. Nsr
H=-27 3 3 -30) ~ —== 18- 52| =ms"
(u<w) =1

Q
I
<

Nsr,
D(N > M S
71=1

—

e Ngy — number of sublattices, S; — sublattice spin;
{MorgFe3q}®:

Nsr, =3, S4,S5,Sc=0,1,...,25,S=0,1,...,75;

e D = 6 determined from “ferromagnetic ground state” or 7 and jmin;

e D(N,s)=6.23, vy = 1.148.

M. Luban, J. Schnack, and R. Modler, Approximate quantum model of the Heisenberg
molecular magnet { Moo Fezg}, Phys. Rev. Lett. (submitted).
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Spectrum and Magnetisation I
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{Mor2Fesp}:

e 1. (lowest) band: Sy = S =S¢ =25,5=0,1,...,75;
e 2. band: S4 = Sp = 25, S¢ = 24 (and permutations), S =0,1,...,74;

e 3. band: S4 = 25, Sgp =S¢ =24 or S4 = S = 25, S¢ = 23 (and permutations),
S=0,1,...,73:

e magnetisation curve at low 7' basically given by 1. band:

black curve — D = 6, red curve — D(N, s), blue curve — data.
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Spectrum and Magnetisation 11
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{MoroFesp }:

e high degeneracy within a band;
e exponentially increasing degeneracy from band to band;
e contributions from M # So(B) average to (( M )) = So(B);

e but due to exponentially increasing degeneracy a limiting temperature exists.
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Limiting temperature

10

6 F 7,/7>0.25

Z,/7<0.25
Z,/7<0.1

i Z,/7<0.01
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contribution Z4 of the fourth band to the
partition function Z = Z1 + Zo + Z3 + Zy;

exponentially increasing degeneracy from
band to band;

partition function cannot be treated iter-
atively band by band above T7,(B);

above T, (B) a vast number of bands con-
tributes.

J. Schnack



Specific heat

Uni Osnabriick
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specific heat of {Mor72aFesq}:

e below T (B) =~ 1.5...2 K rota-
tional Hamiltonian predicts peak

and classical behaviour;

e above 77 (B) an interpolation con-
necting to the correct high tem-

perature limit is used.

J. Schnack



E/kg (K)

Can one detect rotational bands?
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quadratic dependence of E on S in the

ground state band can be confirmed by:

the rather straight line M vs. B below
the saturating field;

low-temperature NMR: level crossings of
the ground state band at equidistant field
steps AB;

a measurement of C = 3kg /2 for
0.25 K < T < 0.75 K;

the 2. band can be confirmed by:

low-temperature ESR and neutron scat-
tering should see the gap to the second
band, AE = 8 K.

J. Schnack



Summary

Summary

e Heisenberg model with isotropic next neighbour interaction describes the spectrum
of {Mor2Fesq} with very good accuracy;
e additional terms seem to be rather small — zero field splitting?;

e rotational band structure is confirmed for a wide variety of spin arrays;

e low-temperature behaviour can be modeled using the first few rotational bands.

Open problems or in progress

e Confirm rotational band structure!
e FExact calculations for the icosidodecahedron of s = 1/27 It may be synthesised!

e Approximations for the intermediate energy levels, spin-resolved density of states.
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