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1 Introduction

In this chapter I would like to present a short introduction into the field of molecular magnetism
and some of the theoretical techniques as well as results. Some parts of the presentation overlap
with earlier presentations in Refs. [1,2].

The synthesis of magnetic molecules shows continuous progress for the past 20 years [3—13].
Each of the identical molecular units can contain as few as two and up to several dozens of
paramagnetic ions (“spins”’). One of the largest paramagnetic molecules synthesized to date, the
polyoxometalate {Mor,Fego} [14] contains 30 iron ions of spin s = 5/2. Although these mate-
rials appear as macroscopic samples, i. €. crystals or powders, the intermolecular magnetic inter-
actions are utterly negligible as compared to the intra-molecular interactions. Therefore, mea-
surements of their magnetic properties reflect mainly ensemble properties of single molecules.
Their magnetic features promise a variety of applications in physics, magneto-chemistry, biol-
ogy, biomedicine and material sciences [3,5,15] as well as in quantum computing [16—-19]. The
most promising progress so far is being made in the field of spin crossover substances using
effects like “Light Induced Excited Spin State Trapping (LIESST)” [20] as well as in the field
of magnetic refrigeration [13,21,22]. New efforts consist in depositing magnetic molecules on
surfaces and investigating their static and transport properties [23-26].

It appears that in many of these molecules — especially those which contain iron-group elements
or gadolinium — the localized single-particle magnetic moments couple in most cases antiferro-
magnetically (and much rarer ferromagnetically), and the spectrum is rather well described by
the Heisenberg model [27] with isotropic nearest neighbor interaction sometimes augmented
by terms which describe various anisotropies [28,29]. Studying such spin arrays focuses on
qualitatively new physics caused by the finite (mesoscopic) size of the system.

The determination of the energy spectra of magnetic molecules is a demanding numerical prob-
lem. The attempt to diagonalize the Hamilton matrix numerically is very often severely re-
stricted due to the huge dimension of the underlying Hilbert space. For a magnetic system
of N spins of spin quantum number s the dimension is (2s + 1) which grows exponentially
with N. Group theoretical methods can help to ease this numerical problem [29-37]. With
such methods one is able to block-diagonalize the Hamiltonian and thus to treat spin systems
of unprecedented size. Thermodynamic observables such as the magnetization are then easily
evaluated. In addition it provides a spectroscopic labeling by irreducible representations that
can be related to selection rules which can be helpful when interpreting transitions induced
by Electron Paramagnetic Resonance (EPR), Nuclear Magnetic Resonance (NMR) or Inelas-
tic Neutron Scattering (INS). Besides numerically exact methods, approximations such as the
Density Matrix Renormalization Group (DMRG) [38—41] and the Finite-Temperature Lanczos-
Method (FTLM) [42-45] are employed for magnetic molecules.
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2 Substances

From the viewpoint of theoretical magnetism it is not so important which chemical structures
magnetic molecules actually have. Nevertheless, it is very interesting to note that they appear
in almost all branches of chemistry. There are inorganic magnetic molecules like polyoxometa-
lates, metal-organic molecules, and purely organic magnetic molecules in which radicals carry
the magnetic moments. It is also fascinating that such molecules can be synthesized in a huge
variety of structures extending from rather asymmetric structures to highly symmetric rings.

Fig. 1: Structure of Mn-12-acetate: On the Lh.s. the Mn ions are depicted by large bullets, on
the r.h.s. the dominant couplings are given.

One of the first magnetic molecules to be synthesized was Mn-12-acetate [46] (Mnjs) —
[Mn;5,015(CH35CO0O):4(H20)4] — which by now serves as the “drosophila” of molecular mag-
netism, see e. g. [3,15,47-49]. As shown in Fig. 1 the molecules contains four Mn(IV) ions
(s = 3/2) and eight Mn(III) ions (s = 2) which are magnetically coupled to give an S = 10
ground state. The molecules possesses a magnetic anisotropy, which determines the observed
relaxation of the magnetization and quantum tunneling at low temperatures [47, 50].

Although the investigation of magnetic molecules in general — and of Mn-12-acetate in partic-
ular — has made great advances over the past two decades, it is still a challenge to deduce the
underlying microscopic Hamiltonian, even if the Hamiltonian is of Heisenberg type. Mn-12-
acetate is known for more than 20 years now and investigated like no other magnetic molecule,

Fig. 2: Structure of a chromium-4 and a chromium-8 ring. The Cr ions are depicted in red.
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but only recently its model parameters could be estimated with satisfying accuracy [51,52].
Another very well investigated class of molecules is given by spin rings among which iron rings
(“ferric wheels”) are most popular [8,41,53—-60]. Iron-6 rings for instance can host alkali ions
such as lithium or sodium which allows to modify the parameters of the spin Hamiltonian within
some range [61,62]. Another realization of rings is possible using chromium ions as paramag-
netic centers [63,64]. Figure 2 shows the structure of two rings, one with four chromium ions
the other one with eight chromium ions.

25nm| -

Fig. 3: Structure of {MorsFes}, a giant Keplerate molecule where 30 iron ions are placed at
the vertices of an icosidodecahedron. a) sketch of the chemical structure, b) magnetic structure
showing the iron ions (spheres), the nearest neighbor interactions (edges) as well as the spin
directions in the classical ground state. The dashed triangle on the left corresponds to the
respective triangle on the right [66].

Another route to molecular magnetism is based on so-called Keplerate structures which allow
the synthesis of truly giant and highly symmetric spin arrays [65]. The molecule {MozsFes}
[14, 66] containing 30 iron ions of spin s = 5/2 may be regarded as the archetype of such
structures. Figure 3 shows on the left the inner skeleton of this molecule — Fe and O-Mo-O
bridges — as well as the classical ground state [67] depicted by arrows on the right [66].

Fig. 4: Structure of a spin tube that consists of stacked Cus units (black spheres) [68-70].
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One of the obvious advantages of magnetic molecules is that the magnetic centers of different
molecules are well separated by the ligands of the molecules. Therefore, the intermolecular
interactions are utterly negligible and magnetic molecules can be considered as being inde-
pendent. Nevertheless, it is also desirable to build up nanostructured materials consisting of
magnetic molecules in a controlled way. Figure 4 gives an example of a linear structure consist-
ing of stacked Cug units [68,69]. These systems show new combinations of physical properties
that stem from both molecular and bulk effects, the latter in the example consisting in Luttinger
liquid behavior [70].

e

[MnIIIGCIJ|!]3+
= [{(talen*®*2)Mn"3}{Cr"(CN)e)]**

Fig. 5: Design principle of MngCr and related molecules: Two Cs—symmetric ligands (shown
on the left) enclose a central unit and thus preserve total C's symmetry [12,71].

Many more structures than those sketched above can be synthesized nowadays and with the in-
creasing success of coordination chemistry more are yet to come. The final hope of course is that
magnetic structures can be designed according to the desired magnetic properties. One major
step along this line is performed by the group of Thorsten Glaser in Bielefeld who synthesizes
Single Molecule Magnets according to a rational design as illustrated in Fig. 5 [12,71]. Another
example is given by the search for new sub-Kelvin refrigerant materials such as gadolinium con-
taining compounds as shown in Fig. 6 [13,72].

Fig. 6: Examples of Gd-containing molecules for magnetic refrigeration [13,72].
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3 Theoretical techniques and results

3.1 Hamiltonian

It appears that in the majority of these molecules the interaction between the localized single-
particle magnetic moments can be rather well described by the Heisenberg model with isotropic
(nearest neighbor) interaction and an additional anisotropy term [29, 30, 61, 73, 74]. Dipolar
interactions are usually of minor importance. It is also found that antiferromagnetic interactions
are favored in most molecules leading to nontrivial ground states.

Heisenberg Hamiltonian

For many magnetic molecules the dominant parts of the total Hamiltonian can be written as

[;[ = [j Heisenberg + [i anisotropy + I;[ Zeeman (1)
];[Heisenberg = - E Jz]fz " Sy (2)
i,J
N
H anisoropy = E [Di€3® €3+ Ei{€1R€71—€2R €2} 3)
=1
EIZeeman = ,uBB ’ E g Si- “4)

i

The Heisenberg Hamilton operator! in the form given in Eq. (2) is isotropic, J;; is a symmet-
ric matrix containing the exchange parameters between spins at sites ¢ and j. The exchange
parameters are usually given in units of energy, and J;; < 0 corresponds to antiferromagnetic,
Jij > 0 to ferromagnetic coupling.” The sum in (2) runs over all possible tuples (¢,5). The
vector operators 3; are the single-particle spin operators.

The single-ion anisotropy terms (3) usually simplify to a large extend in symmetric systems, for
instance for symmetric spin rings, where the site-dependent unit vectors €; 3 often are all equal,
and the strength as well is the same for all sites D; = d and E; ~ 0.

The third part (Zeeman term) in the full Hamiltonian describes the interaction with the external
magnetic field. With an isotropic and identical g-matrix the direction of the field can be assumed
to be along the z-axis which simplifies the Hamiltonian very much.

Although the Hamiltonian looks rather simple, the eigenvalue problem is very often not solvable
due to the huge dimension of the Hilbert space or because the number of exchange constants is
too big to allow an accurate determination from experimental data. Therefore, one falls back
to effective single-spin Hamiltonians for molecules with non-zero ground state spin and a large
enough gap to higher-lying multiplets.

!Operators are denoted by a tilde.
20ne has to be careful with this definition since it varies from author to author
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Single-spin Hamiltonian

For molecules like Mn;, and Feg which possess a high ground state spin and well separated
higher lying levels the following single-spin Hamiltonian

H = DyS?+DySi+H' (5)

~

is appropriate, see €. g. Ref. [49]. The first two terms of the Hamilton operator H represent
the anisotropy whereas [’ is the Zeeman term for a magnetic field along the x-axis. The
total spin is fixed, i. e. S = 10 for Mn;5 and Feg, thus the dimension of the Hilbert space is
dim(H) =25 + 1.

The effective Hamiltonian (5) is sufficient to describe the low-lying spectrum and phenomena
like magnetization tunneling. Since H’ does not commute with the z-component of the total
spin S, every eigenstate | A/ ) of S, i. e. the states with good magnetic quantum number M,
is not stationary but will tunnel through the barrier and after half the period be transformed into
| —M).

3.2 Evaluating the spectrum

The ultimate goal is to evaluate the complete eigenvalue spectrum of the full Hamilton operator
(1) as well as all eigenvectors. Since the total dimension of the Hilbert space is usually very
large, e. g. dim(H) = (2s + 1)¥ for a system of N spins of equal spin quantum number s, a
straightforward diagonalization of the full Hamilton matrix is not feasible. Nevertheless, very
often the Hamilton matrix can be decomposed into a block structure because of spin symme-
tries or space symmetries. Accordingly the Hilbert space can be decomposed into mutually
orthogonal subspaces. Then for a practical evaluation only the size of the largest matrix to be
diagonalized is of importance (relevant dimension).

Product basis

The starting point for any diagonalization is the product basis |7i) = |mq,...,mj,...,my)
of the single-particle eigenstates of all s

S5 ma, . my, o my ) =my [ ma, L my, o my ) (7)

These states are sometimes called Ising states. They span the full Hilbert space and are used to
construct symmetry-related basis states.

Symmetries of the problem

Since the isotropic Heisenberg Hamiltonian includes only a scalar product between spins, this
operator is rotationally invariant in spin space, i. €. it commutes with S and thus also with

[];IHeisenberga 52 =0 , [];IHeisenberga ‘gz] =0. (8)
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In a case where anisotropy is negligible a well-adapted basis is thus given by the simultaneous
eigenstates | S, M, « ) of S % and S, where o enumerates those states belonging to the same S
and M [33,36,37,75]. Since the applied magnetic field can be assumed to point into z-direction
for vanishing anisotropy the Zeeman term automatically also commutes with H yeisenpergs S 2 and
S.. Since M is a good quantum number the Zeeman term does not need to be included in the
diagonalization but can be added later.

Besides spin symmetries many molecules possess spatial symmetries. One example is given by
spin rings which have a translational symmetry. In general the symmetries depend on the point
group of the molecule; for the evaluation of the eigenvalue spectrum its irreducible representa-
tions have to be used [30,33,36,37,61]. Thus, in a case with anisotropy one loses spin rotational
symmetries but one can still use space symmetries. Without anisotropy one even gains a further
reduction of the relevant dimension.

Dimension of the problem

The following section illuminates the relevant dimensions assuming certain symmetries [75]. If
no symmetry is present the total dimension is just

N
dim (%) = [ (2s;+ 1) 9)
7=1

for a spin array of NV spins with various spin quantum numbers. In many cases the spin quantum
numbers are equal resulting in a dimension of the total Hilbert space of dim(H) = (2s + 1)V.
If the Hamiltonian commutes with S, then M is a good quantum number and the Hilbert space
‘H can be divided into mutually orthogonal subspaces H (M)

+Smax N
= P HM), Sw=) s (10)
M=—Smax Jj=1

For given values of M, N and of all s; the dimension dim (7 ()/)) can be determined as the
number of product states (7), which constitute a basis in H(M ), with ) _. m; = M. The solution
of this combinatorial problem can be given in closed form [75]

) 1 d Smax—M N 1— 2s;+1
dim (H(M)) = m [(E > H %] . (11)
= z=0

J=1
For equal single-spin quantum numbers s, and thus a maximum total spin quantum number of

Smax = Ns, (11) simplifies to

dim (H(M)) = f(N,25+1,Sme — M)  with (12)
v/l
B n (N (N—-1+v—np
s = e () (YT

n=0
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In both formulae (11) and (12), M may be replaced by |M| since the dimension of H (M)
equals those of H(—M). |v/p] in the sum symbolizes the greatest integer less or equal to v/ .
Eq. (12) is known as a result of de Moivre [76].

If the Hamiltonian commutes with §2 and all individual spins are identical the dimensions of
the orthogonal eigenspaces H (S, M) can also be determined. The simultaneous eigenspaces
H(S, M) of Sz and §. are spanned by eigenvectors of H. The one-dimensional subspace
H(M = Smax) = H(Smax, Smax ), especially, is spanned by | {2 ), a state called magnon vacuum.
The total ladder operators (spin rising and lowering operators) are

S*=8.+i5,. (13)

For S > M, S~ maps any normalized H-eigenstate € #H (S, M + 1) onto an H-eigenstate
€ H(S, M) with norm /S(S + 1) — M(M + 1).
For 0 < M < Siax, H(M) can be decomposed into orthogonal subspaces

H(M) =H(M,M)® S H(M +1) (14)
with
STH(M +1) @ H(S, M) (15)
S>M+1

In consequence, the diagonalization of H in H has now been traced back to diagonalization in
the subspaces H (.S, S), the dimension of which are for S < Spax

dim (H(S, 5)) = dim (H(M = S)) — dim (H(M = S + 1)) (16)

and can be calculated according to (12).

The use of combined spin, i.e. SU(2), and point group symmetries is rather involved, compare
[36,37,77]. I would therefore like to demonstrate the use of symmetries for the combined use
of the S.-symmetry and the translational symmetry which is a cyclic group.

As a special example I focus on the translational symmetry found in spin rings. The discussed
formalism can as well be applied to other cyclic symmetries. Any such translation is represented
by the cyclic shift operator 7" or a multiple repetition. 7' is defined by its action on the product
basis (7)

T |my,...,my_1,my) = |my,mi,...,my_1). (17)

The eigenvalues of 7" are the N-th roots of unity

2
zk:exp{—i%k}, k=0,...,.N—1, pr = 27k/N | (18)

where k will be called translational (or shift) quantum number and p; momentum quantum
number or crystal momentum. The numbers z;, are called characters of the point group C'y.
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The shift operator 7' commutes not only with the Hamiltonian but also with total spin. Any

H(S, M) can therefore be decomposed into simultaneous eigenspaces H (S, M, k) of 52, S
and 7.

In the following we demonstrate how an eigenbasis of both S and T' can be constructed, this ba-
sis spans the orthogonal Hilbert spaces H (M, k). A special decomposition of  into orthogonal
subspaces can be achieved by starting with the product basis and considering the equivalence
relation

vy =1o) e [v)=T"]¢), ne{l,2,....N} (19)

for any pair of states belonging to the product basis. The equivalence relation then induces
a complete decomposition of the basis into disjoint subsets, i.e. the equivalence classes. A
“cycle” is defined as the linear span of such an equivalence class of basis vectors. The obviously
orthogonal decomposition of H into cycles is compatible with the decomposition of ‘H into the
various H(M). Evidently, the dimension of a cycle can never exceed N. Cycles are called
“proper cycles” if their dimension equals NV, they are termed “epicycles” else. One of the N
primary basis states of a proper cycle may arbitrarily be denoted as

|1 ) = |ma,...,mn) (20)

and the remaining ones may be enumerated as
|1/)n+1>:,7:n|¢1>7n:172a"'7N_1' (21)

The cycle under consideration is likewise spanned by the states

N-1
o) = = > (D) ) (22)

which are eigenstates of 7" with the respective shift quantum number k. Consequently, every
k occurs once in a proper cycle. An epicycle of dimension D is spanned by D eigenstates of
T' with each of the translational quantum numbers & = 0, N/D, ..., (D — 1)N/D occurring
exactly once. As a rule of thumb one can say that the dimension of each H (M, k) is approxi-
mately dim(H (M, k)) ~ dim(H(M))/N. An exact evaluation of the relevant dimensions for
spin rings can be obtained from Ref. [75].

Exact diagonalization

If the relevant dimension is small enough, the respective Hamilton matrices can be diagonalized,
either analytically [75,78,79] or numerically, see e.g. [30,33,80-85].

Again, how such a project is carried out, will be explained with the help of an example, a simple
spin ring with N = 6 and s = 1/2. The total dimension is dim(H) = (2s + 1) = 64. The
Hamilton operator (2) simplifies to

N
[;[Heisenberg = _2JZ gj ’ §j+1 , N+1=1. (23)

Jj=1
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We start with the magnon vacuum |{2) = |+ + + + ++) which spans the Hilbert space
H(M) with M = Ns = 3. “+” are shorthand notations for m = +1/2. The dimension of the
subspace dim(H (M = Ns)) is one and the energy eigenvalue is E, = —2JNs* = —3J. | 2)
is an eigenstate of the shift operator with £ = 0. Since S is also a good quantum number in this
example | {2 ) has to be an eigenstate of 52, too, the quantum number is S = Ns.

The next subspace H (M) with M = Ns — 1 = 2 is spanned by | — + + + ++ ) and the five
other vectors which are obtained by repetitive application of 7T'. This subspace obviously has
the dimension N, and the cycle spanned by 7" | — + + + ++),n = 0,..., N — 1 is a proper
one. Therefore, each & quantum number arises once. The respective eigenstates of 7' can be
constructed according to Eq. (22) as

=

M =2.k) = (%) =+ ++++). (24)

1
VN

Il
=)

1%

All subspaces H(M, k) have dimension one. Since S~ |(2) is a state belonging to H(M =
Ns — 1) with the same k-quantum number as | {2 ) it is clear that | M = 2,k = 0) is a already
an eigenstate of SQ with S = Ns. The other five | M = 2,k # 0) must have S = Ns — 1.
The next subspace H(M) with M = Ns — 2 = 1 is spanned by three basic vectors, i.e.
|——++4++), |-+ —+++),| =+ + — ++) and the repetitive applications of 7" onto
them. The first two result in proper cycles, the third vector | — + + — ++ ) results in an epicy-
cle of dimension three, thus for the epicycle we find only £ quantum numbers k£ = 0,2,4. The
energy eigenvalues found in the subspace H(M = Ns—1) (“above”) must reappear here which
again allows to address an S quantum number to these eigenvalues. The dimension of the sub-
space H(M = 1) is 15, the dimensions of the subspaces H (M, k) are 3 (k = 0), 2 (k = 1), 3
(k=2),2(k=3),3(k=4),and2 (k =5).

The last subspace to be considered belongs to M = 0 and is spanned by | — — — + ++),
|- —4+—++), |-+ ——++), | =+ —+ —+) and repetitive applications of 7. Its di-
mension is 20. Here | — + — + —+ ) leads to an epicycle of dimension two.

The Hamilton matrices in subspaces with M < 0 need not be diagonalized due to the S.-
symmetry, i.e. eigenstates with negative M can be obtained by transforming all individual
m; — —m;. Summing up the dimensions of all H (M) yields 14+6+15+20+154+6+1 = 64 /.
Figure 7 shows the resulting energy spectrum both as a function of total spin S and as a function
of translational quantum number k.

Lanczos method

Complex hermitian matrices can be completely diagonalized numerically on a normal PC up to
a size of about 10,000 by 10,000 which corresponds to about 1.5 Gigabyte of necessary RAM.
Nevertheless, for larger systems one can still use numerical methods to evaluate low-lying en-
ergy levels and the respective eigenstates with high accuracy. Very accurate methods rest on
the construction of a so-called Krylov space. One of these methods to partially diagonalize a
huge matrix was proposed by Cornelius Lanczos in 1950 [86,87]. This method uses a (random)
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Fig. 7: Energy eigenvalues as a function of total spin quantum number S (L.h.s.) and k (r.h.s.).

initial vector. It then generates an orthonormal system in such a way that the representation of
the operator of interest is tridiagonal. Every iteration adds one row and one column to the tridi-
agonal matrix. With growing size of the matrix its eigenvalues converge against the true ones
until, in the case of finite dimensional Hilbert spaces, the eigenvalues reach their true values.
The key point is that the extremal eigenvalues converge rather quickly compared to the other
ones [88]. Thus, after about 100 Lanczos steps the ground state energy is already approximated
to 10 figures although the dimension of the underlying Hilbert space is 10%.

A simple Lanczos algorithm looks like the following. One starts with an arbitrary vector | ),
which has to have an overlap with the (unknown) ground state. The next orthogonal vector is
constructed by application of I and projecting out the original vector |y )

[1) = (1= o) (o) H o) =Hl|wo) — (ol H o) |tho), (25)

which yields the normalized vector

1)
Y1) =~ - (26)
= T
Similarly all further basis vectors are generated
) = (= e ) (| — [r—1 ){(r-1|) H [ Y1) (27)

= H|w) = (r [ H | Ur) [ V) = (Pt [ H [ g ) [ 1hr-1)

and

‘ warl > — | wllﬁ—i-l > .
V Chr [Vrgr)

The new Lanczos vector is by construction orthogonal to the two previous ones. Without proof

(28)

we repeat that it is then also orthogonal to all other previous Lanczos vectors. This constitutes
the tridiagonal form of the resulting Hamilton matrix

The Lanczos matrix I’ can be diagonalized at any step. Usually one iterates the method until a
certain convergence criterion is fulfilled.
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The eigenvectors of H can be approximated using the eigenvectors ¢, of T'

X ) = > bua 1), (30)
1=0

where ;. labels the desired energy eigenvalue, e.g. the ground state energy. n denotes the number
of iterations, and ¢, ; is the i-th component of the n-dimensional eigenvector ¢,, of T'.

The simple Lanczos algorithm has some problems due to limited accuracy. One problem is that
eigenvalues may collapse. Such problems can be solved with more refined formulations of the
method [87].

Density Matrix Renormalization Group Method

The DMRG technique [38] has become one of the standard numerical methods for quantum
lattice calculations in recent years [40]. Its basic idea is the reduction of Hilbert space while
focusing on the accuracy of a target state. For this purpose the system is divided into subunits
— blocks — which are represented by reduced sets of basis states. The dimension m of the
truncated block Hilbert space is a major input parameter of the method and to a large extent
determines its accuracy. For further details please see the lecture of Ulrich Schollwéck.
DMRG is best suited for chain-like structures. Many accurate results have been achieved by
applying DMRG to various (quasi-)one-dimensional systems [84,89,90]. The best results were
found for the limit of infinite chains with open boundary conditions. It is commonly accepted
that DMRG reaches maximum accuracy when it is applied to systems with a small number of
interactions between the blocks, e.g. systems with only nearest-neighbor interaction [91].

It is not a priori clear how good results for finite systems like magnetic molecules are. Such
systems are usually not chain-like, so in order to carry out DMRG calculations a mapping onto
a one-dimensional structure has to be performed [91]. Since the spin array consists of a count-
able number of spins, any arbitrary numbering is already a mapping onto a one-dimensional
structure. However, even if the original system had only nearest-neighbor exchange, the new
one-dimensional system has many long-range interactions depending on the way the spins are
enumerated. Therefore, a numbering which minimizes long range interactions is preferable.

Fig. 8: Two-dimensional and one-dimensional projection of the icosidodecahedron, the site
numbers are those used in [39], the lines represent interactions.
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Fig. 8 shows the graph of interactions for the molecule {Mor;Fesq} which was used in Ref. [39].
For finite systems a block algorithm including sweeps, which is similar to the setup in White’s
original article [38], has turned out to be most efficient.

For illustrative purposes we use a simple Heisenberg Hamiltonian, compare (2). The Hamilto-
nian is invariant under rotations in spin space. Therefore, the total magnetic quantum number
M is a good quantum number and we can perform our calculation in each orthogonal subspace
H(M) separately [41,92].

When DMRG is applied to spin systems that are not one-dimensional, the usual way is to map
the system on a one-dimensional chain with long-range interactions, i.e., to number the spins
of the lattice [93]. However, if not very simple systems such as, e.g., ladders are investigated,
it is not clear, which numbering is best suited. Such a problem also occurs, when DMRG is
applied in the context of quantum chemistry, where models similar to the Hubbard model with
long-range interactions appear and the ordering, i.e., the numbering of the orbitals is relevant.
Since long-range interactions diminish the accuracy of DMRG (cf. Ref. [94]) it is clear that a
good ordering needs to minimize such long-range interactions.

We have tested several numberings for the icosidodecahedron. The resulting coupling matrices
J;j are shown in Fig. 9. The numbering used by Exler and Schnack in an earlier investigation
[39] (see top left of Fig. 9) gives a very regular “interaction pattern” with rather-short-ranged
interactions, but the “periodic boundaries”, i.e., interactions between the first and the last spins,
are clearly not optimal for the DMRG algorithm with two center sites. As proposed in Ref. [95],

1 10 30

= Exler/Schnack ™ 1. # RCMD

20

1 F‘ u o : Sloan " - .-no- or-timizationtE 1
-rr. u | '. o
e g ot gt L

Fig. 9: Depiction of the coupling matrix (J;;) for four different numberings of the vertices of the
icosidodecahedron. Nonzero entries are denoted by the orange squares. Top left: numbering
according to Exler and Schnack (see Ref. [39]); top right: result of the RCMD algorithm;
bottom left: result of the Sloan algorithm; bottom right: unoptimized numbering.
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Fig. 10: DMRG results for different numberings (see Fig. 9) of the spins sitting on the vertices
of the icosidodecahedron. The plot shows the error in the ground state energy as a function
of the number of DMRG sweeps. The numbers above the symbols denote the number of kept
density matrix eigenstates for the sweep [92].

we have used a variant of the reverse Cuthill-McKee algorithm [96,97], the RCMD algorithm,
which aims to number the vertices such that the bandwidth of the matrix is minimized. We have
also used the Sloan algorithm [98] which minimizes the “envelope size”, i.e., the sum of the
“row bandwidths”. (The bandwidth is the maximum of the row bandwidths.) The figure also
shows an unoptimized numbering for comparison.

The results of DMRG calculations (using the ALPS DMRG code [99]) for the different spin
numberings are shown in Fig. 10. We have calculated the ground state energy of the s = 1/2
icosidodecahedron with an increasing number of kept density matrix eigenstates (m) so that
the convergence can be investigated and a comparison with the exact ground state energy (see
Ref. [100]) is possible. One can see that the different optimized numberings (Exler/Schnack,
RCMD, and Sloan) give almost identical results whereas the unoptimized numbering gives
much worse results. These results show that a “good” numbering of the spins is absolutely
essential if the DMRG method is applied to a spin system with a complicated structure. For the
following results we have always used the numbering as proposed by Exler and Schnack.

As a next step we have calculated the lowest energies in the M subspaces for the icosidodec-
ahedron with s > 1/2 using DMRG. The results for the s = 1/2 system already showed that
DMRG is able to produce very accurate results for this system with relative errors smaller than
1073 [39,92].

Figure 11 shows the lowest energy eigenvalues in the subspaces of total magnetic quantum
number M for the icosidodecahedron with s = 1 and s = 3/2 as obtained by DMRG and — for
the large-M subspaces (M > 18 for s = 1 and M > 33 for s = 3/2) — Lanczos calculations.
We have used up to m = 2500 density matrix eigenstates for the s = 1 case and up to m = 2000
for the s = 3/2 case. The largest truncated weight within a sweep is of the order of 7 - 10~*
for the M = 0 subspace of the s = 1 icosidodecahedron and of the order of 4 - 10~ for the
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Fig. 11: Lowest energy eigenvalues in the subspaces of total magnetic quantum number M
as obtained by DMRG calculations [92]. The eigenvalues for the smallest subspaces, i.e., for
large M, were calculated using the Lanczos algorithm. For the DMRG calculations, the ALPS
DMRG code was employed [99]. For the s = 1 system we have kept m = 2500 density matrix
eigenstates in all DMRG calculations. For the s = 3/2 system we have kept m = 2000 states
for the subspaces up to M = 4, m = 1500 states for the subspaces 5 < M < 23, and 1000
states for the subspaces M > 23.

s = 3/2 case. That the truncated weight for the s = 1 icosidodecahedron is larger than for
s = 3/2 although more states have been used for s = 1 indicates that it cannot be reliably used
for a quantitative estimate of the error. The reason for this behavior might be that the results are
not yet fully converged for the value of m that we have used, although we have carried out up
to 60 sweeps for the calculations.

The rotational band model, compare next section, predicts a behavior of the form E,;,(M) =
aM(M + 1) + b, i.e., a parabolic dependence [101]. The insets of Fig. 11 show that this is
an overall good approximation for the energy eigenvalues of the full Heisenberg model. The
simple rotational band approximation predicts a proportionality constant of @ = 0.1. The linear
fits as shown in the insets give the results a = 0.111 for s = 1 and a = 0.108 for s = 3/2, very
close to the simple rotational band approximation. However, if one uses these (DMRG) data to
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Fig. 12: Zero-temperature magnetization curves of the icosidodecahedron as obtained by
DMRG calculations (cf. Fig. 11). The data for s = 1/2 is taken from Ref. [100], the clas-
sical result from [67]. The data is normalized to the saturation field and magnetization. L.h.s.:
s =1/2,1,3/2 and classical result. R.h.s.: s = 3/2,2,5/2 and classical result [92].
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Fig. 13: Ground state energy of the s = 5/2 icosidodecahedron as a function of the DMRG
sweep. The numbers show the retained density matrix eigenstates for the current sweep [92].

calculate the zero-temperature magnetization curve, it becomes clear that there are some crucial
deviations from the ideal parabolic dependence. If there was an ideal parabolic dependence, the
resulting magnetization curve would consist of steps with constant widths. Fig. 12 shows the
resulting zero-temperature magnetization curves as calculated using the DMRG data.

One can see, that the magnetization curves do not consist of steps with constant widths. There
are some anomalies as expected for frustrated systems. The plateaus at M/ Mg, = 1/3 are
clearly visible. The magnetization jumps due to the independent magnons [102] are also visible.
Since the jump has a height of AM = 3, it is clear that this effect vanishes for s — oo in the
plot because the magnetization is normalized by the saturation magnetization Mg,; = 30gupS.
For s — o0, the classical result, i.e., a strictly linear magnetization curve [67], will be reached.
On the contrary, the plateau seems to be very stable when increasing s. A similar behavior has
already been found for the cuboctahedron, compare Ref. [100]. For the cases s = 2 and s = 5/2
we have calculated the lowest energy eigenvalues only in some M subspaces, including those
subspaces that are relevant for the calculation of the plateau width. We have kept m = 2000
density matrix eigenstates for these calculations. The plateau is clearly visible.

In the following we focus on the s = 5/2 case and the comparison to previous results on this
system. Fig. 13 shows the ground state energy as a function of the DMRG sweep and as a
function of the kept density matrix eigenstates. One can see that even for 2000 kept states and
more than 30 sweeps the result is not yet converged. A much larger number of states is needed
to get convergence. Also, an extrapolation to m — oo is not reliably possible because for that
many more sweeps would have to be performed.

For m = 2000 we obtain the value EPMRS ~ —216.5.J. This value can be compared with
previous results. The DMRG result of Exler and Schnack for the ground state energy (with m =
120) is approximately —211.1 J [39], a value that is much higher and thus much more imprecise
than our result. The very recent result of Neuscamman and Chan using correlator product states
in combination with variational Monte Carlo is —216.3 J [103]. This demonstrates that modern
DMRG is able to accurately estimate relative ground state energies, at least much more accurate
than determined by other methods.
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3.3 Evaluation of thermodynamic observables

Exact evaluation

For the sake of completeness we want to outline how basic observables can be evaluated both
as function of temperature 7' and magnetic field B. We will assume that [Ij , 52} = 0 for
this part, so that the energy eigenvectors | v ) can be chosen as simultaneous eigenvectors of
S with eigenvalues E,(B) and M,. The dependence of £, (5) on B is simply given by the
Zeeman term. If H and S. do not commute the respective traces for the partition function and
thermodynamic means have to be evaluated starting from their general definitions.

The partition function is defined as

Z(T,B) = { } Ze—ﬁEv . 31)

Then the magnetization and the susceptibility per molecule can be evaluated from the first and
the second moment of .S,

1 - guB _
T.B)= ——T PEL _ M, e PEv(B) 2

In a similar way the internal energy and the specific heat are evaluated from first and second

moment of the Hamiltonian

U(T,B) = —%Tr {[ge‘ﬁ’i} =— Z B, (B) e PE+(B) (34)
OU(T, B
cap = 0D (35)

1 1 —BE,(B —EV i
- e {r S Emr e (L5 nmeno)

Approximate evaluation by means of the Finite-Temperature Lanczosmethod

For the evaluation of thermodynamic properties in the canonical ensemble the exact partition
function Z depending on temperature 7" and magnetic field B is given by

Z(T,B) = Y (vle™|v). (36)

v

Here { | v )} denotes an arbitrary orthonormal basis of the respective Hilbert space. Following
the ideas of Refs. [42,43] the unknown matrix elements are approximated as

Np

(™) ~ 3 (v]n@))e ™ (nw)|v). (37)

n=1
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For the evaluation of the right hand side of Eq. (37) |v) is taken as the initial vector of a
Lanczos iteration. This iteration consists of N, Lanczos steps, which span a respective Krylov
space. As common for the Lanczos method the Hamiltonian is diagonalized in this Krylov
space. This yields the N, Lanczos eigenvectors |n(v)) as well as the associated Lanczos
energy eigenvalues W), They are enumerated by n = 1,..., N. The notation n(v) is chosen
to remind one that the Lanczos eigenvectors |n(v)) belong to the Krylov space derived from
the original state |v ).

The number of Lanczos steps Ny, is a parameter of the approximation that needs to be large
enough to reach the extremal energy eigenvalues but should not be too large in order not to run
into problems of numerical accuracy. Ny ~ 100 is a typical and good value.

In addition, the complete and thus very large sum over all v = 1,...,dim(#) states |v) is
replaced by a summation over a subset of R random vectors. These vectors are truly random,
they do not need to belong to any special basis set. Altogether this yields for the partition
function

R Np
Z(T,B) =~ dlmﬁ()% 3NN e V)| w2 (38)

v=1 n=1

Although this already sketches the general idea, it will always improve the accuracy if symme-
tries are taken into account as in the following formulation

2(1,B) ~ Yy Sl dlm iz =8 Cn(w, T v, TY]? (39)

r v=1 n=1

Here I labels the irreducible representations of the employed symmetry group. The full Hilbert
space is decomposed into mutually orthogonal subspaces H ().
An observable would then be calculated as

O(T,B)QZ(;’B);dim ) S S et (1) |00, PY (0, T |, T))

v=1 n=1
(40)
It was noted in Ref. [104] that this approximation of the observable O(7’, B) may contain large

statistical fluctuations at low temperatures due to the randomness of the set of states { | v, ") }.
It was shown that this can largely be cured by assuming a symmetrized version of Eq. (40). For
our investigations this is irrelevant.

Our very positive experience is that even for large problems the number of random starting
vectors as well as the number of Lanczos steps can be chosen rather small, e.g. R ~ 20, N ~
100 [44,45,72]. Figure 14 displays the zero-field differential susceptibility of the cuboctahedron
with s = 3/2 as an example. One notices that the approximate result, that anyway deviates
from the exact one only for 0.5 < kgT'/|J| < 3, quickly approaches the exact curve with
increasing number R of initial states. Already for R = 20 the approximation is practically
indistinguishable from the exact one; an increase to R = 100 does not further improve this
observable [44].
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It is foreseeable that the method does not work optimally in very small subspaces or subspaces
with large degeneracies of energy levels especially if the symmetry is not broken up into ir-
reducible representations /'. The underlying reason is given by the properties of the Lanczos
method itself that fails to dissolve such degeneracies. The other case of small subspaces can be
solved by including their energy eigenvalues and eigenstates exactly.

Another technical issue is given by the fact that the chosen random vectors |v, ") should
be mutually orthogonal. Although one could orthonormalize the respective vectors, this is for
practical purposes not really necessary. The reason is, that two vectors with random components
are practically always orthogonal, because their scalar product is a sum over fluctuating terms
that nearly vanishes especially in very large Hilbert spaces.

Since Lanczos iterations consist of matrix vector multiplications they can be parallelized by
openMP directives. In our programs this is further accelerated by an analytical state coding
and an evaluation of matrix elements of the Heisenberg Hamiltonian “on the fly” [105].

4 General properties of spectra

In the following I discuss some properties of the spectra of magnetic molecules with isotropic
and antiferromagnetic interaction.

Non-bipartite spin rings

With the advent of magnetic molecules it appears to be possible to synthesize spin rings with
an odd number of spins [106]. Although related to infinite spin rings and chains such systems
have not been considered mainly since it does not really matter whether an infinite ring has an
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odd or an even number of spins. In addition the sign rule of Marshall and Peierls [107] and
the famous theorems of Lieb, Schultz, and Mattis [108, 109] provided valuable tools for the
understanding of even rings which have the property to be bipartite and are thus non-frustrated.
These theorems explain the degeneracy of the ground states in subspaces H (M) as well as their
shift quantum number k& or equivalently crystal momentum quantum number py = 27k /N.
Nowadays exact diagonalization methods allow to evaluate eigenvalues and eigenvectors of H
for small even and odd spin rings of various numbers NV of spin sites and spin quantum numbers
s where the interaction is given by antiferromagnetic nearest neighbor exchange [80-82, 110—
112]. Although Marshall-Peierls sign rule and the theorems of Lieb, Schultz, and Mattis do
not apply to non-bipartite rings, i.e. frustrated rings with odd N, it turns out that such rings
nevertheless show astonishing regularities. Unifying the picture for even and odd N, we find
for the ground state without exception [111-113]:

1. The ground state belongs to the subspace H.(.S) with the smallest possible total spin quan-
tum number S; this is either S = 0 for V- s integer, then the total magnetic quantum
number M is also zero, or S = 1/2 for N-s half integer, then M = £1/2.

2. If N-sis integer, then the ground state is non-degenerate.

3. If N-sis half integer, then the ground state is fourfold degenerate.

4. If s is integer or N -s even, then the shift quantum number is k£ = 0.

5. If s is half integer and N - s odd, then the shift quantum number turns out to be k = N/2.

6. If N-s is half integer, then K = [(N + 1)/4| and k = N — [(N + 1)/4] is found.
|(N 4 1)/4] symbolizes the greatest integer less or equal to (N + 1) /4.

In the case of s = 1/2 one knows the k-quantum numbers for all N via the Bethe ansatz
[82,110], and for spin s = 1 and even N the k£ quantum numbers are consistent with Ref. [81].
It appears that for the properties of the first excited state such rules do not hold in general,
but only for “high enough” N > 5 [112]. Then, as can be anticipated from table 1, we can
conjecture that

e if V is even, then the first excited state has S = 1 and is threefold degenerate, and

e if NV is odd and the single particle spin is half-integer, then the first excited state has
S = 3/2 and is eightfold degenerate, whereas

e if N is odd and the single particle spin is integer, then the first excited state has S = 1
and is sixfold degenerate.

Considering relative ground states in subspaces (M) one also finds — for even as well as for
odd N — that the shift quantum numbers & show a strikingly simple regularity for N # 3

k=+(Ns— M) [g—‘ mod N , 41)
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S N
2 | 3| 4 5| 6 | 7| 8 | 9| 10
1.5 05| 1] 0747 0934] 0816 0913 ] 0.844 | 0903 | Ey/(NJ)
i 1 41 1 4 1 Z 1 Z 1 | deg
0 121 0 12 0 172 0 12 0|9
1 L2| 0 1,4 3 2,5 0 2,7 51k
4.0 3020 2236 1.369 | 2.098 | 1.045| 1.722 | 0.846 | AE/|J]
1 3 41 3 2 3 8 3 8 3 | deg
1 32| 1 12 1 3/2 1 3/2 1S
0 0| 2 0 0 1,6 4 3,6 0|k
4 2 3] 2612 2872 2.735] 2.834| 2773 | 2819 | Ey/(NJ)
1 1 1] 1 1 1 1 1 1 1 | deg
0 0| 0 0 0 0 0 0 0|9
0 0| 0 0 0 0 0 0 0|k
4.0 2020 1.929| 1.441[ 1714 1.187| 1.540 | 1.050 | AE/|J]|
1 3 9| 3 6 3 6 3 6 3 | deg
1 1] 1 1 1 1 1 1 1S
110,1,2| 2 2,3 3 3,4 4 4,5 51k
7.5 5| 6] 4973 | 5798 | 5338 | 5732 | 5.477| 5.704 | Ey/(NJ)
3 1 41 1 4 1 4 1 4 1 | deg
0 121 0 12 0 12 0 12 0S5
1 L2| 0 1,4 3 2,5 0 2,7 51k
4.0 30[20] 2629 1.411] 2171 1.117 | 1.838 | 0.938 | AE/]J|
3 3 16| 3 8 3 8 3 8 3 | deg
1 32| 1 32 1 3/2 1 3/2 1S
0/0,1,2| 2 2,3 0 1,6 4 3,6 0|k
12 6| 10| 8456 | 9.722 | 9.045| 9.630 | 9.263 | 9.590 | Eo/(NJ)
2 1 1] 1 1 1 1 1 1 1 | deg
0 0| 0 0 0 0 0 0 0|9
0 0| 0 0 0 0 0 0 0|k
4.0 2020 1.922 1394 ] 1.652| 1.091 | 1.431| 0.906 | AE/|J]
2 3 9| 3 6 3 6 3 6 3 | deg
1 1] 1 1 1 1 1 1 1S
110,1,2| 2 2,3 3 3,4 4 4,5 51k
17.5 5| 15[ 12434 | 14.645 | 13.451 | 14.528 | 13.848 | 14.475 | Eo/(NJ)
2 1 41 1 4 1 4 1 4 1 | deg
0 121 0 12 0 172 0 12 0S5
1 L2| 0 1,4 3 2,5 0 2,7 51k

Table 1: Properties of ground and first excited state of AF Heisenberg rings for various N and
s: ground state energy Ey, gap AF, degeneracy deg, total spin S and shift quantum number k.

where [N/2] denotes the smallest integer greater than or equal to N/2 [113]. For N = 3
and 3s — 2 > |M| > 1 one finds besides the ordinary k-quantum numbers given by (41)
extraordinary k-quantum numbers, which supplement the ordinary ones to the complete set

{k} = {0,1,2}.
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For even N the k values form an alternating sequence 0, N/2,0, N/2, ... on descending from
the magnon vacuum with M = Ns as known from the sign-rule of Marshall and Peierls [107].
For odd N it happens that the ordinary k-numbers are repeated on descending from M < Ns—1
to M — 1iff N divides [2(Ns — M) + 1].

Using the k-rule one can as well derive a rule for the relative ground state energies and for the
respective S quantum numbers:

e For the relative ground state energies one finds that if the k-number is different in adjacent
subspaces, Fuin(S) < Enin(S + 1) holds. If the k-number is the same, the energies could
as well be the same.

e Therefore, if N (even or odd) does not divide (2(Ns — M) + 1)[ N/2], then any relative
ground state in H (M) has the total spin quantum number S = |M|.

e This is always true for the absolute ground state which therefore has S = 0 for Ns integer
and S = 1/2 for Ns half integer.

The k-rule (41) is founded in a mathematically rigorous way for N even [107-109], N = 3,
M = Ns, M = Ns —1,and M = Ns — 2 [113]. An asymptotic proof for large enough
N can be provided for systems with an asymptotically finite excitation gap, i.e. systems with
integer spin s for which the Haldane conjecture applies [114, 115]. In all other cases numerical
evidence was collected and the k-rule as a conjecture still remains a challenge [113].

Rotational bands

For many spin systems with constant isotropic antiferromagnetic nearest neighbor Heisenberg
exchange the minimal energies FE,,;,(S) form a rotational band, i.e. depend approximately
quadratically on the total spin quantum number S [101,116,117]

Eoin(S) ~ E, — J% S(S+1). (42)

The occurrence of a rotational band has been noted on several occasions for an even number of
spins defining a ring structure, see, e.g., Ref. [117]. The minimal energies have been described
as “following the Landé interval rule” [54-56,58]. However, one finds that the same property
also occurs for rings with an odd number of spins as well as for the various polytope config-
urations we have investigated, in particular for quantum spins positioned on the vertices of a
tetrahedron, cube, octahedron, icosahedron, triangular prism, and an axially truncated icosa-
hedron. Rotational modes have also been found in the context of finite square and triangular
lattices of spin-1/2 Heisenberg antiferromagnets [118, 119].

There are several systems, like spin dimers, trimers, squares, tetrahedra, and octahedra which
possess a strict rotational band since their Hamiltonian can be simplified by quadrature. As an
example the Heisenberg square, i.e., a ring with N = 4 is presented. Because the Hamilton
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Fig. 15: Energy spectra of antiferromagnetically coupled Heisenberg spin rings (horizontal
dashes). The crosses connected by the dashed line represent the fit to the rotational band ac-
cording to (46), which matches both the lowest and the highest energies exactly. On the left the
dashed line reproduces the exact rotational band, whereas on the right it only approximates it,
but to high accuracy. The solid line on the right corresponds to the approximation Eq. (47).

operator (23) can be rewritten as

H = —J (52—5%3 534), (43)
Sis = 5(1)+3503) (44)
Sos = 3(2)+54), (45)

with all spin operators g 2, S%S and SZ 4 commuting with each other and with H, one can directly
obtain the complete set of eigenenergies, and these are characterized by the quantum numbers
S, S13 and Soy. In particular, the lowest energy for a given total spin quantum number .S occurs
for the choice S35 = So4 = 2s

Ein(S) = —J [S(S+1)—2-25(2s +1)] = By — JS(S+1), (46)

where Ey = 4s(2s + 1).J is the exact ground state energy. The various energies E,,;,(S) form
a rigorous parabolic rotational band of excitation energies. Therefore, these energies coincide
with a parabolic fit (crosses connected by the dashed line on the left of Fig. 15) passing through
the antiferromagnetic ground state energy and the highest energy level, i.e., the ground state
energy of the corresponding ferromagnetically coupled system.

It turns out that an accurate formula for the coefficient D(V, s) of (46) can be developed using
the sublattice structure of the spin array [116]. As an example we repeat the basic ideas for
Heisenberg rings with an even number of spin sites [58]. Such rings are bipartite and can be
decomposed into two sublattices, labeled A and B, with every second spin belonging to the
same sublattice. The classical ground state (Néel state) is given by an alternating sequence
of opposite spin directions. On each sublattice the spins are mutually parallel. Therefore, a
quantum trial state, where the individual spins on each sublattice are coupled to their maximum
values, S4 = Sp = Ns/2, could be expected to provide a reasonable approximation to the true
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Fig. 16: The low-lying levels of a spin ring, N = 6 and s = 5/2 in this example, can be grouped
into the lowest (Landé) band, the first excited (Excitation) band and the quasi-continuum (QC).
For the spin levels of the L- and E-band k is given in brackets followed by the energy. Arrows in-
dicate strong transitions from the L-band. Associated numbers give the total oscillator strength
fo for these transitions [117].

ground state, especially if s assumes large values. For rings with even /N the approximation to
the respective minimal energies for each value of the total spin S = g A+ S p 1s then [58]

4] Ns (Ns
EPPOY(S) = —— H)—2—(—+1)| . 47
() =5 sis -2 (1)) @)
This approximation exactly reproduces the energy of the highest energy eigenvalue, i.e., the
ground state energy of the corresponding ferromagnetically coupled system (S = Ns). For all

smaller S the approximate minimal energy E.ob <™

(S) is bounded from below by the true one
(Rayleigh-Ritz variational principle). The solid curve displays this behavior for the example of
N = 6, s = 3/2 on the right of Fig. 15. The coefficient “4” in Eq. (47) is the classical value,
i.e. for each fixed even N the coefficient D(N, s) approaches 4 with increasing s [116, 120].
The approximate spectrum, (47), is similar to that of two spins, g 4 and S B, €ach of spin quan-
tum number Ns/2, that are coupled by an effective interaction of strength 4.J/N. Therefore,
one can equally well say that the approximate rotational band considered in (47) is associated
with an effective Hamilton operator

o — ‘i\}f o3 -3, 48)
where the two sublattice spins, S A, 5 B, assume their maximal value S4 = Sp = Ns/2. Hamil-
tonian (48) is also known as Hamiltonian of the Lieb-Mattis model which describes a system
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Fig. 17: Structure of the icosidodecahedron (left) and the cuboctahedron (right).

where each spin of one sublattice interacts with every spin of the other sublattice with equal
strength [109, 121].

It is worth noting that this Hamiltonian reproduces more than the lowest levels in each subspace
H(S). At least for bipartite systems also a second band is accurately reproduced as well as
the gap to the quasi-continuum above, compare Fig. 16. This property is very useful since the
approximate Hamiltonian allows the computation of several observables without diagonalizing
the full Hamiltonian.

Magnetization jumps

Although the spectra of many magnetic molecules possess an approximate rotational band of
minimal energies F,,;,(S) and although in the classical limit, where the single-spin quantum
number s goes to infinity, the function FE,,;,,(S) is even an exact parabola if the system has co-
planar ground states [122], one finds that for certain coupling topologies, including the cuboc-
tahedron and the icosidodecahedron (see Fig. 17), that this rule is violated, e.g. for high total
spins [102,123,124]. More precisely, for the icosidodecahedron the last four points of the graph
of E,,;, versus S, i. e. the points with S = 5,4, t0 S = S,.. — 3, lie on a straight line

Epnin(S) = 60Js* —6Js(30s — S) . (49)

An analogous statement holds for the last three points of the corresponding graph for the cuboc-
tahedron. These findings are based on numerical calculations of the minimal energies for sev-
eral s both for the icosidodecahedron as well as for the cuboctahedron. For both these and other
systems a rigorous proof of the high spin anomaly can be given [102, 125].

The idea of the proof can be summarized as follows: A necessary condition for the anomaly is
certainly that the minimal energy in the one-magnon space is degenerate. Therefore, localized
one-magnon states can be constructed which are also of minimal energy. When placing a second
localized magnon on the spin array, there will be a chance that it does not interact with the
first one if a large enough separation can be achieved. This new two-magnon state is likely
the state of minimal energy in the two-magnon Hilbert space because for antiferromagnetic
interaction two-magnon bound states do not exist. This procedure can be continued until no
further independent magnon can be placed on the spin array. In a sense the system behaves
as if it consists of non-interacting bosons which, up to a limiting number, can condense into
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Fig. 18: Icosidodecahedron: Left: minimal energy levels E,,;,(S) as a function of total spin S.
Right: magnetization curve at’T' = 0 [102].

a single-particle ground state. In more mathematical terms: To prove the high-spin anomaly
one first shows an inequality which says that all points (S, £,,;,(S)) lie above or on the line
connecting the last two points. For specific systems as those mentioned above what remains to
be done is to construct particular states that exactly assume the values of F,,;, corresponding
to the points on the bounding line, then these states are automatically of minimal energy.

The observed anomaly (linear instead of parabolic dependence) results in a corresponding jump
of the magnetization curve M vs. B, see Fig. 18. In contrast, for systems which obey the
Landé¢ interval rule the magnetization curve at very low temperatures is a staircase with equal
steps up to the highest magnetization. The anomaly could indeed be observed in magnetization
measurements of the Keplerate {MoroFes,}. Unfortunately, the magnetization measurements
[66,101] performed so far suffer from too high temperatures which smear out the anomaly.
Nevertheless, it may be possible to observe truly giant magnetization jumps in certain two-
dimensional spin systems which possess a suitable coupling (e.g. Kagomé) [123, 126]. In such
systems the magnetization jump can be of the same order as the number of spins, i.e. the jump
remains finite — or in other words is macroscopic — in the thermodynamic limit N — oo. Thus,
this effect is a true macroscopic quantum effect. It is also related to so-called flat bands of
energy eigenvalues [124,127-131].

S Magnetocalorics

The use of magnetic molecules for sub-Kelvin cooling is one of the later ideas in the field of
molecular magnetism. The mean (internal) energy, the magnetization and the magnetic field are
thermodynamic observables just as pressure and volume. Therefore, we can design thermody-
namic processes which work with magnetic materials as a medium. This has of course already
been done for a long time. The most prominent application is magnetization cooling which is
mainly used to reach sub-Kelvin temperatures [132]. The first observation of sub-Kelvin tem-
peratures is a nice example of how short an article can be to win the Nobel prize (Giauque,
Chemistry, 1949). Nowadays magnetization cooling is used in ordinary refrigerators.
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768 LETTERS

TO THE EDITOR

Attainment of Temperatures Below 1° Absolute by Demagnetization of Gd,(80,);-8H:0

We have recently carried out some preliminary experi-
ments on the adiabatic demagnetization of Gda(S04)s
-8H:0 at the temperatures of liquid helium. As previously
predicted by one of us, a large fractional lowering of the
absolute temperature was obtained.

An iron-free solenoid producing a field of about 8000
gauss was used for all the measurements, The amount of
Gda(SO.);-8H40 was 61 g. The observations were checked
by many repetitions of the cooling. The temperatures were
measured by means of the inductance of a coil surrounding
the gadolinium sulfate. The coil was immersed in liquid
helium and isolated from the gadolinium by means of an
evacuated space. The thermometer was in excellent
agreement with the temperature of liquid helium as

On March 19, starting at a temperature of about 3.4°K,
the material cooled to 0.53°K. On April 8, starting at
about 2° a temperature of 0.34°K was reached. On
April 9, starting at about 1.5°, a temperature of 0.25°K
was attained.

It is apparent that it will be possible to obtain much
lower temperatures, especially when successive demagneti-
zations are utilized.

W. F. Giavoue
D. P, MacDoucaLL
Department of Chemistry,
University of California,
Berkeley, California,
April 12, 1933,

indicated by its vapor pressure down to 1.5°IK,

Fig. 19: The first observation of sub-Kelvin temperatures [132] is a nice example of how short
an article can be to win the Nobel prize (Giauque, Chemistry, 1949).

In early magnetocaloric experiments simple refrigerants like paramagnetic salts have been used.
We will therefore consider such examples first. For a paramagnet the Hamiltonian consists of
the Zeeman term only. We then obtain for the partition function

(sinh[ﬁgﬂBB(s + 1/2)]>N
sinh[BgppB /2] '

Z(T, B, N) (50)

Then the magnetization is
M(T,B,N) = Nojus (s +1/2)coth[Bgyus B(s + 1/2)] — 1/2sinh[BgusB/2]) , (51

and the entropy reads

sinh[BgupB(s +1/2)]

S(T,B,N) = Nkgpl — kgBBM(T,B,N) . 52
Besides their statistical definition both quantities follow from the general thermodynamic rela-
tionship

OF oF
dff = (== ) dT — ) dB=-5dT — MdB, 53
(57),7+ (55), Y

where F/(T, B, N) = —kgT In[Z(T, B, N)].

Looking at Eq. (50) it is obvious that all thermodynamic observables for a paramagnet depend
on temperature and field via the combination B/T, and so does the entropy. Therefore, an
adiabatic demagnetization (S = const) means that the ratio B/T has to remain constant, and
thus temperature shrinks linearly with field, i.e.

8T)mm T
— = —. (54)
(aB 5 B
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Fig. 20: Left: Sketch of an antiferromagnetically coupled spin dimer. Right: Dependence of
the energy levels on magnetic field for an antiferromagnetically coupled spin-1/2 dimer. At the
critical field B, the lowest triplet level crosses the ground state level with S = 0.

This situation changes completely for an interacting spin system. Depending on the interactions
the adiabatic cooling rate g—g can be smaller or bigger than the paramagnetic one (54) and even
change sign, i.e. one would observe heating during demagnetization. It is nowadays understood
that the cooling rate acquires extreme values close to phase transitions due to the excess entropy
associated with such processes [133—-136].

In the following this statement will be made clear by discussing the example of a simple an-
tiferromagnetically coupled spin-1/2 dimer, shown on the left of Fig. 20. In a magnetic field
such a system experiences a “quantum phase transition” if the lowest triplet level crosses the
original ground state with S = 0, see Fig. 20 on the right. Although one would hesitate to call
such an ordinary ground state level crossing quantum phase transition it nevertheless is one. At
T = 0 the magnetization M(T = 0, B) is a non-analytic function of the magnetic field B. At
the critical field B, where the levels cross the magnetization exhibits a step.

In addition the entropy, which at 7" = 0 is zero for the non-degenerate ground state acquires a
finite value at the critical field B, due to the degeneracy of the crossing levels. This enhancement
remains present even at temperatures 7' > 0, it is shown on the left of Fig. 21. In addition the
heat capacity varies strongly around the critical field as is shown on the right of Fig. 21.

S as fungtion of T and B C as funqtion of Tand B

Fig. 21: Left: Entropy of the dimer (Fig. 20) as function of B and 'T'. Right: Heat capacity of
the dimer as function of B and T'.
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Fig. 22: Isentropes of the spin dimer. The straight lines show the behavior of a paramagnet for
comparison. B is along the x-axis, T along the y-axis.

The behavior of the entropy as well as the heat capacity explains how the adiabatic cooling rate

or\ . (53)s
(55). - %

depends on field and temperature. Figure 22 shows the isentropes of the antiferromagnetically
coupled dimer both as function of field B and temperature 7'. The straight lines show the
behavior of a paramagnet for comparison. Three regions are highlighted.

e a: For low fields and high temperatures g—g is smaller than for the paramagnet.

e b: For high fields and high temperatures the interacting system assumes the paramagnetic

limit, i.e. g—g is the same in both systems.

e c: For low temperatures and fields just above the critical field g—g is much bigger than the

cooling rate of the paramagnet.

e Not highlighted but nevertheless very exciting is the region at low temperature just below
the critical field where the “cooling” rate g—g has the opposite sign, i.e. upon demagnetiz-
ing the system heats up and upon magnetizing the system cools down.

The rate g—g, Eq. (55), depends directly on the derivative of the entropy with respect to the
magnetic field. Therefore, it is clear that the effect will be enhanced if a high degeneracy can
be obtained at some critical field. This is indeed possible in several frustrated materials where
giant magnetization jumps to saturation are observed [123, 124, 135-137].

As a final example I would like to discuss the M=Cu and M=Ni members of the family of Gd,;Mg
molecules which were synthesized quite recently [13]. The eigenvalues of the respective spin
Hamiltonians could be determined numerically exactly for the case of Gd,Cug and by means of

the Finite-Temperature Lanczos Method for Gd,Nig [45].
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Fig. 23: Theoretical heat capacity per molecule for Gd,Cus (left) and Gd,Nig (right) at various
magnetic fields.

For Gd,Cug the model Hamiltonian (2) includes the following parameters: Jgggq = —0.1 cm™},

Joacu = +0.9 em™!, Jeyew = —8.0 em™!. The spectroscopic splitting factor was taken as
g = 2.0. For Gd,Nig the model parameters were chosen as: Jgigqg = —0.1 cm™!, Jgani =
+0.17 cm™?, Jyini = +12.0 cm™!. Again we took ¢ = 2.0. In order to provide a feeling for
the energy scale of inverse centimeters we would like to mention that one inverse centimeter
(wave number) corresponds to about 1.44 K in thermal energy. A coupling of about a tenth
of an inverse centimeter or Kelvin is typical for interactions between gadolinium ions. In the
following all other interactions or corrections such as temperature independent paramagnetism,
different ¢ factors for different ions or a possible single-ion anisotropy in the case of nickel
have been neglected. Despite these approximations all theoretical curves agree nicely with the
experimental ones published in Ref. [13].

Figure 23 displays the theoretical heat capacity per molecule for Gd,Cug (left) and Gd,Nig
(right) at various magnetic fields. The behavior is for both compounds qualitatively similar.
The isothermal magnetic entropy change, shown in 24, turns out to be very different; it is much

S
T

0 10 2I0 3I0(; 10 20 30
T K) T K)

Fig. 24: Theoretical isothermal entropy change per molecule for Gd,Cusg (left) and Gd,Nis
(right) for various field differences:—AS(T, B) = —[S(T, B) — S(T,0)].
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Fig. 25: Theoretical isentropes for Gd,Cus (left) and for Gd,Nis (right) [13,45].

larger for Gd4Nig. The reason is that for Gd,Nig the low-lying multiplets belong to large total
spin quantum numbers which leads to larger entropies at low temperatures. This is made even
clearer by Fig. 25 displaying the isentropes as function of both temperature and magnetic field:
Gd,Cug (left) possesses a non-degenerate S; = 0 ground state that is separated from a triplet
and a quintet, whereas Gd,Nig (right) has a ground state with S; = 22. In the latter case all
isentropes with S < kp log(45) run into absolute zero, which is clearly visible in Fig. 25. On the
contrary, since Gd,Cug possesses a non-degenerate .S; = 0 ground state all isentropes approach
temperatures 7' > 0 when B goes to zero.

Although this behavior suggests that Gd,Nig should be a very good refrigerant, this does not
need to be the case. At sub-Kelvin temperatures dipolar interactions become very important.
They prevent a closer approach of 7' = 0 [138]. Dipolar interactions could be tamed by
molecules that possess an S; = 0 ground state, but a non-degenerate ground state would not
be helpful due to its vanishing entropy. Therefore, we suggest to investigate molecules which
have a degenerate — the more the better — ground state with S; = 0. A ground state degeneracy
can be induced by frustration, thus a tetrahedron with antiferromagnetic coupling would be a
first candidate [45].

Summarizing, one can say that low-dimensional frustrated spin systems and especially magnetic
molecules are substances with an interesting magnetocaloric behavior and may turn out to be
useful new refrigerants for special applications.

Acknowledgment

I would like to thank my colleagues Klaus Béirwinkel, Mirko Briiger, Matthias Exler, Peter
Hage, Christian Heesing, Detlef Mentrup, Andrei Postnikov, Johannes Richter, Heinz-Jiirgen
Schmidt, Roman Schnalle, Jorg Ummethum, Oliver Wendland as well as Marshall Luban and
Christian Schroder for the fruitful collaboration on theoretical issues which produced many
of the discussed results. I would also like to thank all my collaborators from chemistry and
experimental physics with whom to work was and is a real pleasure.

This work was supported by the Deutsche Forschungsgemeinschaft (e.g. Grants No. SCHN 615/5-
1, SCHN 615/8-1, SCHN 615/15-1, FOR 945).



Molecular magnetism 8.33

References

[1] J. Schnack: Quantum Magnetism, pp. 155-194 in Lecture Notes in Physics, Vol. 645
(Springer, Berlin, Heidelberg, 2004)

[2] J. Schnack: Quantum Theory of Molecular Magnetism, pp.F1.1-F1.36 in
Magnetism goes Nano, 36th IFF Spring School (Forschungszentrum Jiilich, 2005)

[3] R. Sessoli, D. Gatteschi, A. Caneschi, and M. A. Novak, Nature 365, 141 (1993)

[4] D. Gatteschi, A. Caneschi, L. Pardi, and R. Sessoli, Science 265, 1054 (1994)

[5] D. Gatteschi, Adv. Mater. 6, 635 (1994)

[6] A. Miiller, F. Peters, M. Pope, and D. Gatteschi, Chem. Rev. 98, 239 (1998)

[7] A.L. Dearden, S. Parsons, and R.E.P. Winpenny, Angew. Chem. Int. Ed. 40, 151 (2001)

[8] P. King, T.C. Stamatatos, K.A. Abboud, and G. Christou,
Angew. Chem. Int. Ed. 45, 7379 (2006)

[9] A.M. Ako, V. Mereacre, R. Clerac, 1.J. Hewitt, Y. Lan, C.E. Anson, and A.K. Powell,
Dalton Trans. 36, 5245 (2007)

[10] LS. Tidmarsh, L.J. Batchelor, E. Scales, R.H. Laye, L. Sorace, A. Caneschi, J. Schnack,
and E.J.L. Mclnnes, Dalton Trans. 38, 9402 (2009)

[11] K. Graham, F.J. Douglas, J.S. Mathieson, S.A. Moggach, J. Schnack, and M. Murrie,
Dalton Trans. 40, 12271 (2011)

[12] T. Glaser, Chem. Commun. 47, 116 (2011)

[13] T.N. Hooper, J. Schnack, S. Piligkos, M. Evangelisti, and E.K. Brechin,
Angew. Chem. Int. Ed. 51, 4633 (2012)

[14] A. Miiller, S. Sarkar, S.Q.N. Shah, H. Bogge, M. Schmidtmann, S. Sarkar, P. Kogerler,
B. Hauptfleisch, A. Trautwein, and V. Schiinemann,
Angew. Chem. Int. Ed. 38, 3238 (1999)

[15] E. Coronado, P. Delhaes, D. Gatteschi, and J. Miller (Eds.): Localized and Itinerant
Molecular Magnetism: From Molecular Assemblies to the Devices,
NATO ASI, Series E, Vol. 321 (Kluwer Academic, Dordrecht, 1996)

[16] M.N. Leuenberger and D. Loss, Nature 410, 789 (2001)

[17] A. Ardavan, O. Rival, J.J.L. Morton, S.J. Blundell, A.M. Tyryshkin, G.A. Timco, and
R.E.P. Winpenny, Phys. Rev. Lett. 98, 057201 (2007)



8.34 Jiirgen Schnack

[18] A. Candini, G. Lorusso, F. Troiani, A. Ghirri, S. Carretta, P. Santini, G. Amoretti,
C. Muryn, F. Tuna, G. Timco, E.J.L. Mclnnes, R.E.P. Winpenny, W. Wernsdorfer, and
M. Affronte, Phys. Rev. Lett. 104, 037203 (2010)

[19] P. Santini, S. Carretta, F. Troiani, and G. Amoretti, Phys. Rev. Lett. 107, 230502 (2011)
[20] P. Giitlich, A. Hauser, and H. Spiering, Angew. Chem. 106, 2109 (1994)
[21] Y.-Z. Zheng, M. Evangelisti, and R.E.P. Winpenny, Chem. Sci. 2, 99 (2011)

[22] J.W. Sharples, Y.-Z. Zheng, F. Tuna, E.J.L. Mclnnes, and D. Collison,
Chem. Commun. 47, 7650 (2011)

[23] X. Chen, Y.-S. Fu, S.-H. Ji, T. Zhang, P. Cheng, X.-C. Ma, X.-L. Zou, W.-H. Duan,
J.-F. Jia, and Q.-K. Xue, Phys. Rev. Lett. 101, 197208 (2008)

[24] M. Mannini, F. Pineider, P. Sainctavit, C. Danieli, E. Otero, C. Sciancalepore, A.M. Ta-
larico, M.-A. Arrio, A. Cornia, D. Gatteschi, and R. Sessoli, Nat. Mater. 8, 194 (2009)

[25] M. Bernien, J. Miguel, C. Weis, M.E. Ali, J. Kurde, B. Krumme, P.M. Panchma-
tia, B. Sanyal, M. Piantek, P. Srivastava, K. Baberschke, PM. Oppeneer, O. Eriksson,
W. Kuch, and H. Wende, Phys. Rev. Lett. 102, 047202 (2009)

[26] M. Hock and J. Schnack, Phys. Rev. B 87, 184408 (2013)
[27] W. Heisenberg, Z. f. Phys. 49, 619 (1928)

[28] D. Gatteschi, R. Sessoli, and J. Villain: Molecular Nanomagnets
(Oxford University Press, Oxford, 2006)

[29] A. Bencini and D. Gatteschi:
Electron paramagnetic resonance of exchange coupled systems
(Springer, Berlin, Heidelberg, 1990)

[30] C. Delfs, D. Gatteschi, L. Pardi, R. Sessoli, K. Wieghardt, and D. Hanke,
Inorg. Chem. 32, 3099 (1993)

[31] D. Gatteschi and L. Pardi, Gazz. Chim. Ital. 123, 231 (1993)

[32] 1.J. Borras-Almenar, J.M. Clemente-Juan, E. Coronado, and B.S. Tsukerblat,
Inorg. Chem. 38, 6081 (1999)

[33] O. Waldmann, Phys. Rev. B 61, 6138 (2000)
[34] B. Tsukerblat, Inorg. Chim. Acta 361, 3746 (2008)

[35] A.S. Boyarchenkov, I.G. Bostrem, and A.S. Ovchinnikov,
Phys. Rev. B 76, 224410 (2007)



Molecular magnetism 8.35

[36] R. Schnalle and J. Schnack, Phys. Rev. B 79, 104419 (2009)

[37] R. Schnalle and J. Schnack, Int. Rev. Phys. Chem. 29, 403 (2010)
[38] S.R. White, Phys. Rev. B 48, 10345 (1993)

[39] M. Exler and J. Schnack, Phys. Rev. B 67, 094440 (2003)

[40] U. Schollwock, Rev. Mod. Phys. 77, 259 (2005)

[41] J. Ummethum, J. Nehrkorn, S. Mukherjee, N.B. Ivanov, S. Stuiber, T. Strissle,
P.L.W. Tregenna-Piggott, H. Mutka, G. Christou, O. Waldmann, and J. Schnack,
Phys. Rev. B 86, 104403 (2012)

[42] J. Jaklic and P. Prelovsek, Phys. Rev. B 49, 5065 (1994)
[43] J. Jaklic and P. Prelovsek, Adv. Phys. 49, 1 (2000)

[44] J. Schnack and O. Wendland, Eur. Phys. J. B 78, 535 (2010)
[45] J. Schnack and C. Heesing, Eur. Phys. J. B 86, 46 (2013)
[46] T. Lis, Acta Chrytallogr. B 36, 2042 (1980)

[47] L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and B. Barbara,
Nature 383, 145 (1996)

[48] Z.H. Jang, A. Lascialfari, F. Borsa, and D. Gatteschi, Phys. Rev. Lett. 84, 2977 (2000)

[49] Y. Furukawa, K. Watanabe, K. Kumagai, F. Borsa, and D. Gatteschi,
Phys. Rev. B 64, 104401 (2001)

[50] L. Thomas and B. Barbara, J. Low Temp. Phys. 113, 1055 (1998)

[51] N. Regnault, T. Jolicceur, R. Sessoli, D. Gatteschi, and M. Verdaguer,
Phys. Rev. B 66, 054409 (2002)

[52] G. Chaboussant, A. Sieber, S. Ochsenbein, H.-U. Giidel, M. Murrie, A. Honecker,
N. Fukushima, and B. Normand, Phys. Rev. B 70, 104422 (2004)

[53] C. A. Christmas, H.L. Tsai, L. Pardi, J.M. Kesselman, P.K. Gantzel, R.K. Chadha,
D. Gatteschi, D.F. Harvey, and D.N. Hendrickson, J. Am. Chem. Soc. 115, 12483 (1993)

[54] K.L. Taft, C.D. Delfs, G.C. Papaefthymiou, S. Foner, D. Gatteschi, and S.J. Lippard,
J. Am. Chem. Soc. 116, 823 (1994)

[55] A. Lascialfari, D. Gatteschi, F. Borsa, and A. Cornia, Phys. Rev. B 55, 14341 (1997)

[56] A. Lascialfari, D. Gatteschi, F. Borsa, and A. Cornia, Phys. Rev. B 56, 8434 (1997)



8.36 Jiirgen Schnack

[57]1 M.-H. Julien, Z. Jang, A. Lascialfari, F. Borsa, M. Horvati¢, A. Caneschi, and D. Gat-
teschi, Phys. Rev. Lett. 83, 227 (1999)

[58] G. Abbati, A. Caneschi, A. Cornia, A. Fabretti, and D. Gatteschi,
Inorg. Chim. Acta 297, 291 (2000)

[59] O. Waldmann, R. Koch, S. Schromm, J. Schiilein, P. Miiller, I. Bernt, R.W. Saalfrank,
F. Hampel, and E. Balthes, Inorg. Chem. 40, 2986 (2001)

[60] F. Meier and D. Loss, Phys. Rev. Lett. 86, 5373 (2001)

[61] O. Waldmann, J. Schiilein, R. Koch, P. Miiller, I. Bernt, R.W. Saalfrank, H.P. Andres,
H.U. Giidel, and P. Allenspach, Inorg. Chem. 38, 5879 (1999)

[62] R.W. Saalfrank, I. Bernt, M.M. Chowdhry, F. Hampel, and G.B.M. Vaughan,
Chem. Eur. J. 7, 2765 (2001)

[63] F. Larsen, E. McInnes, H. El Mkami, G. Rajaraman, E. Rentschler, A. Smith, G. Smith,
V. Boote, M. Jennings, G. Timco, and R. Winpenny,
Angew. Chem. Int. Edit. 42, 101 (2003)

[64] F. Larsen, J. Overgaard, S. Parsons, E. Rentschler, A. Smith, G. Timco, and R. Winpenny,
Angew. Chem. Int. Edit. 42, 5978 (2003)

[65] U. Kortz, A. Miiller, J. van Slageren, J. Schnack, N. S. Dalal, and M. Dressel,
Coord. Chem. Rev. 253, 2315 (2009)

[66] A. Miiller, M. Luban, C. Schréder, R. Modler, P. Kogerler, M. Axenovich, J. Schnack,
P.C. Canfield, S. Bud’ko, and N. Harrison, Chem. Phys. Chem. 2, 517 (2001)

[67] M. Axenovich and M. Luban, Phys. Rev. B 63, 100407 (2001)

[68] G. Seeber, P. Kogerler, B.M. Kariuki, and L. Cronin,
Chem. Commun. pp. 1580-1581 (2004)

[69] J. Schnack, H. Nojiri, P. Kdgerler, G.J.T. Cooper, and L. Cronin,
Phys. Rev. B 70, 174420 (2004)

[70] N.B. Ivanov, J. Schnack, R. Schnalle, J. Richter, P. Kogerler, G. N. Newton, L. Cronin,
Y. Oshima, and H. Nojiri, Phys. Rev. Lett. 105, 037206 (2010)

[71] V. Hoeke, M. Heidemeier, E. Krickemeyer, A. Stammler, H. Bogge, J. Schnack,
A. Postnikov, and T. Glaser, Inorg. Chem. 51, 10929 (2012)

[72] Y. Zheng, Q.-C. Zhang, L.-S. Long, R.-B. Huang, A. Miiller, J. Schnack, L.-S. Zheng,
and Z. Zheng, Chem. Commun. 49, 36 (2013)



Molecular magnetism 8.37

[73] A. Caneschi, A. Cornia, A.C. Fabretti, D. Gatteschi, and W. Malavasi,
Inorg. Chem. 34, 4660 (1995)

[74] B. Pilawa, R. Desquiotz, M. Kelemen, M. Weickenmeier, and A. Geisselman,
J. Magn. Magn. Mater. 177, 748 (1997)

[75] K. Bérwinkel, H.-J. Schmidt, and J. Schnack, J. Magn. Magn. Mater. 212, 240 (2000)

[76] W. Feller: An introduction to probability theory and its applications, Vol. 1
(John Wiley & Sons, New York, 3rd ed., 1968)

[77]1 J. Schnack and R. Schnalle, Polyhedron 28, 1620 (2009)

[78] D. Kouzoudis, J. Magn. Magn. Mater. 173, 259 (1997)

[79] D. Kouzoudis, J. Magn. Magn. Mater. 189, 366 (1998)

[80] J. Bonner and M. Fisher, Phys. Rev. 135, A640 (1964)

[81] R. Botet and R. Jullien, Phys. Rev. B 27, 631 (1983)

[82] K. Fabricius, U. Low, K.-H. Miitter, and P. Ueberholz, Phys. Rev. B 44, 7476 (1991)
[83] E. Manousakis, Rev. Mod. Phys. 63, 1 (1991)

[84] O. Golinelli, T. Jolicceur, and R. Lacaze, Phys. Rev. B 50, 3037 (1994)

[85] K. Fabricius, U. Low, and J. Stolze, Phys. Rev. B §5, 5833 (1997)

[86] C. Lanczos, J. Res. Nat. Bur. Stand. 45, 255 (1950)

[87] J.K. Cullum and R.A. Willoughby:
Lanczos Algorithms for Large Symmetric Eigenvalue Computations, Vol. I
(Birkh&user, Boston, 1985)

[88] Z. Bai, J. Demmel, J. Dongarra, A. Ruhe, and H. van der Vorst (Eds.):
Templates for the Solution of Algebraic Eigenvalue Problems: A Practical Guide
(Society for Industrial & Applied Mathematics, Philadelphia, 2000)

[89] S.R. White and D. Huse, Phys. Rev. B 48, 3844 (1993)
[90] T. Xiang, Phys. Rev. B 58, 9142 (1998)

[91] I Peschel, X. Wang, M. Kaulke, and K. Hallberg (Eds.): Density-Matrix Renormalization
(Springer, Berlin, 1999)

[92] J. Ummethum, J. Schnack, and A. Laeuchli, J. Magn. Magn. Mater. 327, 103 (2013)

[93] E. M. Stoudenmire and S. R. White, Ann. Rev. Cond. Mat. Phys. 3, 111 (2012)



8.38 Jiirgen Schnack

[94] S. Liang and H. Pang, Phys. Rev. B 49, 9214 (1994)
[95] G.K.L. Chan and M. Head-Gordon, J. Chem. Phys. 116, 4462 (2002)

[96] E. Cuthill and J. McKee: in Proceedings of the 1969 24th national conference
(ACM, New York, USA, 1969), pp. 157-172

[97] W.M. Chan and A. George, BIT Numerical Mathematics 20, 8 (1980)
[98] S.W. Sloan: International Journal for Numerical Methods in Engineering 28, 2651 (1989)

[99] A. Albuquerque, F. Alet, P. Corboz, P. Dayal, A. Feiguin, S. Fuchs, L. Gamper, E. Gull,
S. Giirtler, A. Honecker, R. Igarashi, M. Korner, A. Kozhevnikov, A. Liuchli, S. Man-
mana, M. Matsumoto, I. McCulloch, F. Michel, R. Noack, G. Pawlowski, L. Pollet,
T. Pruschke, U. Schollwock, S. Todo, S. Trebst, M. Troyer, P. Werner, and S. Wessel,

J. Magn. Magn. Mater. 310, 1187 (2007)

[100] I. Rousochatzakis, A.M. Liuchli, and F. Mila, Phys. Rev. B 77, 094420 (2008)

[101] J. Schnack, M. Luban, and R. Modler, Europhys. Lett. 56, 863 (2001)

[102] J. Schnack, H.-J. Schmidt, J. Richter, and J. Schulenburg, Eur. Phys. J. B 24, 475 (2001)
[103] E. Neuscamman and G. K.-L. Chan, Phys. Rev. B 86, 064402 (2012)

[104] M. Aichhorn, M. Daghofer, H.G. Evertz, and W. von der Linden,
Phys. Rev. B 67, 161103 (2003)

[105] J. Schnack, P. Hage, and H.-J. Schmidt, J. Comput. Phys. 227, 4512 (2008)

[106] N. Hoshino, M. Nakano, H. Nojiri, W. Wernsdorfer, and H. Oshio,
J. Am. Chem. Soc. 131, 15100 (2009)

[107] W. Marshall, Proc. Royal. Soc. A (London) 232, 48 (1955)
[108] E.H. Lieb, T. Schultz, and D.C. Mattis, Ann. Phys. (N.Y.) 16, 407 (1961)
[109] E.H. Lieb and D.C. Mattis, J. Math. Phys. 3, 749 (1962)

[110] M. Karbach: Finite-Size-Effekte im eindimensionalen Spin—%—XXZ—Modell
(Ph.D. Thesis, Bergische Universitit - Gesamthochschule Wuppertal, 1994)

[111] K. Bérwinkel, H.-J. Schmidt, and J. Schnack, J. Magn. Magn. Mater. 220, 227 (2000)
[112] J. Schnack, Phys. Rev. B 62, 14855 (2000)
[113] K. Barwinkel, P. Hage, H.-J. Schmidt, and J. Schnack, Phys. Rev. B 68, 054422 (2003)

[114] F. Haldane, Phys. Lett. A 93, 464 (1983)



Molecular magnetism 8.39

[115] F. Haldane, Phys. Rev. Lett. 50, 1153 (1983)

[116] J. Schnack and M. Luban, Phys. Rev. B 63, 014418 (2000)

[117] O. Waldmann, Phys. Rev. B 65, 024424 (2001)

[118] B. Bernu, P. Lecheminant, C. Lhuillier, and L. Pierre, Phys. Rev. B 50, 10048 (1994)
[119] M. Gross, E. Sanchez-Velasco, and E.D. Siggia, Phys. Rev. B 40, 11328 (1989)
[120] L. Engelhardt and M. Luban, Phys. Rev. B 73, 054430 (2006)

[121] J. Richter, Phys. Rev. B 47, 5794 (1993)

[122] H.-J. Schmidt and M. Luban, J. Phys. A: Math. Gen. 36, 6351 (2003)

[123] J. Schulenburg, A. Honecker, J. Schnack, J. Richter, and H.-J. Schmidt,
Phys. Rev. Lett. 88, 167207 (2002)

[124] J. Schnack, Dalton Trans. 39, 4677 (2010)

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

[126] H.-J. Schmidt, J. Richter, and R. Moessner, J. Phys. A: Math. Gen. 39, 10673 (2006)
[127] H. Tasaki, Phys. Rev. Lett. 69, 1608 (1992)

[128] A. Mielke, J. Phys. A: Math. Gen. 25, 4335 (1992)

[129] A. Mielke and H. Tasaki, Commun. Math. Phys. 158, 341 (1993)

[130] O. Derzhko, A. Honecker, and J. Richter, Phys. Rev. B 76, 220402 (2007)

[131] O. Derzhko, A. Honecker, and J. Richter, Phys. Rev. B 79, 054403 (2009)

[132] W.FE. Giauque and D. MacDougall, Phys. Rev. 43, 768 (1933)

[133] M.E. Zhitomirsky, Phys. Rev. B 67, 104421 (2003)

[134] L.J. Zhu, M. Garst, A. Rosch, and Q.M. Si, Phys. Rev. Lett. 91, 066404 (2003)
[135] ML.E. Zhitomirsky and A. Honecker, J. Stat. Mech.: Theor. Exp. p. P07012 (2004)
[136] O. Derzhko and J. Richter, Phys. Rev. B 70, 104415 (2004)

[137] J. Richter, J. Schulenburg, A. Honecker, J. Schnack, and H.-J. Schmidt,
J. Phys.: Condens. Matter 16, S779 (2004)

[138] M.-J. Martinez-Perez, O. Montero, M. Evangelisti, F. Luis, J. Sese, S. Cardona-Serra,
and E. Coronado, Adv. Mater. 24, 4301 (2012)



	Introduction
	Substances
	Theoretical techniques and results
	Hamiltonian
	Evaluating the spectrum
	Evaluation of thermodynamic observables

	General properties of spectra
	Magnetocalorics



