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Introduction

The magnetic properties of certain materials have been known since ancient times, and the first
magnetic materials found in archaeology date back as far as the Egyptians, in the 4th millennium
BC [1]. The magnetism of macroscopic materials has therefore been widely investigated for an
extremely long time, but it is very recently (early 1990s) that nanoscopic materials have begun to
take on particular significance, after the first reported single molecule magnet SMM [2]. Some
molecules, in fact, are made up of metal atoms and display special magnetic properties that
give hope for industrial uses in quantum technologies and information storing, favored by their
nanometric sizes.

These molecules include those named Single Molecule Toroics or Single Toroid Magnets [3], in
which the particular arrangement of the ions and their total magnetic moments generates what
is called a toroidal moment. Intuitively it can be compared to an angular momentum of classical
mechanics, and its presence would guarantee particular stability properties to the molecule.
A promising example of toroidal molecules is given by compounds based on Dy3* ions, with
toroidal arrangement of the anisotropy axis and a non-magnetic ground state, subject of a large
number of studies [4].

Also in this work, it will be analysed a new 3Dy molecule, recently synthesised in the Institute
of Inorganic Chemistry of the Karlsruhe Institute of Technology and not yet published. The
aim will therefore be to derive the magnetic properties of this molecule and, in particular, to
see if a direct measurement of the toroidicity is possible using an experimental apparatus.

In chapter 2 it is provided a theoretical introduction to the main topics covered in this the-
sis, namely the spin Hamiltonian model used, definition of magnetization, susceptibility and
toroidicity, and a theoretical overview of neutron scattering experiments.

Chapter 3 will show in more details the structure of the molecule, its magnetic properties and
the adopted frame of reference.

In chapter 4, the complete Hamiltonian model will be first compared with the effective one.
After that, fits of the experimental susceptibility and magnetization data will be performed,
deriving a possible set of parameters which characterize the anisotropy axes. It will shown,
however, that it is not possible to obtain complete information on the orientation of these axes
(and thus on the toroidicity), which justifies the attempt to investigate the possibilities offered
by other experiments (Inelastic Neutron Scattering).

Before having a closer look into the toroidicity of the molecule, a detailed study of its energy
eigenvalues is carried out in chapter 5. In this way, we can better understand the orientation
of the spin expectation values in the various energy levels, and then relate each energy level to
a certain toroidal moment. In particular, it will be shown the analogous description between
ferromagnetic and antiferromagnetic coupling under particular conditions of the anisotropy polar
angles theta.

Chapter 6 will explore the toroidal moment of a compound of three Dy ions within the used spin
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Hamiltonian model by varying the parameters on which it depends, in particular the reference
system and the anisotropy polar angles theta. This will show the possibility that the studied
Als Dy3 molecule carries a toroidal moment, under the assumption of particular ideal azimuthal
angles phi.

Finally, in chapter 7 neutron scattering experiments will be simulated, showing how satisfactory
results cannot be obtained by focusing only on the lower energy states of the molecule and/or
considering a powder sample. Thus, preliminary results on the use of a single crystal inelastic
neutron scattering will be shown.



Chapter 1

Motivation

Single molecule magnets (SMMs) have become the subject of extensive studies, given their
possible applications in information storage or as quantum bits (QuBits) [5][6][7][8]. In fact, with
this particular types of molecules it is possible to obtain a slow relaxation of the magnetization
and long decoherence times. Previous works then (for ex. [9]) has shown the possibility of
synthesising compounds with practically zero total magnetic moment, increasing the stability
properties of the molecule.

Among these particularly stable molecules, there are those whose total magnetic moments ar-
rangement give rise to a toroidal moment, defined as t = %2 Zi:l,Z,S r; X S;, where g is the

Landé factor of the ions, up the Bohr magneton, r; and S; the vector position and spin operator
of the i-esim ion. A clear analogy can be made with a classical angular momentum L =r X p,
which tends to stabilize a rotating system. Toroidal molecules are bistable, presenting two spin
configurations in the ground state in which the total magnetic moment is canceled out. The pos-
sibility of reducing the total magnetic moment favours a lower decoherence rate and increases
the stability, since the molecule has a smaller possibility of coupling with external magnetic
noises.

A 3Dy molecule in a triangular arrangement, therefore, is an ideal candidate to exhibit such
properties. To avoid spin frustration, the total magnetic moments of the ions will tend to lie
on the plane formed by the three ions themselves. If then, thanks to the contribution of the
anisotropy, they are oriented in a circular, clockwise or anticlockwise manner, they can give rise
to a toroidal moment.

But from the definition of toroidal moment, one can see a dependence on the positions of the three
ions, whereas in the usual magnetic Hamiltonian model, there are only relations between the
spins, and it is therefore invariant on the positions of the ions. Moreover powder susceptibility
and magnetization measurements have trends that can be described with such a Hamiltonian
model; therefore it is not possible to derive complete information on the toroidicity of the
molecule since the dependency on the position cannot be investigated.

For this reason, other types of experiments must be considered, and, in particular, in this
thesis work we will simulate the possible results of inelastic neutron scattering experiments.
The intensity peaks of the transitions from one state to another of the molecule have in fact a
dependence on the scattering vector of the neutrons, thus enclosing a position dependence.
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Chapter 2

Theoretical Background

2.1 The spin Hamiltonian model

The key point in the modelling of the magnetic behaviour of molecules is the choice of the
Hamiltonian, through which all thermodynamic properties of interest can be derived. The
Hamiltonian operator then allows to obtain the energy eigenvalues of the system when applied
to the relative eigenfunctions. The latter live in a Hilbert space constructed from the bases of
the angular moments of each of the ions in the molecule. We need so an Hamiltonian in which
only spin-related interactions are taken into account to describe the magnetic properties we are
interested in.

Among these interactions, the fundamental contributions are: the Heisenberg exchange inter-
action, which can be assumed between neighbouring spins in a cluster and is linked to both
a Coulombian action and the Pauli principle; an anisotropy term, related to the environment
in which the system is immersed; the Zeeman interaction, which tends to align the magnetic
moments (spins) with an external magnetic field. In formulae, the complete Hamiltonian is thus
given by:

H:_Zsi’Ji,j‘Sj+zsi‘Di‘Si+/~LBZSi'9L'B (2.1)

%,J 7

Further explanations of the various terms that make up Hamiltonian are given in the following.
It can be shown that in the case of isotropic exchange interactions between ions in the cluster,
the Hamiltonian just described commutes with the total spin operator 52 This makes possible
a spin-based description of the eigenfunctions.

It is important to make clear from the outset the nomenclature that will be used throughout. In
particular, the term ”spin” or "total spin” will be used to indicate the total magnetic moment
given by the sum of the orbital magnetic moment and the usual spin magnetic moment.

2.1.1 Heisenberg coupling

The Heisenberg coupling is the term of the Hamiltonian that summarizes the interactions be-
tween couples of spins. The classical Hamiltonian of interaction between two electrons is

2 2
U

H =
2me = 2me

+ V(r1,r2)

thus simply a sum of two kinetic terms and one interacting potential term, without considering
the spin of the particles.
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However, due to the Pauli exclusion principle, the wave functions of the two particles must
contain a spin-orbit term, which leads to a splitting of the energy levels into a triplet and singlet
spin state. Therefore it must be considered an additional term in the Hamiltonian that operates
in spin space and, in particular, that describes the coupling between the spins of the particles.
It is possible to show that this Hamiltonian is simply related to the dot product between the
spin vectors and, up to an additive constant that can be omitted by redefining the zero energy,
it is given by the Heisenberg model, namely:

H=-)8;-J;;-8; (2.2)
.3

where we directly considered the sum of the interactions between all the pairs of spin.

The terms J;; are tensors that describe the spins interactions, but in general they are not
symmetric and not traceless. It is so possible to write them as a sum of three contributes,
namely:

H= =008 85+ SiiyS;+ D dM (8 x 8)) (2:3)
4,7 2,7 1,]

these three terms are respectively:

— isotropic exchange, TO' tensor describing the scalar product which tends to align the spins
in a parallel or antiparallel manner, depending on whether the sign is positive (J > 0,
ferromagnetic) or negative (J < 0, antiferromagnetic); it can be represented as a diagonal
matrix.

— anisotropic exchange, traceless T2 tensor derived from the dot product, which tends to
align the spins along a certain spacial direction given by the anisotropy axes, and it includes
non-diagonal terms in the matrix.

— antisymmetric exchange, traceless T'1 tensor derived from the cross product, which tends to
align the spins in different directions by 90° from each other; it is also known as Dzyaloshin-
skii-Moriya interaction.

Therefore in the code that will be used for the simulations, the input values are specified and
then converted into 3D matrices. These can be then summed up and multiplied by the spins
to describe the complete exchange Heisenberg coupling. Very often, however, the Dzyaloshin-
skii-Moriya term makes a negligible contribution to the energy. The Hamiltonian will be there-
fore considered in the following simulations as a simple sum of the isotropic and anisotropic
terms; further description is given in the following.

2.1.2 Magnetic anisotropy

Every day experience shows that, when we are dealing with magnets, a fundamental aspect
to take into account is the direction of alignment in space. Well known is, for example, the
tendency of a magnetic bar to align itself with respect to another bar to which it is near, or
the tendency of a metallic needle to align with respect to the Earth magnetic field, process
behind the operation of compasses. Thus, similarly, even at the microscopic scale of molecules,
materials are more likely to magnetize in one direction than another. This different material
response to different spatial orientations is called magnetic anisotropy.

As we pointed out above, the magnetic properties of an atomic specie are governed by the

!The notation Tn refers to a tensor of n-esim order.
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electronic structure, and so by the arrangement of the electrons in the atom. The spin of a
single electron has spherical symmetry, and so the description would be completely isotropic, as
there would be no difference between the different orientations in space. On the other hand the
anisotropy causes a distortion of the symmetry and a removal of the degeneracy of the energy
eigenvalues. This occurs in the coupling between the spin and a possible source of anisotropy like
the orbital motion of the electron itself or an external magnetic field. We can in fact summarise
the main sources of anisotropy in three different phenomena: the anisotropic interaction between
two neighbour spins; the interaction with an external magnetic field; the anisotropy of the single
ion, which depends on the interaction between spin-orbit coupling and the crystalline field.

Intuitive origin of anisotropy

Each of the three Dy3* ions has 7 valence electrons that can be arranged in the seven different
f atomic orbitals, represented in different shapes and shown in figure 2.1.

Z

fzs

fyaxz-y?) By fyz2
y y y
fiz2 fryz z fxix2-3y?)

* X w

Figure 2.1: Angular distribution of f orbitals.

As it is straightforward to see, none of the seven orbitals present a spherical symmetry, char-
acteristic that is typical only of the s orbital. So one can expect an angular dependency of the
electric density of the electrons that occupy different orbitals.

Moreover each ion is embedded in a complex structure of atoms that does not show a high
symmetry; in fact if the environment was spherically symmetric each electron would experience
the same global electrical effect. But in this case, due to the more complex structure, the
different f orbitals can overlap in a more ore less strongly way with the atomic orbitals of the
surrounding elements. This leads therefore to dissimilar Coulomb interactions and so to different
energy levels in which the electrons of the Dy ions can sit. In other words, the initial 2J + 1
degeneracy of the energy level of the electrons is partially removed and the f orbitals are split
in the interactions with the neighbouring ions and this effect is also called ligands field splitting.
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It is clear, therefore, how different ligand structures lead to a symmetry break in the molecule,
and thus to the anisotropy.

Mathematical description

Mathematically the interactions between the metal ions and the surrounding ligands are de-
scribed by the Crystal Field Theory (CFT), in which each ligand is approximated with a point
charge. In this view the interaction is simply treated as a Coulomb term depending on the
charge density of the neighbour atoms and on their relative distance with the ion. The complete
Hamiltonian was computed for the first time by Stevens[10] in 1952, applying the Wigner-Eckart
theorem to the expansion in spherical harmonics of the Coulomb potential, and it can be written
as:

ﬁLF = Zquﬁkq with |¢| < k and k > 0 (2.4)
k.q

where k is limited by the orbital angular momentum number of a partially filled shell of the ion.

- Byg are called crystal field parameters, which should be calculated considering the actual
charge distribution of all the ligands. The calculation is very tedious and therefore certain
approximations are used, such as the not rigorous point-charge model, which we mentioned
above, or are used values coming from spectroscopic measurements. In any case they
depend on the coupling between the ion and the ligand structure, and so they has to be
calculated for each different molecule.

- 6kq are then the Stevens Operators, and can be written as a combination of the angular
momentum operators S, Sy and S; these values strongly depend on the symmetry of the
molecule, which determines whether their value is zero or not.

The expressions of the first Stevens Operators up to k = 2 are listed in the following:

On =382~ § =287 - 82 - &
O = [ (8 +5 )+ (84 +8) 8] =5 [8.8. + 5.5

Ora= - [8:(80 -8 )+ (8, -8 )8] =5 [8:8,+85] (s
Om =1 [5:8,+88]=5-8

05y = % (8484 = 58] = 8.5, + 5,8,

The above coefficients are those commonly used to describe the Hamiltonian up to second order,
or in the so called zero-field splitting approximation. By inserting these results in equation 2.4,
and making the matrix notation explicit, one can arrive at a writing of the type

N o Bas — By By 5B Sj/x o
HE?Q = ( S/:c S/y S/z ) : 3272 —B22 - BQO %3271 . S,y = S/BS, (2.6)
B2y $B2—1 2By S,
where the notation ”’” has been inserted in the Stevens operators to distinguish the spin oper-

ators that will be used later.
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It is therefore possible to make some redefinitions of the matrix elements, in particular intro-
ducing the quantities D’ and E’ such that

1
By = §D, Bo1 =2Dyy, By 1=2Dy,, By =FE, By o= Dy

In this way the Hamiltonian can be written in a simplified way, introducing the anisotropy tensor
D’, with which the Hamiltonian becomes:

~iD'+ FE D, D!, S,
SDS =(58, &y §.)- D}, —iD' — F ?;z | Sy (2.7)
D;‘z Dg//z ED/ S/z

The latter has simply been found rewriting in a different notation the tensor B, which is trace-
less, real and symmetric. This means that its eigenvalues (A1, A2, A3) have to be real and the
eigenvectors (71, 72, 73) are real and orthonormal. As a consequence it is always possible to
find an orthogonal frame of reference in which the tensor is diagonal, so all the non-diagonal
terms are vanishing. This procedure consists of nothing more than aligning one of the axes of the
reference system with the principal axis of anisotropy. In this new notation[11] the Hamiltonian
reads:

o —iD+E 0 0 Sy
SDS=(S5, S, S.)- 0 —3iD—-E 0 S, (2.8)
0 0 2D S,

Where the anisotropy tensor, as pointed out above, is a diagonal matrix like:

Dy 00
D=| 0 D, 0
0 0 D,

in which, by convention, it holds usually |D..| > |Dy,| > |Dgyz|, and the ratio E/D is usually
limited in the range
~1/3<E/D<1/3

since out of this range the same physics is described unless a rotation of the reference system.

It is then straightforward to relate the entries of the D matrix to the D and F values defined

above: . .
D = Dzz - i(D:cac + Dyy), E= §(sz - Dyy)

Computing the matrix product in 2.8 and neglecting the constants, it is possible to write the
anisotropy Hamiltonian as:
Hupis = DS,S + E(Si - SZ) (29)

from which it is easy to distinguish the spatial dependencies of the different contributions in
energy. In fact if ¥ = D = 0 no magnetic anisotropy is present and the system is isotropic. If
E =0 # D an axial symmetry occurs with one of the eigenvalues of the tensor that becomes
bigger than the others so the spin has a preferential orientation called easy axis. When E is
non zero the reduction of symmetry leads to an additional anisotropy in the zy plane, with a
consequent removal of degeneracy and splitting of the energy eigenvalues even in the absence of
a magnetic field (from here the name zero-field splitting).
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y %
Intermediate Hard

Hard plane

Figure 2.2: Anisotropy energy contribution in a Cartesian frame of reference; uniaxial symmetry on the
left (a) and second order correction with the anisotropy term E on the right (b).

An intuitive representation of the behaviour of anisotropy can be seen in the figure 2.2, in which
the energy of a classical spin is represented in a Cartesian graph ([12]).

The E value breaks so the symmetry and introduces in general a splitting in the energy eigen-
values; but in the case of the molecules analyzed in this work, so made up of 3Dy3t of spin
15/2, the lowest single ion energy spin state is |+£15/2), and the energies are non affected by
this £ term. In fact, looking at the effect of the anisotropy from a perturbation theory point of
view, the second order correction is related to the product

(5 el )

with m a general state. Knowing the structure of the E operator, see eq. 2.9, it is straightforward
to see how there is no state m that makes the expression non-null. So at this order of perturbation
no energy splitting is introduced in the Dy molecule; only a quadratic curvature of the energy
eigenvalues is present, due to terms like (— 12| E|m) (m|E |—%2) with m = 15/2 which introduce
this quadratic dependency on F.

E E

Anticipating what will be discussed in chapter 7, it can be pointed out that in neutron scattering
experiments it is possible to assess the presence of the anisotropy F term despite not having
splitting in energy. In fact, the neutron scattering technique does not only provide information
on energies, but also on wave functions where the E term can introduce some changes.

2.1.3 Zeeman term

Another way in which the symmetry of the system can be broken is through the application
of an external magnetic field, since the space in which the atoms are immersed is no longer
isotropic. In this case, the different possible orientations of the total angular momentum J, i.e.
the different possible values of the quantum number m, are no longer degenerate, which leads
to a further splitting of the energy levels.

To explain this phenomenon, it can be considered that each particle possesses an orbital angular
momentum given by the application of the L operator to the wave function, which can be seen
as a quantum extension of the classical definition L = r X p through the momentum operator
p = —ithV. It is then possible to define a magnetic dipole moment associated with the orbital
angular momentum L, given by:

pL = —grpsL (2.10)
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with up = % =9.27 x 1072* A-m? the Bohr magneton and gy, = 1 the gyromagnetic factor of
the orbital angular momentum. Similarly, it is also possible to define a dipole moment for the

spin angular momentum, given by:
us = —gspupS (2.11)

where this time the spin-related gyromagnetic factor is 2.00231, and can be measured with
extreme experimental precision [13].

Then by adding the two magnetic moments defined above, the total angular momentum can be
derived, namely:

p=pr+ps =—pp(grL + gsS) (2.12)

Therefore, by introducing an external magnetic field BgxT, the ion will be subjected to an
external momentum given by 7 = u X BgxT, and it can be shown ([14]) that this results in an
energy change given by:

0FE = grupBMJ (2.13)

where gy is called Landé factor and can be computed as:

J(T+1)+S(S+1)— L(L+1)
27(J + 1)

g =1+ (2.14)

We will see (chapter 3) that a Dy3* ion has total, spin and orbital quantum number respectively
equal to J = %, S = % and L = %. It is so straightforward to compute the Landé factor, which
value is equal to:

4
gr = 5 ~ 133333 (2.15)

Finally, the equation 2.13 can be generalised by considering not only the projection of angular
momenta along the Z axis, but in all the three dimensions. Thus calling S the total angular
momentum (J above), the presence of the magnetic field in the ion system adds a term to the
Hamiltonian given by: )

Hzeeman = 1BSgLB (2-16)

2.2 Effective Hamiltonian model

Dimensions and computational time in the full model

The Hamiltonian described so far is a model that allows to obtain an optimally accurate descrip-
tion of the system, but the Hilbert space in which it operates can assume considerable dimensions
and greatly increases the computation time. In fact, the dimension of the Hilbert space depends
on the value of the total angular momentum of the ions that make up the molecule, and the
greater this value, the greater the number of ions and the greater will be the dimension of the
space.

In particular, the molecule under study is made of 3 ions of Dy of total angular momentum
S = 15/2; each ion will therefore have a Hilbert space dimension equal to:

dim(Hp,) =25 +1 =16

Therefore, the total dimension of the molecule, given by the number of all the possible combi-
nations of the spins of the Dy ions, will be given by:

dim(Hspy,) = dim(Hzp,)* = 16 - 16 - 16 = 4096
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Consequently a lot of computational time (up to days) is needed to perform fits and simulations
within this model.

Effective model of single ion(s)

One possibility to considerably increase the speed of calculation and still obtain satisfactory
results, is to use an effective Hamiltonian model, which allows the dimensions of the Hilbert
space to be reduced without jeopardize the final results too much. In this respect, one can
consider the approximation of high anisotropy, i.e. with a big anisotropy constant D. This
makes it possible to obtain, for a single ion, an energy spectrum characterised by a parabolic
pattern as a function of the spin of the ion, as can be expected from the Hamiltonian term
S;DS;. An example plot for the Dy ion is shown in the left hand side of figure 2.3.

Single Dy ion energy spectrum B

>
s = =
> - —_
o
6 | +1/2
T -
] Sp,= 1512 an
T T T T T T T T T T T T T T T T
-1%5-13-11-9 -7 5§ 311 3 5 7 9 11315 \-
X A3/2 st
Spin state (s/2) 1572

Figure 2.3: Energy spectra (on the left) and spin projection on the anisotropy axes (on the right) of a
single Dy ions with a strong anisotropy component directed along the z axes.

One can immediately recognise that the ground state turns out to be occupied by the spin states
S = £15/2, while in the subsequent energy levels one finds the states S = £13/2, § = £11/2
and so on, where the z axis of the reference system has been made to coincide with the main
anisotropy axis. Consequently, given the large value of anisotropy and, in this case, the absence
of Heisenberg coupling, it can be expected that the ion s spin tends to align with the anisotropy
axis, minimising its energy, while possible inclinations between spin and anisotropy axis end up
in the higher energy levels. It can then be seen that the ground state is doubly degenerate,
including both spin possibilities S = +15/2 and S = —15/2, which turn out to be perfectly
symmetrical.

At very low temperatures, then, used in experiments, the system can be expected to be in the
ground state, while the other states have extremely low probabilities of being occupied, also
given the usually large energy gap between the ground state and excited ones, due to the huge
anisotropy value considered. Hence the idea of neglecting the high-energy states and focusing
on the low energy ones, in which spins can only take on two values, namely S = +15/2 and
S = —15/2, aligned with the anisotropy axis. In this new binary system, therefore, the modulus
of the spin vector turns out to be only a multiplicative constant, while the physics of the ion
can be described with a simpler 7 = £1/2 spin system.

Even in the case of a system made up of several ions, in the absence of interactions between
them, it is possible to choose the reference system locally, so as to align, as just discussed,
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the z axis of each system with the relative anisotropy axis, and to describe the total angular
momentum in each of these systems as a spin of 7 = £1/2. See figure 2.4.

z 7~ R.R,R ™

Figure 2.4: Basic idea of the effective model: local rotation of the Cartesian frame of reference aligning
each z axis with the main anisotropy axis of the relative ion. The rotation is performed through a
rotational matrix R;, different for each ion.

Mathematically then, the local rotation can be seen as the inclusion of an identity in the Hamil-
tonian term in the form of a product between two rotation matrices. As a consequence, this will
lead the anisotropy matrix to be diagonal; in formulae:

S;D;S; = S;RI'R;,D;RI'R;S; = S'R;D;R] S’ = 15 - 15 - 7, D\;1; = 2257; D7 (2.17)

where we used the fact that in this binary system the spin can assume only the values +15/2,
so it is possible to write S = +15/2 = 157 = £1/2 - 15, and where we defined the rotated
anisotropy matrix D’ as:

D:mc D:cy sz Dlxz 0 0
D;=|D,. Dy, D, = D/=RDR = 0 D, 0 (2.18)
D.. D., D.. 0 0 D,

Including couplings

So far, the model described is correct in the ground state, as each ion is isolated, and the choice
of reference frame does not change the physics of the system. However, we are interested in the
study of a molecule in which Heisenberg interactions between the spins also appear, and we can
therefore show how the effective model is also applicable in this case, but introducing a small
approximation. This will consist of neglecting any inclinations of the spin vectors with respect
to their respective axes of anisotropy, and thus thinking of them as parallel. This approximation
will then be all the better as the anisotropy value is dominant with respect to the coupling value
(high anisotropy approximation).

In our framework, the tensor J of the Heisenberg coupling is isotropic in the initial reference
system (left-hand drawing in figure 2.4), and can therefore be represented as a diagonal matrix;
the introduction of local rotations, however, as done above, will lead to the appearance of off-
diagonal terms. Approximating the spin as parallel to the z axis, however, it is possible to
neglect all components of the tensor that provide contributions along = or y, and, consequently,
it will be sufficient to include only the J., term in the calculation. Mathematically we have:



12 CHAPTER 2. THEORETICAL BACKGROUND

SiJiij = SzRZTRZJUR]TR]SJ = S;RQJ”R?S; =15-15- TZ‘J;jTj = 225TZ‘J;jTj (2.19)

Where the matrix J ;j can be approximated as:

00 0
Jij=RiJi;R] = JRAR] ~J |0 0 0 (2.20)
0 0 (RRY)..

Zeeman term

Similarly to what have been done for anisotropy and coupling, the same reasoning can be applied
to the Zeeman term, in which the Landé factor appears in the form of an isotropic tensor. We
can so apply the same approximation made for z component, along which the spins in our model
are aligned, and neglect what happens along x and y. We thus have:

S;gB = S;RI' R,gB = S'R;,gB = 151;9’ B (2.21)

where g’ can be approximated as:

0 0 R
gd=Rg=gR1~g|0 0 R, (2.22)
0 0 R

2.3 Magnetization and Susceptibility

Magnetization

By applying the Hamiltonian operator described so far to the eigenfunctions of the system, it is
possible to derive the eigenvalues of energy E1, Eo, ...E,,, where n is the dimension of the Hilbert
space, with n = 4096 in the case of the 3Dy molecule. Using the eigenvalues, it is then possible
to calculate the system’s partition function, given by:

Z(T,B) =) e FFr (2.23)

n

where g = kBLT and kp is the Boltzmann constant.
Thus, by calculating the free energy of the system as F' = —kpTIn(Z), one can define the

magnetization as the response of the free energy to small variations of an externally applied
magnetic field B. In formulas:

= kpT= = (2.24)

Therefore, in principle, the calculation of the magnetization follows directly from the diagonal-
isation of the Hamiltonian, with which the energy eigenvalues are derived.

As can be seen from the definition, the magnetization has a vector nature in this case, depending
directly on the magnetic field vector. In most experimental cases, however, such as the one
considered in the next chapter, the sample analysed is in the form of a powder and not a perfectly
aligned crystal, so the molecules will be found randomly oriented in space. The magnetization
measured will therefore be a sum of all the possible contributions, and similarly it can be seen as
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a sum of the magnetic fields acting in various directions on the molecule. This type of observable
is called Powder magnetization.

Analytically, then, it will be nothing more than a mean value of all the magnetizations through-
out the solid angle, and can be calculated as:

2w T ]
Mpowder(B, T) = o dg fngHMSrB, 7.6, ¢) sin(0)
o do [ dfsin(9)

(2.25)

Numerically, the integral can be calculated as the sum of contributions in phase space, using, for
example, the Romberg method [15]; in this case, the number of points required for integration
will be:

N(0)=N(¢) =2"+1=1,3,9,17,33... (2.26)

with k an integer number. Various tests have shown that optimal values for sufficiently accurate
magnetization calculations are N = 17 or N = 33.

As an example, figure 2.5 shows some magnetization curves as a function of the magnetic field
at different temperatures for an antiferromagnetic system. Given the possibility of seeing the
magnetization as the thermodynamic expectation value of the total magnetic moment, is clear
the asymptotic trend for high magnetic fields, in which all spins tend to align with the direction
of the field. While higher temperatures will lead to less rapid increases in magnetization, leaving
more opportunity for spin orientation given the higher energy of the system. More details will
be described later in the next chapter.

Example of magnetization curves

B(T)

Figure 2.5: Example of magnetization curves as a function of the magnetic field for different temperatures
in a antiferromagnetic system. In the asymptotic region, for high enough magnetic fields, all the spins tend
to align to the external applied field. High temperatures lead to a lower increase of the magnetization,
since more energy is present in the system and the spins have more freedom of motion.

Susceptibility

Similarly to the magnetization, the susceptibility can also be calculated from the diagonalisation
result of the Hamiltonian, via the partition function Z and the free energy F. In fact, the
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susceptibility quantifies the change in the magnetization for small changes of the magnetic field,
and can thus be written as:

oM 0°F  10°In(Z)

Xei = 9B, T 9B;0B; B 0B;0B;

(2.27)

so x is a second-rank tensor. Here too, experimentally it is often measured a powder suscep-
tibility, and, consequently, it is required an average value of the quantity just described. By
choosing the reference system appropriately, it is possible to diagonalise the susceptibility tensor,
and thus calculate the mean value simply as x = %(Xm + Xyy + Xzz2)-

Often, the susceptibility values are represented as a product with the temperature, thus in a
XT'(T) graph, in order to show the behaviour of the susceptibility at low temperatures. Fur-
thermore, in the case of a paramagnetic system, the Curie law applies, according to which the
product of susceptibility and temperature results in a constant, called the Curie constant. In
formulae:

XT=C (2.28)
with C' = ‘33755(5 + 1) = const.

A similar relationship exists for systems that can only be described by means of Heisenberg
couplings, without the presence of anisotropy, since the set of spins can ideally be replaced
by a single effective spin that will obey Curie’s relationship. By introducing an anisotropy
term, however, the product of susceptibility and temperature will no longer be constant, and
the behaviour will depend on the system considered. In the case of antiferromagnetic systems,
for example, the presence of anisotropy will lead to a rapid decrease in susceptibility for low
temperatures. An example of a susceptibility graph is shown in figure 2.6, where the temperature
is varied from 0 to 300°C, and the same vertical scale allows to appreciate the scaling of the
susceptibility when multiplied by the temperature.

Example of susceptibility curves
40

—— 4T (cm®Kmol ™)
—— 2 (cm®mol™)
—— 1/ (cm®mol)

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

Figure 2.6: Example of susceptibility curves as a function of the temperature in a antiferromagnetic
system.

In what follows, mainly xI" graphs will be analysed, so without any risk of confusion, the term
”susceptibility” will also be used to refer to the product between the usual susceptibility and
temperature.



2.4. TOROIDICITY 15

2.4 Toroidicity

The toroidicity of the molecule is an indication of how much the spins are oriented in a vortex
way, but we need a quantitative way to describe it, so a variable that allows to quantify the
toroidicity of the molecule itself. We can consider the definition proposed in [16], in which the
observable that describes the toroidicity is called toroidal moment (t), and it is given by the
relation:

i=92 5" xS (2.29a)

It is therefore a quantum operator, and to obtain some physical values, it is necessary to apply it
to an eigenfunction to find, for example, its mean value. The toroidal moment is then position-
dependent, so the coordinate system should be chosen in a proper way, and we will discuss this
in the following.

Spin operators and their average value

Once the the parameter to quantitatively describe the toroidicity is defined, it is necessary to
explicitly point out the calculation method used to obtain the numerical values. To do so we can
use the possibility of the owHc program to evaluate the matrix elements of the spin operators
§+, S_and S, computed as:

(m| Sy _.|n) (2.30)

between two states |m) and |n).

The result is straightforward in the case of a non-degenerate subspace, i.e. of unitary dimension,
where F, # FE,, for each m # n, and the only matrix element present is the average value of
each operator in the eigenspace considered, thus:

(m| Sy -z [m)

The situation is more complicated in the case of degeneracy, i.e. a sub-space composed of
multiple eigenspaces corresponding to the same energy eigenvalue. In this case, the dimension
of the sub-space is greater than 1, and a diagonalization of the matrix describing the sub-space
is necessary in order to obtain the eigenvalues of the spin operators. In matrix notation, in
the case of a subspace of degeneracy 2 and initial eigenvectors |m’) and |n’) for a generic spin
operator S, we have:

(/| Sm') (m/| S |n) (m|S|m) 0
<7”L,| S' |m’) <TL,’ S’ |’I’L,> Diagonalization 0 <TL| S ’Tl>

Once the mean values of the spin operators S’Z,Jr,, in each of the states under analysis have
been obtained, it is straightforward to find the mean values of the spin components, through
the relations:

S, = % (§+ + §_> (2.31a)
S, = % (s - 5-) (2.31b)
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Toroidal moment operator

Using the mean values of the coordinates of the spin vectors, it is then possible to calculate the
toroidal moment directly by applying the definition shown in the equation 2.29. In fact, calling
t the toroidal moment vector, this will be computed as the average value of the relative toroidal
moment operator t in a state |n); this reads:

3
tz(nlﬂnguTBZrax<n]Sa|n):gMTB(n|r1xSl—i—rngg—i—rngg\mZ
a=1

(2.32)
_ guB : . .
= 7(1"1 x (n|S1[n) +1r2 x (n| Sz |n) +r3 x (n|S3|n))

We then ended up with a sum of vector products in which it appears the average value of the
spin operator in the state |n) for each ion, namely:

8

(n] $|n) = (n] (2.33)

(Q>c§l)> (95}
2

which are evaluated as discussed above.

2.5 Neutron scattering

[17][18][19]

Neutron scattering techniques are of fundamental importance in studying the properties of the
materials at the atomic scale, and combined with x-ray scattering they allow to cover a big
range of energies and momentum transfer for the experimental analysis. The usefulness of
neutrons in scattering processes derives from their physical properties (shown in table 2.1). In
particular there are several noteworthy advantages due to the fact that their electric charge is
zero, so they are not affected by the charge of the orbital electrons. Neutrons can so interact
with nuclei through the strong interaction, which occurs only at very low distances and so the
resulting scattering effect is weak. On the contrary the interaction between the neutron magnetic
moment and possible magnetic ions in the sample to analyze can give good scattering signals
that allow to investigate the properties of the material.

mass m = 1.675 x 107" kg
charge 0
spin 1/2
magnetic dipole moment wn = —1.913 un

Table 2.1: Neutron physical properties

2.5.1 Energy and velocity

The de Broglie wavelength of a neutron with a certain velocity v is given by
A= — 2.34
p— (2.34)

and so for reasonable values of the velocity the wavelength is comparable to the interatomic
distances of solid and liquid materials.
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The velocity of the neutron is directly related to their energy, and so to their production. There
are in fact two main ways of producing neutron: the first one uses the scattering between another
neutron and a Uranium core, and during the fission process three other neutrons are released,
one of which is used for another fission reaction while the other two can be collected and used
for the scattering experiments. In this way a continuous flux of neutron can be produced, and
this method is used for instance at the Institut Laue Langevin in Grenoble.

Otherwise it is possible to obtain neutrons using a spallation process, in which a proton is
accelerated with a linear accelerator to energies up to 1 GeV and collides with a heavy metal
target (Hg, Pb, Tg...) that, because of the excitation of the nuclei, releases several neutron.

In both cases the neutrons carry energy of MeV s while for condense matter purpose energies of
the order of meV's are needed, therefore different moderating materials (such as water, heavy
water or graphite) at a different temperature are used to decrease the energy (temperature)
of the neutrons to the desired value. The neutrons emerging from the reactor have so a ve-
locity spectrum that follows a Maxwell distribution (figure 2.7) with the temperature T of the
moderator, so the probability of having a neutron with velocity between v and v + dv reads:

3/2 2
m 1muv
P(v)dv =4 2. ————)d 2.35
()0 =t (G5 ) =y o (235)
with a maximum for v = /2k,T"/m.
1200
] ) e T=30K
1000 :": ................ T=300K
X T = 3000 K
800 '
5 i i
< 600 - i
5
Q- 400 P
2001 A
0- BT : _—
I ! I i I ! I ' I
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v (m/s)

Figure 2.7: Maxwell distribution of neutrons for different temperatures.

Defining then the magnitude of the wave-vector k as:

o

k
A

(2.36)

and the momentum of the neutron as:

p = hk (2.37)
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the maximum of the velocity probability corresponds to a kinetic energy of

1 h2k2
E=- 2 = T = 2.
va k‘b om hv ( 38)

Based on these relationships, one can then classify neutrons according to their characteristics
into cold, thermal and hot neutrons, as summarized in table 2.2.

E(meV)  T(K)  A1071%m)
Cold 0.1-10 1-120 30-3

Thermal | 5-100 60-1000 4-1
Hot 100-500  1000-6000 1-0.4

Table 2.2: Neutron classification based on their energy, temperature or wavelength.

Therefore, in addition to having wavelengths comparable to the distances between atoms, also
the energies turn out to be of the same order of elementary excitations in matter. So, during
the scattering, the energy exchanged is comparable to the initial one, and accurate pieces of
information can be obtained about not only about the ”static” structure of the material, but
also on the dynamic properties.

2.5.2 Interaction with matter

Because of the null charge of the neutrons, they weakly interact with matter and this leads to
two main advantages: to reduce the damage due to radiations in the studied sample and to
increase the penetration length, thus enabling investigation of bulk material properties.

We can distinguish three main modes of interaction between a neutron and a material, namely
absorption, refraction and scattering.

e In the absorption process the beam of neutrons does not change in direction, but its
intensity is decreased exponentially with the law I(d) = Ipe "%, where Iy is the initial
intensity, d is the distance traveled in the sample and p is a coefficient depending on the
material. Some neutrons are so absorbed by the nucleus of the atoms of the material which
can then emit radiations like «, 3, etc.

e The refraction phenomenons can be explained in analogy to classical optics but with a
proper refractive index which depends on the wavelength A\ of the incident neutrons, on
the mean value b of the scattering lengths of the nuclei and on the volumetric density p of
nuclei in the sample: n, =1 — % pbAZ.

e The operation of scattering is very similar to that of most radiation in materials and will
be described in more details in the following subsections.

Scattering cross section

We are interested in the interaction between a beam of neutrons (considered for simplicity a as a
white beam, so with neutrons of the same wavelength) and a scattering system, i.e. any sample
made as a collection of atoms. In the hypothesis of a white incident beam we can describe it
quantum-mechanically as a planar wave of wave-vector k;, while from diffraction theory it comes
up that the wave description of diffracted beam will be spherically symmetric, and with a new
wave-vector k. So the incident and scattered neutrons will be in the states:

wi — eik?iz wf — _7€ikiz (239)
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where b is known as scattering length. We can call then \; and Ay the initial and final states of
the target system, made of nucleus N in positions Ry, ..., Ry.

The properties of the scattering are encapsulated in the cross section, quantity that describes
the number of particles scattered in a certain region and it has the dimensions of an area. The
cross section can be actually computed starting from another similar quantity called partial
differential cross section which measures the number of neutrons scattered per second into a
solid angle d2 = sinfldfd¢ with final energies between E; and Ef + dEy and looks like:

d?o
dQdEy

(2.40)

The differential cross section can so be thought as a sum over all the possible processes that
ends with a state Ay and a wave-vector k; in the direction 6, w; using then the Fermi’s golden
rule to evaluate the transition rate from the state (\;, ;| to the state (Af, A¢| and considering an
energy conservation condition, it is possible to arrive to an explicit expression of the differential
cross section like:

d?o ky rom \2
= (— k V ik \s E, —E\,+FE,— F 2.41

where the matrix element deriving from the Fermi’s golden rule can be written as:

dm
KAV k) | = ——
[ {kpAr [V ki) | = ——

/exp(—z'kf -1)Cy, Veap(ik; - T)Cy, dRdr (2.42)
with @ the incident flux of neutron, (), and (, the initial and final states of the target system,
r the vector position of the neutron and V the scattering potential. To obtain an explicit result
it is necessary then to choose an expression for the scattering potential V', which can be thought
as a sum of two main contributions: one that describes the scattering due to the strong nuclear
force and one due to the magnetic interactions. The two cases will be treated in the following.

Strong nuclear force potential

The interactions governed by the strong nuclear force are significant only if the distance between
the incoming neutron and one atom of the lattice is small, and we can therefore associate this
effect with a short range potential which can be written as:

V(r) = ad(r) (2.43)

where we considered the atom in the origin, therefore R = 0. d(r) is the Dirac delta, namely
fspace d(r)dr = 1, while a is a real constant that can be determined inserting equation 2.43 in
2.46 and 2.42 and comparing the result with the scattering cross section with a single nucleus

computed from the flux and velocity of the neutrons. It is then possible to find that a = %b
and therefore the scattering potential becomes:
2mh?
V(r) = " bs(r) (2.44)
m

The potential thus obtained is an approximation of the interaction potential between neutron
and nuclei, and it is called Fermi pseudopotential; calling Q = ky — k; the scattering vector (or
momentum transfer) it is possible to write the Fourier transform of this potential as

- 2k

-~ be!QT (2.45)

V(Q)
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and this allows to find an expression for the differential cross section that looks like:

dc__ okt
dQE;  Arm k;

NS(Q,w) (2.46)

where the function S(Q,w) is called scattering function, and contains all the physics of the
process and the characteristics of the material under study, and it s simply given by the Fourier
transform of the pair correlation function G(r,t).

Magnetic potential

As said from the beginning, the magnetic properties of magnetic ions are mainly due to unpaired
electrons, and therefore one can expect a considerable interaction between the neutrons (particle
with spin 1/2) and the magnetic ions of the sample.

To investigate this effect we can start by defining the magnetic dipole moment operator of the
neutron, given by:

Pn = VUNO (2.47)
where puy = % ~ 5.051 - 102" J/T is the nuclear magneton, v = —1.913 is the gyromagnetic
ratio, and o is the Pauli spin operator.

The magnetic interactions of a neutron can thus be summarized as the interaction between its
magnetic dipole moment and an external magnetic field B, namely:

Upn=—pn-B=—yuno-B (2.48)

The magnetic field B will then be generated by the unpaired electron of the nucleus, and will
be made of two contributions, one due to the magnetic moment (spin) of the electron itself (By)
and the other due to its orbital momentum (By,). The first one can be written as the curl of a
vector potential A calculated with the magnetic moment p. of the electron, while the second is
derived directly from the law of Biot and Savart. The complete magnetic field can be written

SO as:
“eXR> _ 2HBP><R}

(2.49)

Ho
B—B,+B, =
s B 4W[VX( R3 h R

Therefore, inserting the field just computed in relation 2.48, the magnetic interaction potential

will look like:
1o s xR 1pxR
Lm = 4 Y . 2.
or [HNHBET [ % < R3 ) + h RS ] (2.50)

where we used the definition of the electron magnetic moment given by pu. = vyups with s the
electron spin operator.

As we did in the previous section we can so take the Fourier transform of the magnetic potential,
which will be a function of the scattering vector @ and can be written as:

Un(Q) =

2

S Q{5 (1)) (251)
J

where the sum is performed over all the atoms of the systems in positions r; and the func-

tions Fj(Q) are the dimensionless magnetic form factor of the different atoms, so the Fourier

transform of the electric charge distribution in space. Furthermore, the p;s are the magnetic

scattering length of the electrons in the different atoms, and they have a analytical expression
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more complicated than the nuclear scattering length b since we are dealing now with a non-
central force. However the magnitude of p and b are comparable, so the magnetic and nuclear
scattering make a similar contribution to the neutron-atom interaction.

Having a formula for the interaction potential, it is again possible to derive the differential cross
section inserting equation 2.51 in equation 2.46 and this, indexing with o and 5 the Cartesian

coordinates z, y and z, leads to the expression?:
d*c ’yeQ k¢ e~ BEn E,. —E,
dQdw - mECQ ]{7 ; Z(T) Im,n(Q)(5 (Lu' — h) (252)

with

QQQB
QQ

(@) = 3 FL(Q)F;(Q)e@Res (m— )<n|§i,a|m> (mlSpsln)  (253)
4,J o,

where the sum is performed over the different magnetic ions and If\J Af (Q) is a function con-
structed out of the Bessel functions.

The quantity (0a,8 — Qgﬁﬁ) is called polarization factor and it allows the scattering only if the

magnetic moment is perpendicular to the scattering vector @, otherwise no contribute is given
to the differential cross section; this allows so to detect the direction of the magnetic moment
by neutron scattering results. Moreover the dependency on the thermal population factor p, so
the probability to observe a specific transition, is also related to the temperature of the system
of ions, and so to the most probable energy eigenstates by which the system is described.

Even though it is not possible to directly observe it from this equation, it can be proven that
the possible transition are characterized by a maximal spin difference between the initial and
the final state of 1, which leads to the selection rules:

AS =0,+1 (2.54)
AM =0, +1 (2.55)

In general the result of the relation above is a complex number, in which the imaginary part
should cancel out; in fact usually the imaginary part is related to the absorption of the particle in
the scattering, but in this case this imaginary part come from just two sources, the exponential
and the matrix elements, but in non of there is anything about neutron absorption. Only the
result of interaction with the spin is included in the formula.

2.5.3 Powder and single crystal neutron scattering

Equation is the starting point for simulating neutron scattering experiments. It is therefore
possible to obtain the peak intensity of a powder sample by integrating the equation over the
entire solid angle df?, eliminating the dependence on the orientation of the vector Q. The
derivation of the final formula is complicated, and the result has already been derived and
implemented in a package of the code owMag called owlns. However, it is possible to obtain an
analogous formula in the case of crystalline samples, and this will be derived, implemented and
tested below in chapter 7.

2Computed in [20]
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Chapter 3

AlsDy3 molecule

3.1 Compound: description and structure

The molecule studied in this thesis is a new compound synthesised in the Institute of Inorganic
Chemistry of the Karlsruhe Institute of Technology by dr. Thomas Ruppert, supervised by prof.
Annie K. Powell.

It consists of a core formed by three dysprosium ions (Dy3") arranged in a triangular con-
figuration and two aluminium ions positioned along the axis of this triangle. A multitude of
other atoms, O, H, C, N, surrounds the central part of the molecule, forming what is called
the ligands structure. This structure influences the magnetic properties of the central ions, in
particular by introducing magnetic anisotropies, i.e. preferential directions in which the spins
tend to align. The ligand structure is designed to give high anisotropy values, and directions of
the anisotropy axes that can provide a good toroidicity to the molecule.

The scheme of the molecule, obtained through crystallographic measurements, is shown in figure
3.1, in which the complete structure of the ligands is shown (on the left) and a focus is made on
the central core (on the right).

Crystallographic measurements make it possible to derive the position of the different ions of
the molecule in a certain Cartesian reference system. For our purposes, however, we will only
be interested in the triangle of Dy ions, so it will be convenient to rotate the reference system
so that the three ions lie in the z-y plane, and one of the ions lies along the y axis. The z axis
then passes approximately through the centre of the Dy triangle. A scheme of the coordinate
frame and the position of the three Dy ions in it is shown in figure 3.2.

3.2 Magnetic properties

3.2.1 Dy** ions and Hilbert space dimension

As mentioned, the magnetic properties of the molecule are provided by the three triangularly
arranged dysprosium ions. Each dysprosium ion makes a contribution to the total ground state
magnetic moment of 15/2. A dysprosium atom can be represented in the notation:

[Xe]4f106s

and so a Dy3t ion will lose 3 of its electrons, 2 from the s orbital and 1 from the f orbital. 5
electrons will therefore remain unpaired, thus providing a spin contribution of 5 - %, ie:

5

SDySJr = 5

23
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Ao Al,Dy; (dtbbenz),

Figure 3.1: AlyDys chemical scheme of the molecule with all the surrounding ligands (on the left) and
a zoom in the core of it (on the right). The main focus will be on the three Dy ions, since they are the
ones that give the magnetic properties to the molecule.

(-1.981, 1.130, 0) A

Figure 3.2: Chosen Cartesian coordinate frame for the molecule, focusing on the 3 Dy ions. The Dy
triangle is lying on the z — y plane, and the z axis then passes approximately through the centre of
it. In the picture are shown the Cartesian coordinates of each ion obtained through crystallographic
measurements and rotated within the choice of the frame of reference.
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The ion’s orbital is then H type, so it will be characterised by an azimuthal quantum number

equal to:
EDyiH- - 5

By the rules for the sum of angular moments, there will thus be for each dysprosium a total
angular momentum equal to

. 15
JDy3+ = ?

So the dimension of the Hilbert space for a single ion will be:

dim(Hpys+) = 2j +1=16

And, therefore, having 3 Dy ions, the total dimension of the Hilbert space of the molecule is:

dim(Hzp,p+) = 16° = 4096

The dimension found will also be the Hilbert space dimension of the entire molecule. In fact,
the only magnetic properties are given by the Dy ions, as the two Al ions are non-magnetic,
as they do not have any unpaired electrons.

Since in our discussion we are interested in the total magnetic moment, a value that appears in
the Hamiltonian described in section 2.1, we will refer to it simply by the term ”spin” or ”total
spin”.

3.2.2 Susceptibility and magnetization

After the synthesis of the molecule, some magnetic measurements were carried out. In particular,
measurements of susceptibility as a function of temperature and of magnetization for different
temperatures as a function of the applied external magnetic field. In particular a superconducting
quantum interference device (SQUID) technique has been used, and the results have been plotted
in figure 3.3.

Susceptibility Al,Dy; experimental data Magnetization Al,Dy, experimental data
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Figure 3.3: Acquired data of susceptibility xT' as a function of the temperature (on the left) and mag-
netization M for different temperatures as a function of the magnetic field (on the right) for the AlyDys
molecule.
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The room temperature susceptibility x7 reaches a value of 35 cm®Kmol™!, but at low T, how-
ever, the susceptibility is rapidly decreasing but without vanishing completely, as it happens in
[21].

The magnetization then shows an increasing trend starting with a zero value for zero magnetic
field and then increasing rapidly without showing an initial transient of zero magnetization
at low magnetic fields. For high magnetic fields, the sample is totally magnetised, given the
asymptotic behaviour of the magnetization, which settles around a value of 15 up, irrespective
of the temperature at which the measurement is taken. The step in the magnetization that it
is possible to see around 17 is explained by the energy level crossing, and so by a transition
induced by the magnetic field between the first excited magnetic state and the ground state (see
chapter 5).

The aim will then be to fit these experimental data to derive the magnetic properties of the
molecule. In particular, we are interested in the orientation of the anisotropy axes of the three
Dy ions, which could give direct information on the spin orientation and thus on the toroidal
moment. The methodology and results of the fits will be shown in chapter 4.



Chapter 4

Fitting of experimental data

4.1 Algorithm and parameters

4.1.1 In-House program and fitting algorithm

The program used for analysing the experimental data and for the simulations that will be
shown in the following chapters is a code written in C language, developed in-house and called
owMayg.

It requires a description of the molecular structure under analysis, specifying: the number of ions
involved; the magnetic coupling value (J) between pairs of them; the total spin; the anisotropy
values (D and E) and the orientation of the anisotropy axes via the angle triads (6, ¢, «); the
Landé factor (g). Further details concerning the simulation can be then specified, e.g. the type
of output files and their content, specific fit parameters etc. For using the effective model, then,
some commands allow us to specify the angles of local rotation of the anisotropy axes, and the
matrix elements to be considered and which ones to set to zero.

To simulate magnetization and susceptibility, the description of the molecule in the input file is
sufficient, obviously specifying the temperature and magnetic field ranges in which to simulate
the data. On the other hand, for what concerns the fits, the experimental data must also be
considered and fed to the code. It is therefore possible to specify in the input file the type of
data available, collected in an external text file, and its format and structure.

By populating and diagonalizing the Hamiltonian, the program can directly output the simula-
tion results, or proceed with several simulations for different parameter values to find the one
that best interpolates the data, thus performing a fit.

To perform those fits, owMag uses the Levenberg—Marquardt algorithm [15], which combines
two minimisation algorithms: the gradient descent method, in which the fit parameters are
updated following the steepest-descent direction, and the Gauss-Newton method, which aims
at minimising the least squares function. In particular, the function to be minimised used in
owMag is chosen to be the sum of the squares of the differences between the values to be fit

(ydata) and the fit values (y;™); in formulae:
data points
X2 _ Z (yglat(z _ yislm)Q (41)

i

Various choices can be made to normalise the differences shown in the equation in order to give
different weights to different points on the curve. These include, for example, dividing by a
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constant, by the experimental data or by the uncertainty on the experimental data. In owMag,
the first possibility was therefore adopted, choosing this constant equal to 1, in order to assign
the same weight to all the experimental points.

The standard method for the fit is therefore to proceed iteratively by minimising x?; hence the
final result of the fit will be a configuration of values corresponding to a minimum of x? in
the parameter space. But, depending on the complexity of the landscape of x?2, this minimum
may be global, or only local. Therefore, the choice of the initial parameters may affect the final
results, and only parameters sufficiently close to the minimum may lead to convergence to the
global minimum.

To simulate susceptibility and magnetization in powder form, then, it is necessary to integrate
over all possible sample orientations, as described in section 2.3. For this purpose, the Romberg s
method[15] for estimating definite integrals is used.

4.1.2 Choice of the fitting parameters

For the execution of the fits, it is necessary to weigh up the choice of the number and type of
parameters one wants to leave free to vary. The model used to describe the physics of the system
is in fact the Hamiltonian model shown in equation 2.1, in which a large number of degrees of
freedom appear; these include the parameters shown in table 4.1.

J1,2, J2.3, J3.1 Heisenberg couplings

Dy, Dy, D3

E, Es, E3
thetaq, phii, alphaq Anisotropy axis orientation first ion

thetas, phis, alphas Anisotropy axis orientation second ion
thetas, phis, alphas  Anisotropy axis orientation third ion

Anisotropy parameters for each ion

g1, 92, 93 Landé factor for each ion
Mscale Molar mass correction
X0 Diamagnetic correction

Table 4.1: Possible fit parameters of the Hamiltonian model for a 3 ions system

Most of the parameters have already been described above, so particular attention can be paid
to the last two parameters.

Molar mass correction mg.qe

The crystal ((3,5-ditertbutylbenzoic acid)) synthesised containing the 3Dy molecules and used
for data collection, is unfortunately a system that allows for low accuracy regarding the purity
of the crystal, and consequently on its molar mass. This is due to the crystallisation process,
in which the amount of solvent (Isopropanol/Water C3s H7OH ) influences the final mass of the
compound due to the possibility of exchange of some of these molecules with those constituting
the sample. The normal correction of the molar mass of the system, by subtracting the molar
mass of the solvent, therefore, results in values that are not extremely accurate, and this may
affect the final values of the (molar) susceptibility and (molar) magnetization to be studied. To
take this deviation into account, it is therefore possible to use a corrective parameter mgcqe in
the fits, with a value around 1 for corrections that are not too large, which acts by rescaling
susceptibility and magnetization as:

XT = XTmscale

(4.2)
M = Mmscale
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Diamagnetic correction x

Similarly, another factor that may affect the goodness of the data collected is purely related to
an experimental aspect. By construction, the instrument used in the measurements can in fact
introduce diamagnetic contributions into the final data, connected, for example, to the material
from which the sample holder is made. This correction (called x¢) will act on susceptibility and
magnetization as a linear contribution in temperature or magnetic field respectively; one has in
fact:

XTI — xT + xoT

(4.3)
M — M+ xoB

Given this linear dependence, it is expected that the correction is more influential at high
magnetic fields and high temperatures. However, the measurements performed are obtained with
relatively low magnetic fields (order of T') and consequently no great variations in magnetization
are expected. On the other hand, temperatures reach values in the order of 100° C, around which
the diamagnetic correction will be more important.

Parameters number reduction

The number of parameters listed in table 4.1 exceeds 20, so it is clear that the complexity of the
parameter space is extremely high. The aim is therefore to try to reduce the number of these
parameters by adopting different reasoning:

— Given the C3 symmetry of the molecule, with the dysprosium ions positioned approxi-
mately on the vertices of an equilateral triangle, it can be assumed that the parameters
related to the type of an ion are the same for all three of them. Accordingly, it is assumed
that

def

Di=Dy=D3% D,

def

Ey=F,=FE3=F,

def

9g1=92=93 =9

— In the high anisotropy approximation, thus allowing the effective model to be used, the
value of D will be irrelevant as long as it assumes sufficiently high values. It may therefore
be disregarded in the fit phase. Furthermore, considering the contribution of the anisotropy
as purely axial, the value of F is also irrelevant in the eigenvalues of energy, susceptibility
and magnetization, and can therefore also be set equal to 0 and neglected. Similarly,
with axial anisotropy, the alpha angle, which describes a rotation of the anisotropy tensor
around the principal axis, will make no contribution, and can be set at 0 for ease.

— For the same symmetry reasoning done before, the coupling value between ion pairs can
also be assumed constant, therefore:

def

Jig=Jog=J31=J

— A further simplification can be achieved by reducing the number of parameters for describ-
ing the anisotropy axes. In particular, since the physics of the problem is independent of
the reference system, it is possible to choose an appropriate one in which one of the axes
(z axis) is parallel to the anisotropy axis of the first ion (thetal = 90°, phil = 0°). In this
way it is possible to fix the anisotropy angles of the first ion and leave only those of the
other two free to vary.
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With these simplifications, we have therefore reduced the dimension of the parameter space to
8 degrees of freedom, namely:

J, theta2, phi2, theta3, phi3, ¢, Mgcales X0 (4.4)

However, the number of parameters is still very high when looking again at the experimental
curves in figure 3.3. The absence of particular features in the points leads to greater difficulty
in achieving an ideal fit and a case of overparametrization will have to be dealt with. One can
therefore expect the presence of several sets of parameters leading to the same simulated curve,
leaving aside the additional difficulty due to the possibility of the fit converging at a relative
minimum of the x? landscape.

4.2 Fitting the data in the effective model

4.2.1 Starting point: ideal configuration

As a first indication, from crystallographic measurements, we know that the dysprosium ions
are positioned approximately at the vertices of an equilateral triangle, and the molecule is
synthesised with the aim of having a good toroidicity (see chapter 6). In particular, we can
choose the orientation of the anisotropy axes so that they lie in the plane of the 3Dy triangle,
with azimuthal angles 120° apart. Under the assumption of high anisotropy, the Heisenberg
coupling J can then be chosen to be of low intensity and antiferromagnetic (J < 0), while the
diamagnetic and molar mass corrections can be initialised to 0 and 1 respectively, so that they
make no contribution. Moreover the Landé factor can be chosen as the theoretical one for Dy
ions, namely ¢ = 4/3. Summarising what has been said so far, the choice of initial parameters
therefore results (see table 4.2):

J theta2 phi2 theta3 phi3 g Mscale X0
-0.05 K 90° 120° 90° 240° 1.33333 1 0 em3Kmol™!

Table 4.2: Choice of the initial parameters supposing the 3Dy ions in an ideal configuration to maximize
the toroidicity.

A further simplification that can be initially adopted is to fix the position of the azimuthal angles
phi (0°, 120° and 240°) and to leave the polar angles theta free to vary at the same time, thus

imposing thetal = theta2 = theta3 & theta. In the following we will refer to this configuration
as " umbrella configuration”. The parameters to fit, with their initial values, will reduce therefore
to (table 4.3):

J theta g Mscale X0
-0.05 K 90° 1.33333 1 0 em3Kmol™!

Table 4.3: Choice of the initial parameters in the umbrella configuration, thus fixing the phi angles to 0°,
120° and 240° and using the same polar angle theta for all the three ions.

Before going into the fit procedure, it is possible to compare the experimental curves with those
simulated using the parameters of the ideal configuration described above. The result can be
seen in figure 4.1, where, as conventionally adopted in the following, the experimental data are
shown as points in the graph, while the simulated (or fit) curves are shown as solid lines.
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Figure 4.1: Susceptibility and magnetization simulation (lines) for the ideal configuration, so with the
parameters of table 4.3, superimposed to the experimental data (points).

The simulated curves for the ideal configuration thus show a similar trend to the experimental
data, but they only overlap them in the extreme regions of the independent coordinate, while
in the majority of the graph the description of the system is clearly ineffective, which is also
confirmed by the high x? values shown inside the plots.

4.2.2 Role of each parameter in the simulated curves

As seen before, the ideal configuration does not lead to an acceptable representation of the data,
so an optimisation of the parameters is necessary. Before proceeding with the actual fits, it is
useful to gain a feeling for how larger or smaller variations in the parameters lead to larger or
smaller changes in the susceptibility and magnetization graphs. This will also make it possible to
assess how far the initial configuration is from the ideal fit, and to possibly adjust the initial fit
parameters in order to increase the probability of converging to the absolute minimum of the x?.
We then vary one parameter at a time by values around those of the ideal configuration. And we
show then the corresponding simulated susceptibility and magnetization curves superimposed
to the usual experimental curve. The result is shown in the figures 4.2 and 4.3.
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Figure 4.2: Comparison between different simulated susceptibility and magnetization curves for different
values of the parameters: J coupling, polar angle theta and Landé factor g. Experimental data represented
by points.
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Figure 4.3: Comparison between different simulated susceptibility and magnetization curves for different
values of the parameters: diamagnetic correction yo and molar mass correction Mmgcqre. Experimental
data represented by points.

It can be seen from the graphs that the parameters of the ideal configuration are close to the
representation of the experimental data, but some adjustments are necessary. In particular, one
can expect a decrease in the polar angles theta with respect to the value theta = 90° in which
the anisotropy axes are arranged in the plane of the ions, as well as a value < 1 for the molar
mass correction and a reduction also in the Landé factor g. Nevertheless the parameters of the
ideal configuration seem to be a good starting point for fits, which will be discussed in more
detail in the next section.

4.2.3 Fit of 5 parameters: coupling, polar angle and corrections

One can then start the fit procedure by directly considering the five parameters shown in table
4.3, and simultaneously fit the magnetization and susceptibility data. The same table also shows
the initial fit values, which, as explained above, contribute to the goodness of the final results
and to the convergence of the algorithm in the global minimum or in a local minimum. The fit
converged to a minimum value of x? after 30 iterations, and the results are shown in picture 4.4
and table 4.4.
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Figure 4.4: Direct fit of both susceptibility and magnetization with 5 degrees of freedom with initial
parameters of table 4.3, so in the ideal configuration.

J ~0.108(3) K
theta 80.0(7)°

g 1.178(11)
Mscale 1.091(17)

xo  0.0200(12) em3Kmol~!

Table 4.4: Fit parameters with initial parameters in the ideal configuration.

The results obtained show good agreement of the magnetization with the experimental data,
while a particularly different trend is seen with regard to the susceptibility. A quantitative
measure of the goodness of the two fits can be seen in the x2s values, directly shown in the
plots.

With suspected convergence in a local minimum, therefore, one can attempt to improve the fit
result by changing the values of the initial parameters. In particular, as seen in figures 4.2 and
4.3, better trends are obtained by reducing the value of the theta angles, and the value of the
Landé factor g. We therefore repeat the fit using as initial parameters the values that provided
the smaller y? results in those simulations.

Moreover, the linear trend of the susceptibility for temperatures above 50°, with a slope that
does not respect the experimental data, suggests a too high value of the diamagnetic correction
X0, which, remembering what was said before, gives a contribution of type xo7', therefore linear
in temperature. In the following fits, it was therefore decided to initially set the value of g to
0.005, as it can be seen in figure 4.3 that it only varies at temperatures > 50°, and this curve is
the closest to the slope of the experimental data. After performing the fit with the value of xq
fixed, a second fit is performed, leaving only g free to vary, and fixing all the other parameters
according to the results of the first fit.

The initial parameters are shown in table 4.5 and the results in figure 4.5 and table 4.6.
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J theta g Mescale
-0.05 K 20° 1.29 0.9

Table 4.5: Initial parameters choosing the one that gave the smallest x? values in the simulations of
figures 4.2 and 4.3.
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Figure 4.5: Direct fit of both susceptibility and magnetization with 5 degrees of freedom with initial
parameters of table 4.5.

T 0.044(2) K
theta 22.0(9)°

g 1.278(7)
Mscale 1.015(1)

X0 0.0078(5) em?3 K'mol ™1

Table 4.6: Fit parameters with initial parameters of table 4.5.

The fit converged after 41 iterations, reducing the y2s of susceptibility and magnetization re-
spectively by a factor of 3 and a factor of 1.5.

The fit parameters obtained allow a good description of the physical model, but once again it
is possible that the global minimum was not reached. To check whether this is the case, it is
possible to directly observe the landscape of the x? as a function of two parameters at a time.
We then choose the pairs J — theta and mgeqe — g, and proceed to simulate the susceptibility
and magnetization curves for each pair of values by deriving a value for x2. In figure 4.6, the
two landscapes for susceptibility and magnetization are shown separately (figures 4.6a and 4.6b)
and then superimposed in figure 4.6¢c. The plot in figure 4.6d then shows the total chi square
calculated as the sum of x?2,,. and X?mgn. For each plot, it is then highlighted the point that
minimises the x? in the different cases considered.
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Figure 4.6: x? landscapes for the couple of parameters J — theta relative to susceptibility (a) and
magnetization (b). In plot (d) we superimposed the landscapes shown in (a) and (b), while in (d)
one can see the sum of the two x2s. The blue points show in each case the couple of parameters that
minimizes the 2.
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Figure 4.7: See figure 4.6 for parameters mgeqie — 9.

The landscapes shown do not appear to have overly complicated elements, so it is possible to
ascertain that the configuration found is a global minimum of x? both visually and by comparing
the point of minimum of the landscapes with that obtained by fit of table 4.4. From the graph
in figure 1, it can also be seen that the mg.e and g parameters are linked to each other, but
the mgeqe parameter does not affect the fit in a extremely significant way. It does, however,
allow the fit to be corrected and improved, taking into account the experimental difficulties in
measuring the molar mass of the molecule, so it will still be considered as a fit parameter.

4.2.4 Fit including other parameters

In the fits performed so far, we have reduced the number of parameters to a minimum, looking
for the simplest model close to the ideal configuration that could give a good interpretation of
the experimental data. The result obtained is satisfactory, but the question arises as to whether
the addition of further parameters can significantly improve the result of the fit.

In the following three subsections we will therefore add some fit parameters, in particular:
considering the ideal configuration but with three different theta angles free to vary, one for
each ion; ideal configuration with the same theta angle for each ion, but leaving the phi angles
free to vary, setting the ideal angles 0°, 120° and 240° as initial parameters; complete fit with
three different theta angles and three different phi angles.

For each case, a table is shown with the initial fit parameters, the corresponding graphs with

0.000
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the susceptibility and magnetization curves, and a table with the values resulting from the fit.
As before, the value of x? is shown within the graphs.

Different three theta angles, ideal phi angles

J thetal theta2 theta3d g  Mgeqle
-0.05 K 20° 20° 20° 1.29 0.9

Table 4.7: Initial parameters of the fit letting change all the three theta angles individually.
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Figure 4.8: Direct fit of both susceptibility and magnetization with initial parameters shown in table 4.7,
and adjusting the o value with a second individual fit.

J  —0.088(11) K thetal 11.5(1.7)°
g 1.264(8) theta2 41(88)°
Myeate  1.046(12) theta3 41(88)°
X0 0.0063(5) cm?3 Kmol ™!

Table 4.8: Fit results with initial parameters of table 4.5.

Different three phi angles free to vary

J theta phil phi2 phi3 g Miscale
-0.05 K 20° 0° 120°  240° 1.29 0.9

Table 4.9: Initial parameters of the fit letting change also the phi angles individually.
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Figure 4.9: Direct fit of both susceptibility and magnetization with initial parameters shown in table 4.9,
and adjusting the yo value with a second individual fit.

J  —0.043(8) K | phil —19(77)°
g 1.23(11) | phi2 175(86)°
Mseate  1.012(17) | phi3 259(138)°
theta 25(7)° xo  0.0067(5) em3Kmol !

Table 4.10: Fit results with initial parameters of table 4.9.

Different three phi and three theta angles free to vary

J thetal theta2 thetad phil phi2 phi3 g Mescale
-0.05 K 20° 20° 20° 0° 120°  240° 1.29 0.9

Table 4.11: Initial parameters of the fit letting change both the phi and the theta angles individually.
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Figure 4.10: Direct fit of both susceptibility and magnetization with initial parameters shown in table
4.11, and adjusting the xg value with a second individual fit.

J  —0.065(17) K | mscate 1.030(17)
thetal 32(52)° phil 295(79)°
theta2 51(67)° phi2 37(55)°
theta —10(55)° phi3 251(120)°

g 1.273(11) xo  0.0065(5) cm®Kmol~*

Table 4.12: Fit results with initial parameters of table 4.11.

4.2.5 Final considerations on the models: role of the azimuthal phi angles

The previous fitting attempts show that the addition of further parameters does not lead to any
improvement in the magnetization, but only slightly in the susceptibility (see the case of three
different theta angles).

The fit results show that the parameters also considered previously (J, mgcqe, theta, g, Xo)
always assume similar values and with acceptable accuracies. However, the results of the theta
and/or phi angles show extremely high uncertainties, comparable with the values themselves, a
sign of a low influence in the final curves of the fits.

We can empirically verify the non-dependence of the powder magnetization and susceptibility on
the phi angles. To do this in figure 4.11 are shown the graphs of susceptibility and magnetization
for different phi angle configurations of the anisotropy axes. All phi angles were increased by
the same Aphi value, or the phi angle of a single ion was changed, or all angles were changed
independently. In particular are shown the configurations of phi angles (0°, 120°, 240°) and (90°,
210°, 330°), i.e. those which will then provide the maximum and minimum toroidal moment.
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Figure 4.11: Simulations of susceptibility and magnetization for different configurations of phi angles and
for the other parameters obtained from the fit relative to table 4.6. The simulations (solid lines) are
superimposed to the experimental data (points).

The figure thus clearly shows a negligible dependence of the simulated curves on the choice of
phi angles. This therefore has a fundamental consequence on the toroidicity of the molecule.
In fact, it has been possible to derive the tilting of theta angles with respect to the plane in
which the ions lie, but no information can be derived on the phi angles. As mentioned earlier,
therefore, the configurations exhibiting the highest and lowest toroidicity (choosing the same
theta angles) have the same powder magnetization and susceptibility values.

Thus, no complete information on the toroidicity can be derived from the common measurements
in a powder sample of magnetization and susceptibility, and different experimental techniques
has to be investigated (Inelastic Neutron Scattering).

4.3 Simulation with the full model

Given the results obtained, we can therefore follow the principle of Occam’s razor and consider
the simplest model to describe the experimental data, having thus shown how the ideal config-
uration with polar angles theta slightly inclined with respect to the axis perpendicular to the
plane provides a satisfactory result. Therefore, as mentioned above, the fits performed so far
have been carried out using the effective Hamiltonian model in order to reduce the computa-
tional time. We have already shown that the effective model and the full model provide results
that are extremely close to each other.

However, it is good practice to check that the fit parameters obtained with the effective model
also describe the experimental data with the same accuracy as with the full model. Since the
simulations (without fit) can also be performed in a reasonable time in the full model, we proceed
to simulate the susceptibility and magnetization curves using the fit parameters shown in table
4.4.
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Figure 4.12: Simulation in the full model using the parameters found through the fit and shown in table
4.4. The green curve of the susceptibility is obtained fitting only the diamagnetic correction yp.

The simulation performed with the full model gives practically the same results for the magne-
tization, while the susceptibility (red curve in the left graph) shows a trend that diverges from
the data for temperatures higher than about 50 K. As explained previously, the effective model
focuses on the ground state, i.e. to the low temperatures range, and neglects possible state
mixing with high lying states.

However, at high temperatures, the contribution of the diamagnetic correction g becomes
important. Maintaining the same parameters used for the simulation, we have therefore allowed
X0 to vary and fitted this parameter. The result of the fit is therefore a diamagnetic correction
of xo = 0.0046(6) cm3Kmol~1, and the susceptibility curve (plot in green) returns to correctly
overlay the experimental data.

We can therefore once again confirm the reliability of the effective model, barring any corrections
at high temperatures, and validate the parameter values obtained by fit.



Chapter 5

Energy eigenvalues: exploration in
the parameter range

5.1 C3-fold symmetry and relation with the energy eigenvalues

As described previously (chapter 3), the molecule under study shows a particular geometrical
structure made up of the three Dy ions and of the surrounding ligands. One can therefore
expect this structure to present a symmetric behaviour, and in particular, due to the triangular
arrangement of the Dy ions, a C3-fold rotation symmetry can be investigated. The geometrical
shape of the molecule and its properties should remain so unchanged under rotations of %w
around its principal axis, that in this case, due to the choice of the reference system described
in section 3.1, correspons to the z axis, which is approximately the perpendicular to the Dy
triangle plane passing through the central point.

In this instance we will focus on the energy response of the molecule if an external magnetic
field is applied, and, in particular, on how the direction of this field affects the energy spectrum
of the system. Using the standard configuration of the molecule and the same frame of reference
described in section 3.1, we can apply an external unitary magnetic field B = 1T changing its
orientation with respect to the xy plane (¢p angle) and the yz (5 angle) and looking at the
lowest energy eigenvalue E0 of the molecule. The result is plotted in figure 5.1.

For clarity of exposition, one can also see the same behaviour in plots in figure 5.2, in which the
same data have been plotted fixing the angles fp and then ¢p respectively to 90 and 120.

From these graphs it is straightforward to recognize a 3-fold periodicity of 120°, which come
from the C3-fold symmetry, when the B field is spanned around the Dys plane. But in addition
to this, one can also notice a periodicity of 60°, so a duplication into 6 folds. This is caused
by the fact that a rotation of the anisotropy axes of 180° leads to the same results, since that
the anisotropy is described by an axes and not by a vector. This behaviour is a confirm of the
symmetry under study, and can be analytically proven looking at the anisotropy tensors D of
each ion. In table 5.1, are shown these tensors, obtained rotating the initial diagonal matrix
Dynrotated accordingly to the angles of the standard configuration.

It is so possible to verify the validity of the following relations:
D2 =R,_120D1R)_5y D3 =R,_gD1R]_g

D3 =R,_120D2R)_5, D1 =R, _cD2R]_ (5.1)
D1 =Ry_120D3R]._50 D2 =R,_60D3R]_g

43



44CHAPTER 5. ENERGY EIGENVALUES: EXPLORATION IN THE PARAMETER RANGE

-4.200
-5.180
-6.160

-7.140

100
1 -8.120
80

-9.100

-10.08

-11.06

-12.04

0 50 100 150 200 250 300 350
(!

Figure 5.1: Lowest energy eigenvalue changing the orientation of the magnetic field acting on the 3Dy
molecule in the ideal configuration.

o0 EO for fixed 05=90° EO for fixed pg=120

60° periodicity
-10.2 4 — 4
-10.4 4
-10.6 4 64
-10.8 4
-11.04

-11.2 4

EO
EO
(oo

-11.4 -
-11.6 - 104
-11.8 - \/ \
-12.0 - -12
-12.2 . ; r . . . . . . T T T . . . T . T . .
-50 0 50 100 150 200 250 300 350 400 20 0 20 40 60 80 100 120 140 160 180 200
Ps 05

Figure 5.2: Lowest energy eigenvalue changing the rotating the magnetic field along the xy plane (on the
left) or perpendicular that (on the right).

Duynrotated D1(90,0,0) D2(90,120,O) D3(90,240,0)
100 O 0 -200 O 0 25 129.9 0 25 -129.9 0
0 100 0 0 100 O 129.9  -125 0 -129.9  -125 0
0 0 -200 0 0 100 0 0 -100 0 0 100
Table 5.1: Anisotropy tensors of the three ions rotating the initial matrix built with D = —200 and
E=0.

where R, is the rotational matrix of a certain angle ¢ around the z axis. These relations confirm
so that the anisotropy axes are C3 fold symmetric, since the same matrices are obtained starting
from one of the three ion and rotating it of 60° or of 240°, thus obtaining the same anisotropy
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axis in the positive or negative direction.

5.2 Effects of anisotropy and exchange coupling individually

Isolated ions: only Zeeman effect

To deeply understand the energetic behaviour of the molecule, we can analyze the first energy
eigenvalues when an external magnetic field of different intensities is applied. Starting from the
case of J =0 and D = 0, we are here neglecting completely the coupling between the spins and
the interaction with the ligands, considering only the one with an external magnetic field. The
Hamiltonian will therefore be reduced to a single contribution made by the Zeeman term:

H = upgrSB (5.2)

and this leads to the lowest energy values when all spins are aligned with the magnetic field,
while any misalignment increases the energy of the system to that of a state in which all spins
have the opposite direction to the field. This behaviour is present independently on the direction
of the magnetic field, since no couplings or ansiotropies are considered.

The resulting energy levels with their degeneracies are shown in figure 5.3.

Energy eigenvalues for J=0, D=0
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] . E4
10 + N\ -~ E5

_ S E6
< Ny E7
L

| 30 I I I I ‘ I ‘ I L \ .
204 ] —— : N

-25 - -104 — = 1 \ .
| 201 _ §

-304

-30

-0.2 0.0 0.2 04 06 08 10 12 14 16

I T I T T T I T I T I T T T I T 1

-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6
Bx,y,z (T)

Figure 5.3: First 8 energy eigenvalues (complete calculation in the inset plots) as a function of the
magnetic field oriented along the 3 axes for zero values of J and D.

From the inset plot of figure 5.3, one can see that there is no longer a clear separation between
the first eight energy levels and the remaining excited states, and the spectrum will therefore
be free of large energy gaps.
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The slopes of the straight lines of the E(B) plot will be simply given by dF = upgS, where S
is the total spin of the state. The latter assumes the values % - 3 in the ground state, with all
the three spins equal to %, the value % -2+ % when one ion is in the first excited state, and

SO O1l.

In table 5.2 it is so possible to compare the theoretical value computed as discussed above,
considering a value of the Bohr magneton equal to up = 0.671714 KT, with the slope of the
simulated energies for the 3D+ molecule obtained with a linear fit.

Simulation slope Theoretical calculation Spin state(s)
-20.15138 -20.15141 lei 2 i)
-19.25577 -19.25580 |18, 12 185 150 38 L4 |15 1o 18)
1 15 15 15 11 15 15 15 11
-18.36016 -18.36018 |5, |8,5,8) |5 % 5),
15 13 13y 115 1o 13 115 15 1)
20202 /0122292 /3]12 2 2

Table 5.2: Energy eigenvalues of the first 8 states applying a magnetic field to the 3Dy molecule neglecting
possible Heisenberg coupling J or local anisotropies D.

Note that the state with degeneration 4 in the figure would also include two further states (shown
instead in the table) that have been excluded from the first 8 energy levels of the ground state.

With a similar reasoning it is straightforward also to explain the degeneracy values of each
energy state, simply considering that the total energy must be the sum of the energies of each
of the three ions. The spin of the the Dy ion is 15/2, so it leads to 2s+1=16 different states,
and, in particular, the ground state is given only by the combination of the three groundstates
of the three ions, so only the 12—5 - 3 combination is possible.

The first excited state is then given by the combination of two ions in the ground state and
one in the excited state, which leads to 3 possible configurations. The third excited state is
then given by two ions in the first excited state and one in the ground state, or by two ions
in the ground state and one in the second excited state, leading to 6 different configurations
since the energy difference between two consecutive states is the same and the energy states are
equidistant.

Including an anisotropy D term

Introducing now an anisotropy term D the molecule will decrease its energy when the spins
are aligned with the relative anisotropy axis. And, in the case of the high-anisotropy regime, a
considerable energy gap will open between the lower 8 energy states and the higher lying states.
The value of this gap will be comparable with the chosen anisotropy value. See figure 5.4.

In the ground state, one will therefore no longer find a spin of value 13/2, but combinations
of spin +15/2 and -15/2 (in the local frame of reference in which the z axes is aligned to the
anisotropy axes). This is due to the strong tendency of the spins to align with the axes of
anisotropy, in absence of other interactions. Any misalignment leads to higher energy levels,
while the presence of the magnetic field leads to a further contribution of energy that divides
the energy levels themselves.

In figures 5.5, 5.6 and 5.7 it is possible to observe the behaviour of the energy eigenvalues as
a function of an external magnetic field for different values of anisotropy. The first 32 energy
eigenvalues were considered, 8 of which correspond, including the anisotropy term, to the low
lying states and the remaining 24 to the excited states.

Applying now a magnetic field, in both directions x and y the progressive increase in the
anisotropy leads to a splitting of the eigenvalues, creating a gap between the first 8 eigenvalues
and the excited ones. There is so a separation, as mentioned above, between the eigenstates
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Figure 5.4: Energy eigenvalues of the 3Dy molecule with an anisotropy term D = —100 K and in absence
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Figure 5.5: Eigenvalues as a function of the magnetic field applied in the x direction for different values
of anisotropy.
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Figure 5.6: Eigenvalues as a function of the magnetic field applied in the y direction for different values
of anisotropy.

formed by spin £15/2 and those formed by other possible combinations. For very low values of
anisotropy, the magnetic field appears to have the main impact on the energy structure, finding
a similar trend to that shown for D = 0 in figure 5.3.

When, on the other hand, the anisotropy term assumes high values, the spins of the ions tend
to align with these axes, thus, by construction, parallel to the plane in which the Dy triangle
lies. This explains why the magnetic field turns out to have a negligible effect when it is
perpendicular to the ions plane (fig. 5.7). In fact, the energy contribution depends on the scalar
product between the magnetic field and the spin vector, a product that is zero when the two
vectors are perpendicular to each other. If, on the other hand, the field lies on the plane, it
leads to a splitting effect of the energies, visible both in the low lying states and in the high
lying states. It is then clear how the magnetic field leads to different energy values depending
on its orientation in the plane, as mentioned in the figure 5.1.

We can see then in the plots an horizontal energy line that presents a degeneracy 2. These lines

can be traced back to the states %15, %15, +T15> and ‘_15 =15 =15 (see figure in the central

2072 072

raw of table 5.3) in which there is a cancellation of the Zeeman contribution, since the sum
of the scalar products between the spins and magnetic field is zero. In this configuration, the
increase in the modulus of the magnetic field has no influence on the energy eigenvalues, which

are therefore constant.

The other lines of the 8 low lying states spectra are symmetrical to the horizontal one just
described. These describe the states in which the spins take mixed +15/2 and —15/2 values,
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Figure 5.7: Eigenvalues as a function of the magnetic field applied in the z direction for different values
of anisotropy.

thus leading to a non-zero Zeeman contribution. To numerically clarify what has been said, in
table 5.3 are shown the 8 possible low lying states with the relative slopes of the line in the
E(Bz) plane. These values has been appropriately compared with the relative theoretical one
obtained in a similar manner to that of relation 5.2.

Similar results could be found rotating the magnetic field in the y direction, with 4 degenerate
configurations in which the Zeeman contribution is cancelled out (horizontal line with degeneracy
4 in the figure 5.6 for D=-10 K). Two other states with degeneracy 2 each will then split with
respectively higher and lower energy than the central state just mentioned. It is therefore clear
how different directions of the magnetic field lead to different energy eigenvalues.

Including Heisenberg coupling J

As mentioned in the theoretical introduction chapter, the Heisenberg coupling term, described
by the Hamiltonian — Z” Ji;S;i - S;, tends to align the different spins between each other,
reducing the energy of the system when they are parallel to each other. Excluding anisotropy
terms, it is therefore clear that the direction of a possible external magnetic field has no influence
on the energy structure, since the spins will tend to align with each other and with the magnetic
field itself. In figure 5.8 it is shown the energy spectrum as a function of an external magnetic
field for different values of the Heisenberg J coupling.

Given the low coupling values considered, the magnetic field will have a greater influence on the
energy structure; indeed, the same pattern can be recognised as found above in the absence of
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Spin scheme Spin state Slope (KT~1)
’ S3
S x ‘+215, 7215’ 7215> 13.434
S2
| Y
x +15 —15 415
7?’ 452,52, 52) 6.717
S3, S2
| e
s2 s3
x +15 415 —15
A st |12, 15, =18) 6.717
¢
S3
—15 —-15 -—15
= 200 200 2 > 0
S2
e
s2
s1 +15 +15 L15> 0
20 200 2
S3
LA N
x —15 —15 +15
st V |52, =2, £2) -6.717
83, S2
B
—>
S2 S3
/ . —15 +15 —15 B
1 | =52, 12, =38) 6.717
-
S2
x —15 415 415
By S— =295 50) -13.434
S3,
¢

Table 5.3: Spin ground states of the 3Dy system with an anisotropy value of D=-10 K and an external
magnetic field pointing in the x direction.

interactions for sufficiently large magnetic fields. When, on the other hand, the coupling and
Zeeman effects are comparable, i.e. at low values of the B field, a splitting in energy creates
small gaps between the eigenvalues, as can be seen in the inset plots of figure 5.8.

5.3 Ground state and low lying energy behaviour

In the low exchange coupling approximation, i.e. strong anisotropy, the spins of the ions will
then be forced to position themselves parallel to the anisotropy axes, thus at 120° from each
other, separating the first octet of states from the remaining high-energy states. As explained
in Chapter 2.2, this circumstance makes it possible to apply an effective Hamiltonian model,
neglecting the high-energy states and considering only the first octet, thus considerably reducing
the computation time and facilitating the interpretation of the results obtained.
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Figure 5.8: 3Dy energy spectrum as a function of an external magnetic field for different values of the
Heisenberg coupling J. Enlargements of the initial region of low fields in the inset plots.

In this case, the anisotropy value will no longer contribute to the energy values, but only to the
selection of the octet ground states and its separation from the other states. The Hamiltonian
will therefore consist of only two contributions: the Heisenberg coupling and the Zeeman terms.

Heisenberg coupling J

In the case of zero magnetic field, the energy term given by the Heisenberg coupling will tend,
in the case of the antiferromagnetic interactions under consideration, to maximise the angles
between the spin pairs in order to reduce the energy of the system. Thus, in the low exchange
coupling approximation, a ground state formed by the ‘H‘E’, 15 +15> and ‘_15, =15 _15> con-
figurations can be expected, while the other 6 spin conﬁguratlons with mixed signs, will be at
higher energy levels in a degenerate state.

In figure 5.9, one can see what is described by observing the behaviour of the energy as a function
of the modulus of the J term.

As done above, it is possible to calculate the slope in the straight lines in the graph 5.9 using
the Heisenberg Hamiltonian term, thus simply calculating the scalar product between the spin
vectors :l:% and separated from each other by angles of 120 and 240°. The results are shown in
table 5.4.
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Energy eigenvalues for B=0 (effective model)
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Figure 5.9: 3Dy energy spectrum as a function of an external magnetic field for different values of the
Heisenberg coupling J. Enlargements of the initial region of low fields in the inset plots.

In addition, it is possible to calculate the energy splitting introduced by the J term for J =
—0.05 K simply by calculating the difference between the eigenvalues of two states with different
energy. One can obtain the value:

AE(J = —0.05 K) = 5.625 K (5.3)
Spin state Slope (KT 1)
15 15 15 —15 —15 —1I5
‘+2 ) +2 ’ +2 >’ 20 200 2 > -84.375
+15 —15 +15> 15 +15 715> 15 —1I5 715>
21 I 2157 2 9 2 2 2 I 2 2 2 28.125
— — +15> —15 +15 —15> —15 +15 +15>
2 0 20 2/ 2 0 20 2/ 2 0 20 2

Table 5.4: Spin ground states of the 3Dy system as a function of an increasing Heisenberg coupling within
the effective model.

Heisenberg coupling and magnetic field

Now including a strong anisotropy term and an external magnetic field, it is possible to plot the
energy eigenvalues by applying B along the three Cartesian axes, as done in figure 5.10.

The trends are similar to those seen in figures 5.5, 5.6 and 5.7 for anisotropy value of D = —10 K,
in the three directions of the field, but now a further contribution, given by the coupling between
the spins, leads to a splitting of the %15, %15, +T15> and ‘7715, 7715, %15> states, degenerates, with
respect to the other energy states, opening a gap of the same value as shown in the equation
5.3.
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Figure 5.10: First 8 eigenvalues as a function of the intensity of the magnetic field oriented in three
directions along the three axes, showing the degeneracy of each state.

So for sufficiently low field values, spin ’:l:%, :l:%, :t%> configurations will be found in the lower
energy levels. However, the situation is changed by increasing the value of the magnetic field,
leading to a level crossing and thus a variation of the lower energy states. Taking the case in
which B is directed along x as an example, state ‘:t%, j:12—5, :t%> will be in the ground state
up to values of B approximately equal to 0.4 T', and then prefer state ’_715, +Tl5, +Tl5>’ in which
the spins will tend to point more in the direction of the magnetic field itself, as far as allowed

by the anisotropy (see last row of table 5.3).

A similar behaviour can be observed if the field is directed along the y axis, following the same
arguments as above. If, on the other hand, B is perpendicular to the plane of the ions, i.e.
in the z direction, it will have no effect on the energy eigenvalues, which will be constant as
B varies and divided by the Heisenberg term into two energy levels with degeneracy 2 and 6.
Note, however, the difference between the right-hand graph in figure 5.10, and the graph for
D = —10 K in figure 5.7. In the first case there is a splitting due to the J term, as just described,
while in the second case the 8 eigenvalues are degenerate in the ground state, and the gap visible
in the graph relates to the difference in energy between the degenerate low-energy octet and the
excited states, separated by an energy value proportional to the constant D.

General B field on xy plane

For the sake of completeness, we also present the results obtained by applying a magnetic field
in the xy plane, containing the three dysprosium ions, but with different orientations to those
discussed above, i.e. along the x and y axes. Calling ¢p the azimuthal coordinate of the magnetic
field in the plane, the energy spectra obtained for some different angles are shown in the figure
5.11. The angles chosen range from 0 to 180°, since for higher values, the magnetic field lies
along the same directions but with opposite sign, so the same energy patterns are found, where
however the different lines refer to spin states with opposite sign. In addition, as anticipated
in figure 5.1, the C3 symmetry of the molecule makes it possible to study the eigenvalues for
angles of B between 0 and 60°, then finding the same energy pattern for higher rotations.

Given again the symmetry of the molecule, the spin arrangement in states :l:%,:l:%,:l:%>
leads to a zero total magnetic moment, so interaction with the magnetic field will not produce
any Zeeman term. This happens regardless of the direction of the field, thus resulting in two
horizontal energy lines with degeneracy 2. Mathematically, this can be shown by explicitly
calculating the Zeeman term as the sum of the scalar products between magnetic field and spin
vectors. For spin orientations of 0°, 120° and 240° and for a magnetic field of modulus B and
azimuthal coordinate ¢p, and neglecting the constants, one can write:
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Figure 5.11: Eigenvalues of the 3Dy molecule applying a magnetic field of different intensities for different
azimuthal directions in the xy plane.
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Where the result is zero for S7 = Sy = S3 and regardless of the choice of pp.

5.4 Tilting polar and azimuthal angles

Having understood how to interpret the spectrum of the eigenvalues by including the different
terms of the Hamiltonian, it is possible to take a step further by moving slightly away from the
ideal configuration and observe the behaviour of the system for a more general first case. In
particular, as seen in chapter 4, the experimental data of the 3Dy molecule can be described
by a model in which the spin vectors remain separated from each other by 120° along the phi
component, while being tilted with respect to the ions” plane by the same angle theta # 90°.

To approach the experimental case, therefore, one can plot the set of eigenvalues as done so far
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by considering different umbrella angles for the spin inclinations. The results for a field along
the x and y components are shown in figure 5.12.
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Figure 5.12: First 8 eigenvalues as a function of the intensity of the magnetic field oriented along x and
y for different theta angles configurations.

In both directions of the magnetic field, it can be seen that the structure of the eigenvalues
corresponding to states with mixed signs (inclined lines) is similar to the one obtained in the
case of the ideal configuration. There is then a slight decrease in the slopes of the lines as
theta angle decreases, due to the reduction of the cosine between the (fixed) magnetic field
vector and the spin vectors. The most noteworthy variation, however, is related to the states
‘igj,i%,i%% whose energy level, given by the horizontal line in the graph, increases in
energy as the theta angle decreases, crossing the other rows of eigenvalues from bottom to top.

As one may recall, the splitting between states ‘j:%, i%, i§> and the other mixed-sign states
is related to the Heisenberg coupling term, given by the relation — Z” J; ;Si - S;. From the
graphs, it is clear how this term decreases as theta decreases until it reaches a value of about
55°, where it is zero, and then increases again as theta decreases. This phenomenon, depending
on the coupling term, is linked to the value of the scalar product between the spin vectors,
and thus in particular to the angle formed between them. With this in mind, it is possible to
analytically calculate the value of theta for which state ‘:t%, i%, i12—5> starts to be at a higher
energy than the other states of the octet. To do this we can consider two spin vectors, which
can be written in Cartesian coordinates as a function of theta and phi angles as:

cos(p1)sin(61) cos(p2)sin(6s)
s1 = s1 | sin(p1)sin(61) so = sa | sin(p2)sin(f2) (5.4)
cos(61) cos(62)
and so, taking the scalar product between the two vectors, choosing (61,¢1) = (6,0) and

(02, p2) = (0,120) and neglecting the modulus of the vectors, one can find:

—1sin(0) 1
s1-s2 = (sin(d) 0 cos(9)) - @81’71(9) = cos*(f) — 532’712(9) (5.5)
cos(0)
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which assumes a null value for 6§ = 54.7356°. This value is well known in the literature, and
usually referred as magic angle.

By multiplying the function obtained by the appropriate constants, its behaviour can be graphed,
as done in the left figure of 5.13. The figure on the right shows the energies of the eigenvalues of
the six states in the absence of a magnetic field; the difference in energy between the two states
can then be compared with the function derived above, and with the graph on the left of the
same figure.

o Theoretical energy splitting of the first doublet from the other states 10 - Simulated energy levels tilting the "umbrella" theta angles
8 4
7] 81
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5] 64
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3 4
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Figure 5.13: Energy splitting between the doublet ground state and the other six states (on the left)
and energy eigenvalues (on the right) as a function of the theta angle of tilting of the spin vectors with
respect to the ions“plane.

In the graphs just shown, it can be seen that for angles above 54.7° there is a crossing and
exchange of the eigenvalues between the doublet and the remaining 6 energy levels, leading the
‘112—5, i%, i§> configurations to higher energy. A similar behaviour is also found in the energy
eigenvalues when applying a magnetic field along the z direction, and, in figure 5.14, it can be
verified how the energy lines of states ‘:l:%, :l:%, :I:%> translate vertically, overlapping with the
eigenvalues of the other octet states.

But the vertical application of the magnetic field leads to another interesting phenomenon. In
fact, in the ideal configuration, the field would be perfectly perpendicular to the spin vectors,
making no contribution to the Hamiltonian; but in this case, with umbrella angles slightly
different from 90°, there is a non-zero interaction with the magnetic field, which will therefore
give some Zeeman contribution. In particular then, the lowest-energy state will be split into two
different states, just as the highest-energy line will go from degeneracy 6 to two split states of
degeneracy 3.

The splitting of the lowest-energy state into the two states ‘—i—%, —i—%, +%> and ‘—%, —%, —%>
thus has an important consequence; in fact in the degenerate case it would be feasible to derive
from the result of a possible transition within the energy in the octet only information about
the alignment of the spins and thus about the presence or absence of toroidicity. But with
the introduction of a magnetic field, and thus splitting between the energy lines, it would
hypothetically be possible to derive also the direction of a potential toroidal moment, thus
knowing whether the vortex configuration of the spins is directed clockwise or counterclockwise
with respect to a given chosen reference.
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Figure 5.14: First 8 eigenvalues as a function of the intensity of the magnetic field oriented along z for
different theta angles configurations.

5.5 Ferromagnetic coupling

The crossing and the exchange of eigenvalues between the doublet and the sextet suggests the
possibility of inverting the sign of the Heisenberg coupling from an antiferromagnetic system (J =
—0.05 K) to a ferromagnetic one (J = +0.05 K), resulting in the same energy configurations
for pairs of angles that are ’'symmetrical’ with respect to the value at which splitting is null, i.e.
54.7°.

In order to further investigate this property, the low lying energy states are shown in figures
5.15, 5.16 and 5.17 by applying a magnetic field in the z, y and z direction, respectively.
For each direction we consider 6 different cases: ferromagnetic coupling with J = +0.05 K
or antiferromagnetic coupling with J = —0.05 K, and polar angles theta equal to theta ~
37.0777°,54.73°,80°. These were chosen to have zero energy difference between doublet and
sextet (for theta = 54.73°), and to have the same non-zero difference at B = 0 for the other
cases; angles theta = 37.0777° and theta = 80° thus lead to the same separation between doublet
and sextet at B = 0 in the ferromagnetic and antiferromagnetic cases.

The first thing that can be easily observed is how for theta = 54.73° the ferromagnetic and
antiferromagnetic configurations are perfectly superimposable, a sign that the system in this
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Figure 5.15: Comparison of the energy spectra for different umbrella theta angles using a ferromagnetic
and a antiferromagnetic coupling. Magnetic field applied on the x direction.

configuration has no preference in arranging the spins in a parallel or antiparallel manner.

On the other hand, for each magnetic field analyzed, the angles theta ~ 37.08° and 80° lead
to two similar but not perfectly superimposable energy trends. In fact, in the case of the
absence of a magnetic field, the splitting between the energy levels is identical in construction,
but by increasing the value of B in a certain direction, the effect of the Heisenberg coupling,
ferromagnetic or antiferromagnetic, leads to a slight difference in the splitting of the energy
levels, a sign that the two configurations are not perfectly substitutable. This can also be
seen by simulating the susceptibility and magnetization curves for such magnetic angles and
couplings, which do not turn out to provide the same values.

Nevertheless, the sign of the Heisenberg coupling will have no influence on the value of the
groundstate’s toroidal moment (for a chosen theta configuration), thus allowing considerable
toroidicity even in the ferromagnetic case. More details will be provided in Chapter 6.
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Figure 5.16: Comparison of the energy spectra for different umbrella theta angles using a ferromagnetic
and a antiferromagnetic coupling. Magnetic field applied on the y direction.
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Figure 5.17: Comparison of the energy spectra for different umbrella theta angles using a ferromagnetic
and a antiferromagnetic coupling. Magnetic field applied on the z direction.
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Chapter 6

Toroidicity: quantitative description

6.1 Ideal configuration and choice of the coordinate frame

In the previous chapters, we explored the properties of the 8Dy molecule in an ideal configura-
tion. The ions are arranged at the vertices of an equilateral triangle and the axes of anisotropy
are rotated by an angle of 120° to each other in the ions plane, so as to fully respect a C3
symmetry. Of these properties, only the orientation of the anisotropy axes had an influence on
the energy spectrum, as the used Hamiltonian model has no dependence on the position of the
ions, considering only spin interactions. Conversely, the position vectors of the ions appear in
the definition of the toroidal moment, and thus a variation of the toroidal moment vector is
expected for different reference systems or ion configurations. It was therefore decided to start
the analysis with the ideal configuration, arranging the triangle of ions in such a way that its
axis coincides with the z axis of the reference system, and thus the origin coincides with the
centre of the triangle. In addition, for convenience, one of the ions is placed along the y axis,
at zero = coordinate, while the other two are positioned at the other vertices of the equilateral
triangle. The geometrical scheme can be seen in figure 6.1.

Spin Coord. (A) phi

— S1 (0, -2.5, 0) 0°
. S2  (2.16507, 1.25, 0)  120°
= S3  (-2.16507, 1.25, 0)  140°

Table 6.1: Scheme of Dy ions positioning within the choice of the coordinate frame and representation of
the anisotropy axes.

From this configuration, it is then possible to calculate the toroidal moment using the equation
seen in section 2.4. Particular attention is paid, as usual, to the ground state, where the spins, in
the high anisotropy approximation, are aligned with the anisotropy axes. In the previous chapter
(chap. 5), in fact, it was seen how a semiclassical description of the system, considering the spins
as vectors of modulus 15/2 directed along the anisotropy axes, allows a sufficiently accurate
interpretation of the energy levels. Another confirmation of the goodness of this simplification

61
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can also be found in the calculation of the toroidal moment, comparing the result of the quantum
computation obtained by simulation, with its analytical counterpart obtained by semiclassical
calculation.

Thus, for the ideal configuration with anisotropy axes having the same polar angle theta, the
semiclassical analytical calculation of the toroidal moment for the ground state +%, —I—%, +%>
returns:

0
t= 0 (6.1)
7.5 g Lsin(theta)

Which is thus a vector directed vertically, parallel to the z axis, and with a direction consistent
with the orientation of the spin vectors. For theta = 90°, then, the z component will have
value +37.5 upA (—37.5 upA) for anticlockwise (clockwise) winding of the spins, looking at
the coordinate frame having the feet on the origin of the reference system and the head along
positive z.

Moreover, it follows from the definition that the toroidal moment is given by the sum of the three
contributions relative to each of the three ions. And these contributions are equal in intensity,
given the particular symmetrical configuration. Moving from the doublet }i%, i%, j:%> to
a state of the sextet, however, the flipping of one of the spins leads to a sign change in the
contribution to the toroidal moment, perfectly cancelling out the equal contribution of one of
the other two ions. It is therefore expected that the toroidal moment magnitude of the sextet
will be 1/3 of its value in the doublet, maintaining the same direction, namely a z component
of £12.5 upA.

In this respect, one can then proceed to a quantum calculation by simulation, the results of
which are shown in figure 6.1. The first line shows the two states that make up the doublet
and maximise the toroidal moment, while the next two lines present the states of the sextet.
The anisotropy axes, represented with an orange dotted line, are fixed and given as input to
the simulation program, while the red arrows represent the average values of the spin vector
operators.

It is clear that even in this case, the semiclassical model provides an effective explanation of the
physics of the system, being able to neglect quantum interactions that appear not to contribute
up to the 5th decimal place of the calculated quantities. In addition, the spin directions also
overlap almost perfectly with the anisotropy axes, lending credence to the hypothesis made in
the previous chapter.

Coordinate frame

In the semi-classical approach, it is therefore easy to obtain some results to understand the
behaviour of the toroidal moment in specific cases. As emphasised above, the dependence of
the toroidal moment on the coordinates of the ions necessitates a conscious choice of reference
system. In particular, considering the ions arranged in the vertices of an equilateral triangle,
their positions can be described by generic vectors:

r1 = (0,—a,d) r2=(bc,d) 12=(-b,c,d) (6.2)

On the one hand, it is clear that a rotation of the system around the z axis does not produce
any change in the value of the toroidal moment, since both position vectors and anisotropy axes
follow the same transformation. However a translation of the system only leads to a change in
the position vectors with a consequent change in the toroidal moment. Mathematically, one can
then add a translation vector to each of the position vectors, obtaining the final coordinates:

r1 = (04+0x, —a+0dy,d+0z) 1o = (b+dx,c+0y,d+d6z) 1o = (—b+dx,c+dy,d+d6z) (6.3)
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Ideal Dy3 configuration, ground state Toroidal Moments
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Figure 6.1: 3Dy low lying states toroidal moments for the ideal configuration. The anisotropy axes
(dashed orange lines) are fixed and given as input to the simulation, while the red spin arrows are the
result of the average spin operator in the considered state.
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and from these follow the (positive) values of toroidal moment!:

t|+7+7+> X (0,0,a+ \/§b+c)

t_ 44y o (0,-2d —2Az, —a+ V3b+ ¢+ 2Ay)
o«  (V3d+V3Az,d+ Az a —3Ax — Ay)
x

t|+7_7+>
—V3d —V3Az,d+ Az, a+ V3Az — Ay)

t|+)+7_>

As can be seen for doublet configurations, the toroidal moment is independent of the choice
of reference system, hence of any translations, due to the particular symmetry of the system.
However, by introducing an element of asymmetry, such as a flipping of a spin (or a variation
of polar theta angles, discussed later) the toroidal moment can take on three different values
that have dependence on the choice of reference system. The choice of the latter must therefore
be considered, and it is reasonable to position the origin at the central point of the triangle in
order to guarantee the rotational symmetry of the system.

6.2 Tilting polar theta angles

In section 5.4 we have shown the behaviour of the energy spectrum in the 8 low lying states by
changing the tilting of the anisotropy axes (and consequently in the semiclassical model also the
orientation of the spins) by varying each of the polar angles theta, in which was also called the
“umbrella configuration”.

The sextet and the doublet reduce then their energetic distance as the angle of theta decreases,
until they overlap for theta = 54.7°, and then reverse their position at lower angles. Given the
dependence of the toroidal moment on the spin vectors, a similar peculiar behaviour can be
expected in this case as well.

Let us therefore consider the triangle of ions positioned in the ideal configuration (whose coor-
dinates can be thought of as those expressed in equation 6.2 with d = 0). Let us then proceed
to tilt the anisotropy axes (spin) by an angle theta with respect to the z axis. Proceeding an-
alytically, the semiclassical calculation of the toroidal moment in this particular configuration
gives the result:

tr 4 o ((2¢—a)cos(theta),0, (a + v/3b+ c) sin(theta)
t_ 4 o ((2¢+ a)cos(theta),0, (—a+ v/3b + c) sin(theta)
ty 4+ o (—acos(theta),2bcos(theta), asin(theta)
ty 4+ -y o< (—acos(theta), —2bcos(theta), asin(theta)

The first thing that can be noticed is the subdivision of the toroidal moments of the sextet into
three different vectors. They have the same modulus, but are directed in different directions,
separated by 120° from each other, and they assume the same coordinates again for theta = 90°.
The toroidal moment of the doublet, on the other hand, remains unchanged in the direction,
which always turns out to be parallel to the z axis (since in the particular triangular configuration
assumed the term (2¢ — a) is null). The modulus of the vector, on the other hand, decreases as
theta decreases, following a sinusoidal function, and completely annihilates when the spins are
perpendicular to the ions” plane.

LClarification on the notation: we are now focusing on the semiclassically describable case in which the spins
are oriented along the axes of anisotropy. We therefore adopt the same notation used in the study of energy
eigenvalues, in which each spin can take on the values +15/2 (along its own axis of anisotropy). Therefore, the
states of the doublet will be written as }—l—%, —l—%, +1—25> and —%, —%, —§>, depending on whether the spins
are arranged anticlockwise or clockwise. In the states of the sextet, on the other hand, we have a flipping of one of
the spins, hence a change of one of the signs in the notation. In order not to make the writing more cumbersome,

sometimes the value 15/2 is omitted, and only the sign for the orientation of the spins are shown
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As theta decreases, therefore, the modulus of the toroidal moment of the doublet decreases,
while that of the sextet increases. Consequently for a given angle, there will be three possible
toroidal moments of equal intensity. In the coordinates shown above, equating the moduli of
the vectors, we can obtain that this angle is equal to:

0 ~ 35.2644° ~ 90° — 54.7356°

The system has so three different toroidal moments of equal intensity when the theta angle is
complementary to the analogous theta = 54.7° in which the energy spacing between the sextet
and doublet is zero.

In figure 6.2, some significant configurations are shown in a similar manner as before, showing
the four different toroidal moment vectors for the four different spin states. For simplicity of
representation only 4 of the 8 possible vectors are represented, while the other 4 will be aligned
but in the opposite direction to those shown.

As can be seen, the toroidal moments of the sextet are ”flattened” from parallel to the z axis
for theta = 90° to coplanar to the ion triangle for theta = 0°, and gradually increasing their
modulus. The trend of this variation is summarised in figure 6.3, in which the coordinates of
the toroidal moments of the sextet are plotted for different thetas (each point corresponds to a
different value of theta) and in which the dimensions of the points in the graph are proportional
to the modulus of the vectors.

The values of the moduli of the two vectors (sextet and doublet) are then plotted in the figure
6.4 by varying the value of theta; this curve is described, as mentioned above, by a sinusoidal
function. We then highlight the angle for which all four toroidal moments assume the same
intensity.

6.3 Ferromagnetic coupling

The toroidal moment is a geometric property that depends only on the position of the ions
and the orientation of the spins (along the axes of anisotropy in the semiclassical view). There
is so no dependence on the other parameters that make up the Hamiltonian, in particular a
small external magnetic field and the Heisenberg coupling. In principle, therefore, both an
antiferromagnetic coupling (as assumed so far) and a ferromagnetic coupling can lead to the
same values of toroidal moment, as long as the approximation of strong anisotropy is valid and
the model can be described in a semiclassical way. As explained in chapter 5, however, the
choice of a ferromagnetic coupling leads to an inversion of the doublet and sextet of eigenvalues,
thus having the eigenvalue with degeneracy 6 in the lowest energy state. The latter energy,
however, corresponds to a maximum toroidal moment that is lower than that of the |+, +, +) or
|—, —, —) states, so that in the case of ferromagnetic coupling, greater experimental difficulties
would arise in the attempt to maximise the toroidal moment.

For the same reason of dependence only on the coordinates and on the spin orientations, even
the presence of a small external magnetic field does not influence the toroidal properties of the
molecule. In fact, an external magnetic field has been seen to remove the degeneracy of the
energy levels, subdividing them in a "radial pattern” and thus assigning each spin configuration
a different energy value.

But we have seen how different spin configurations lead to different toroidal moments, especially
in the case of varying polar theta angles. So in the absence of a magnetic field the states are
all degenerate, so it is equally probable to be in one or another spin configuration and therefore
to have one or another value of toroidal moment. The presence of a magnetic field, however,
with values of theta not equal to 90°, divides the energy levels and therefore different will be
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Figure 6.2: 3Dy low lying states toroidal moments for the ideal configuration tilting the ”umbrella” polar
theta angles of different values. The orientation of the spins along the anisotropy axes is purely indicative
for ease of visualisation and refers to the case of one of the groundstate doublet states.

the probabilities of obtaining the different toroidal moments, where this probability can be
interpreted as related to the Boltzmann factor. Qualitatively one can think of this phenomenon
in a semiclassical manner noticing that the presence of the magnetic field will tend to align the
greatest number of spins accordingly to its direction, but consistently with the strong anisotropy.
Thus at low energies one will find configurations in which a greater number of spins ”follow”
the magnetic field, while at high energies the other configurations will remain.

6.4 High lying energy levels

The 3Dy molecule has 4096 different energy states, but so far we have focused on the low lying
ones consisting of the first 8 energy levels. In these levels, in fact, the strong anisotropy allows
the system to be analysed by considering spins of value £15/2 oriented according to the angles
of anisotropy, leading, precisely, to these 8 different configurations. However, going to higher
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Figure 6.3: Coordinates of the three toroidal moment vectors of the sextet changing the theta angle from
90° to 0°. The size of the dots is proportional to the modulus of the vectors. (Values obtained by quantum
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Figure 6.4: Modulus of the toroidal moment vectors of the doublet and of the sextet, with crossing
between the two curves for the angle 6 ~ 35.2644°. (Values obtained by quantum simulation)

energy levels, spin projections on the anisotropy axis other than +15/2 are also admitted, and
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thus mixed states that can only be described quantistically appear. It becomes clear, however,
how the symmetry of the system is reduced due to the different possible spin orientations, so
one can expect the toroidal moment to be reduced in modulus.

This is confirmed by the calculations shown in figure 6.5, in which the value of the toroidal
moment of all the spin configurations related to the 4096 energy levels of the 3Dy molecule has
been reported. The ideal configuration in the absence of external magnetic fields was used for
the calculation.
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Figure 6.5: Modulus of the toroidal moment vectors for all the states of the 3Dy molecule as a function
of the relative energy of the state.

As can be seen, the maximum values of the toroidal moment occur in the state at lower energies,
while as the energy levels rise, there is a decrease in toroidicity, providing more ”freedom of
movement” for the spin.

6.5 Toroidicity of Aly,Dys

We have so far explored the properties of the toroidal moment by evaluating its dependence
on various parameters. We can therefore now calculate its value for the molecule presented in
chapter 3, i.e. the AloDys3. From the magnetization and susceptibility fits, we could only obtain
the value of the parameter theta, but no information was obtained for the phi angles of the
anisotropy axes. We can therefore assess the toroidal moment only by assuming some values for
the phi angles, which are chosen as examples as those that maximise the toroidal moment, i.e.
0°, 120° and 240° in the usual frame of reference.

Figure 6.6 then shows the toroidal moment vectors for the doublet configuration (left) and for the
sextet (right). As before, only one toroidal moment vector is represented, and its symmetrical
is omitted for ease of visualisation.

The impossibility of determining phi angles from experimental data on magnetization and sus-
ceptibility therefore only allows us to analyse hypothetical cases, and we have no precise infor-
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Hypotesis: phi;=0°, phi,=120°, phi;=240°
Fit result: theta=21.7°

tdoublet =12.4 ‘LlBA tsextgt = 24.0 ,uBA

Figure 6.6: Toroidal moment vectors for the AlyDys, considering the theta angle found through the fit
and in the hypothesis of ideal phi angles. On the left is shown the toroidal moment of the doublet, while
on the right the ones of the sextet.

mation on the molecule being studied. In the case of different phi angles, in fact, the toroidal
moment may decrease in magnitude, even to zero.

Different experimental techniques are therefore needed to obtain the full direction of the anisotropy
axes, and thus also of the phi angles. The possibility of applying neutron scattering experiments
will be investigated, and this will be shown in the following chapter.
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Chapter 7

Inelastic Neutron scattering and
toroidal moment

As discussed earlier, we would like to experimentally verify the orientation of the anisotropy axes
of the three Dy ions, and, in particular, the values of the azimuthal angles phi, which cannot be
obtained from the powder magnetization or susceptibility curves. The experiment considered is
an inelastic neutron scattering, which has a dependence on the spatial coordinates of the ions,
as can be seen in the exponential term of equation 2.5.3.

In the following, we will therefore show the results obtained by considering the Als Dys molecule,
first with a powder sample and then moving, out of necessity, to a single crystal sample.

7.1 INS on powder sample

8 low lying states: no transitions

We now want to simulate a neutron scattering experiment on a powder sample at T'=0 K. By
focusing on the 8 lowest energy states, we can verify the complete absence of transitions between
any pair of states. This can be explained by resuming the arguments shown in section 5.2.

In a high anisotropy approximation, one can visualise the 8 low lying states as clockwise or
counterclockwise spin configurations (doublet) and with the flipping of one of the spins (sextet),
see figure 7.1. To have a transition between any two of these states requires a complete flipping
of at least one of the spins, i.e. going from +15/2 to —15/2 (or vice versa). There would then
be a change in the magnetic quantum number equal to AM = 15, well above the limit imposed
by the neutron scattering selection rules shown in equation 2.54, where AM = 0, +1.

So no information can be obtained by limiting oneself to the lowest energy levels.

For the sake of completeness, it should be pointed out that it was also possible to observe peaks
of non-zero intensity among the 8 low lying states by significantly increasing the value of the
anisotropy term F. In this way, however, the anisotropy contribution can no longer be thought
of as axial, but three-dimensional components begin to appear. Consequently, it is no longer
possible to describe the spin with only a £15/2 value, but linear combinations of several states
will be required, including the +13/2 state with which a transition is possible. In any case,
the intensities of the peaks obtained are extremely low, 107 times lower than those obtainable
between the ground state and one of the high-energy states (see next paragraph). However, once
again no useful information can be derived from such small peaks.

71
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Figure 7.1: 3Dy spin configuration examples, one for the doublet state and one for the sextet state.

High lying states: no information on phi

Since no intensity peaks are visible within the 8 low lying states, one can extend the energy
range and check for peaks of higher energy levels.

Considering a temperature T = 0 K, we can obtain two transitions from the ground state to
the first and second of the high lying states. The observed transitions are highlighted in the
spectrum of figure 7.2, on the left; while the same figure on the right shows the intensity peaks
as a function of energy in the abscissa.
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Figure 7.2: 3Dy Energy levels with the two observed transitions, on the left. Powder sample INS peaks
of the observed transitions for two configurations of phi angles, for T =0 K.

The same figure on the right actually shows the peaks for two different configurations of the
molecule, in which the phi angles are varied. In particular, the configurations with the highest
toroidicity and the one with zero toroidicity have been chosen.

It can be seen, however, that the intensity peaks are perfectly superimposable, an indication
that no useful information on the phi angles, which we are interested in for the determination
of the toroidal moment, can be derived from the INS powder sample.

But the powder sample analysed is a mixture of all possible orientations, so, in order to obtain
information on the phi angles, it might be the case to perform an experiment in which orienta-
tions play a more important role. In the next section, we will therefore look more closely at the
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inelastic neutron scattering on a single crystal sample.

7.2 INS on Single crystal

Let us now consider the inelastic neutron scattering on a crystalline sample. We will first derive
a relation to calculate the intensity of the peaks, and then implement and test it in the owlns
program. Finally, we will apply the new code to the AloDys molecule, in particular to the two
intensity peaks seen in the powder sample.

7.2.1 Derivation of the intensity equation and implementation in owMag

In chapter 2, we examined and derived the relationship describing the intensity of scattering
with a neutron as a function of the scattering vector Q and the m and n states between which
the transition occurs. We also mentioned the possibility of integrating the relation in the df2
parameter space to obtain the peak intensity for a powder sample.

However, we now need a similar relation to calculate the intensity in the case of a crystalline
sample, which can be implemented in the owlns code. We can therefore rework equation 2.5.3
as follows:
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We have therefore neglected the second order of the form factors F' by considering only the term

FY which no longer depends on the directions «, 8 = z,y, 2. The matrix elements (n| <§J gi) |m)
(0%

have been defined as M; ., and applying the Kronecker delta gives the result shown in the second
last row. Finally, the complex exponential is expressed as the sum of cosine and imaginary sine,
giving the final result.

As said previously in chapter 2, in general the result of this relation is a complex number, but
in which the imaginary part should give a null value.

In this fashion, the relationship can be encoded in the owlns program, as an additional option to
the usual calculation of neutron scattering intensity for powder samples. All terms in the relation
are already calculated in the code, which also allows operations between complex numbers.
Having completed the implementation, the next step is therefore to test the new functionality
of the program, which is shown in the next section.

7.2.2 Validation of the coded formula
Testing the program, Cr3* dimer

To test the program, it is possible to study a simplified case with respect to the 3Dy>+ molecule,
so that the data obtained from the simulations can be compared with theoretical models. We
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can consider, for instance a single crystal dimer made of two Cr3% ions of total angular moment
S = % positioned along the x axes with coordinates (-2,0,0) and (2,0,0). The lower spin value
with respect to Dy3T reduces the dimension of the Hilbert space, decreasing the computation
time of the simulations.

We can set in a strong exchange interaction condition, choosing a big ferromagnetic exchange
coupling J = 100 K and a lower Ising-type anisotropy value D = —5 K, with the anisotropy
axes along the z axes (theta = 0°, phi = 0°). The chosen configuration has been summarised
and depicted in fig. 7.3.

ey

o

[S]
-

o -

_J J—»x

Figure 7.3: CrllII dimer configuration, antiferromagnetic Heisenberg coupling and Ising anisotropy parallel
to the z axes.

Given the simple structure of the molecule in question, it is easy to predict the energy spectrum
and, consequently, the possible peaks visible through neutron scattering. As pointed out above,
the two C'r ions have a total angular momentum S = %, which, following the rules of summation
of angular moments, leads to a total angular momentum and its z projection given by:

S=51+S5=|s1—82|,..., |51+ 52/ =0,1,2,3,4,5
m=5,-1,..,—8

Including only the exchange term, setting D = 0 K, there will therefore be 5 degenerate energy
levels, one for each total spin value. These levels will be further splitted by introducing the
anisotropy term, which lifts the degeneracy; the energy scheme is shown in figure 7.4.

The presence of two magnetic ions therefore leads to two intensity peaks in the neutron scattering
interactions at zero temperature, and these must satisfy the selection rules shown in equation
2.54. For a powder sample the INS peaks are plotted in figure 7.5, in which the relative energy
values of the transitions obtained by means of neutron scattering were entered next to the peaks.

Given that the powder sample is produced by the random orientation of the molecules in the
studied material, one can expect to find similar energy peaks for a single crystal sample as well.
We can then proceed to simulate a neutron scattering experiment on a crystalline Cr3* dimer
using the new code, in which the Q,, @y and (). components of the scattering vector must be
specified in addition to the usual parameters. In this case we investigate the scattering vector in
the range Q. x Qy = [~5;5] x [-5;5] A™! x A™1, setting for now Q, = 0 A~!. The results are
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Crlll dimer, energy level splitting
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Figure 7.4: Cr3t dimer energy levels with their degeneracy. The levels on the left (calculated considering
only the exchange coupling term) are splitted adding the anisotropy term, obtaining the ones in the right.
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Figure 7.5: INS intensity peaks for Cr3% dimer in powder sample at T=0 K.
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Figure 7.6: INS intensity peaks for Cr3* dimer in single crystal sample at T=0 K.

shown in picture 7.6, in which the intensity of the scattered neutrons is plotted as a function of
Q. and @, for both energy peaks discussed above.

To check the reliability of the obtained results, it is possible to carry out similar simulations by
excluding the presence of the form factor F (set equal to 1) in the formula of the INS. Retracing
in fact what has been done in [22], it is possible to show that for a ferromagnetic cluster the INS
formula for the intensity of a transition from the ground state to an excited state k is given by:

1
Tox = Fk(Q)Z(Q — K3 — k) (7.1)
where ko = Qo/Q and the interference factor F(Q) can be written as;

Fi(Q) = ) FiFjcos(QRi)cr(i)er(f) (7.2)

1,J

where F, is the form factor of the ion, while ¢, can be seen as the classical amplitude of deflection
of the spin from the polarization direction; so for the isotropic cluster under study it must hold
> ck(i) = 0. Moreover, as a consequence of the normalization condition of the eigenvectors, it
is possible to obtain that ¢? = s, total spin of each ion (s = 5/2).

These conditions thus lead to two different possibilities:

— For the AS = 0 selection rule it holds ¢(1) = ¢(2) = s, so:

Fi(Q) = F?[s + s + scos(QR1 2) + scos(QRa1)] = 2F?s (1 + cos(QR1.2))

— For the AS =1 selection rule it holds ¢(1) = —s and ¢(2) = s, so:

F.(Q) = F? [s + s — scos(QR12) — cos(QR21)] = 2F?s (1 —cos(QR12))

Putting all the results together and substituting s = 5/2, we obtain the two relations that
describe the intensity peaks for the two transitions of the Cr3% dimer:

To = DF*(1+ cos(QR)(Q)(2 — 52 — 2)
(7.3)

o = SF(1 — cos(QR)(Q)(2 2 — 2)
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The form factor F is a value that depends on the ion species and makes it possible to modulate
the intensity of scattering by considering magnetic interactions. To simplify the comparison
between theoretical expectations and simulation results, it is convenient to disregard the form
factor and set it to 1 in both cases, taking for granted the goodness of its calculation by means
of code functions that have already been extensively tested. The same plots of figure 7.6 are
then re-proposed in fig. 7.7 by setting F' = 1 and placing the simulated values side by side with
those obtained through equations 7.3.
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Figure 7.7: INS intensity peaks for Cr3* dimer in single crystal sample at T=0 K setting the form factor
F to 1. On the right the theoretical expectations are compared with the simulation results in the center,
while on the left the full intensity plot is shown for completeness.

It is therefore easy to see that the two graphs obtained are perfectly superimposable, thus
providing an initial confirmation of the good functionality of the code used.

In this section, we have analysed a particular case of a ferromagnetic dimer with anisotropy along
the z-axis, finding a very good match between simulations and theoretical calculations; however,
the particular configuration does not provide any information on the general functionality of the
code, which can be further explored by considering rotations in the space of the dimer and the
anisotropy. This will be therefore discussed in the next section.

Spatial rotations

In the previous tests, a particular symmetry of the dimer was adopted, placing the two ions along
the x axis, mirrored with respect to the origin of the reference system, and with anisotropy axes
along the z axis. As can be expected, however, the choice of reference system should not affect
the simulation results, thus leading to the same intensity pattern suitably rotated with respect to
the chosen representation. Figure 7.8 therefore shows the intensity patterns for the two energy
transitions of Cr3t, starting from the configuration described above and rotating the reference
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system (or similarly the dimer) around the z axis by 45°, 90° and 135°, always keeping fixed the
orientation of the anisotropy axes parallel to the z axis.

It is thus verified how rotations of the molecule in space do not affect the pattern of the neutron
scattering, leaving its intensity and structure unchanged, and maintaining the robustness of the
used formula.

Different representations are instead expected by changing the direction of the anisotropy axes,
which, for example, can be positioned in the z-y plane on which the Cr ions lie. We have
therefore decided to analyse the two & and ¢ directions, initially placing the anisotropy axes
along & and with the dimer axis first along & and then along ¢. Similarly it is done with the
anisotropy axes along g. The results are shown in figure 7.9.

The same patterns are then obtained for the same orientations of the anisotropy axes with
respect to the dimer axis, thus with the same configuration unless considering rotations in
space. Whereas by changing the relational orientation of the anisotropy axes, a different pattern
occurs, as expected.

Literature comparison

Given the success of the simple simulations carried out previously, it was decided to apply
the code to a more complex molecule already studied in the literature. In [22], for example,
a molecule consisting of 7 Mn ions was considered, and simulations of single crystal neutron
scattering were carried out using Mathematica software.

The magnetic structure of the molecule consists of four Mn?t ions and three Mnt ions, ar-
ranged hexagonally with a central ion at the origin of the reference system and with a mutual
distance of a = 3.31 A. The ions interact with each other via ferromagnetic and antiferromag-
netic Heisemberg couplings, while possible anisotropy terms are neglected. The values of the
interaction constants are: J, = J, = 5.8 K, J1 = —2.0 K and J, = 2.45 K, and the structure of
the molecule is shown in figure 7.10.

Analysing the molecule via single crystal INS, focusing on the x-y plane where the ions are
positioned, four intensity peaks are detected, and they correspond to energies equal to those
obtained in the article, i.e. equal to 0.3, 1.16, 3.44, and 4.84 meV'.

Therefore, for each scattering peak, it is possible to obtain an intensity map in the reciprocal
Q2 — Qy space, and thus compare the patterns obtained. The graphs in the article (top row)
are then shown in figure 7.11 and compared with the corresponding graphs calculated using
ow_ins (bottom row), trying to reproduce a similar plot range and colour scale. The latter was
normalised for each plot in order to evaluate the same intensity range.

As can be seen, disregarding the non-identical graphical choices, the different plots show over-
lapping patterns, reconstructing the result of the INS congruently with what was done in the
article. Therefore, from the result obtained and the preceding ones, we can rely on the code
working well, which can thus be applied to the molecule under investigation.

7.2.3 Single Crystal INS on Al,Dy3; molecule

We can now use the recently implemented code to simulate an experiment with the AlyDys
molecule. The two peaks seen in figure 7.2, for a powder sample, are also found in the single
crystal case. But now we no longer plot the intensity as a function of energy, but focus on the
two energy values that have peaks and graph the intensity of the transition as a function of the
scattering vector Q. In particular, since the ions are positioned in the x — y plane, we choose
to display the x and y components of the scattering vector. The result, initially obtained in the
ideal configuration (theta = 90°, phil = 0°, phi2 = 120°, phi3 = 240°,) is shown in figure 7.12.
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Figure 7.8: INS intensity peaks for Cr3% dimer in single crystal sample at T=0 K with anisotropy along
z-axis and rotating the positions of the ions in the x-y plane.
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It is not straightforward to derive information from the intensity pattern shown, and it is even
more complicated to directly derive details on the phi angles. We therefore focus on verifying
any variation in the intensity pattern for different configurations of phi angles, in particular the
same configurations that led to the same peaks in the powder sample analysis.

We then show different graphs for both peaks, changing the ideal configuration of the anisotropy
axes by adding the same A¢ value to each of the phi angles of the three Dy ions. The re-
sult is shown in the figure 7.13 where the left column shows the patterns for the first peak
(120.669 meV) and the right column those for the second peak (120.693 meV'). Centrally, the
geometric pattern of the anisotropy axes of the molecule is shown.
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Figure 7.9: INS intensity peaks for Cr3* dimer in single crystal sample at T=0 K with anisotropy along
the x-axes (on top) and along the y-axes (in the bottom) and rotating the positions of the ions in the x-y
plane.
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Figure 7.10: Mn; molecule scheme with ball-and-stick representation (a), interaction coupling between
the ions (b) and relative positions of the ions (c). [22]
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Figure 7.11: Comparison between the article ), — @, plane intensity plots (top row), with the one
obtained via ow_ins.
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Figure 7.12: Single Crystal INS simulation on Al;Dys in the ideal configuration focusing on the two
intensity peaks highlighted in figure 7.2.
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Figure 7.13: Single Crystal INS simulation on Als Dys with theta = 90° and adding a same quantity A¢
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to each of the three phi angles, for the two peaks highlighted in figure 7.2.



Conclusions

In this thesis work, the magnetic properties of a molecule, AlyDys, were analyzed, with the aim
of obtaining information on its possible toroidicity, a quantity described by the toroidal moment
t =225 1,57 x S;. The molecule has been modelled as three triangularly positioned Dy
ions, since they are the only atoms to have magnetic properties.

Thus, starting with powder magnetization and susceptibility data, a set of parameters that
well describes the experimental data was obtained. In particular, apart from some magnetic
corrections on the mass and diamagnetic correction, we have seen how the anisotropy axes are
inclined with theta ~ 21°. Thus those axes are almost perpendicular to the plane in which the
three Dy ions lie. However, no information could be obtained on the phi angles.

The energy levels of the molecule and its toroidal moment have then been explored by varying the
parameters on which the Hamiltonian depends. It was possible to associate a toroidal moment
to each of the 8 states (doublet + sextet) forming the low-energy states. These 8 states are well
separated from the rest of high-energy states due to the large value of anisotropy considered. In
the hypothesis of an ideal arrangement of the anisotropy axes, the Als Dys molecule considered
would thus show 8 different possibilities of toroidal moment, in which the magnitude of the one
in the sextet is larger by a factor of 2 than the magnitude of the one in the doublet.

Finally, an inelastic neutron scattering experiment with the Aly Dys molecule has been simulated,
showing that intensity peaks between the 8 lowest energy states are not possible. Instead, two
peaks were found considering the two immediately following energy levels. But again, even
from these intensity peaks, simulated for a powder sample, it is not possible to obtain sufficient
information on the orientation of the anisotropy axes and thus on the toroidicity.

Therefore, a new code was implemented to simulate the inelastic neutron scattering on a single
crystal. From these simulations, two different intensity patterns (one for each transition peak)
were obtained as a function of the coordinates of the scattering vector Q on the ions plane.
By progressively varying the configuration of the anisotropy axes from a perfectly toroidal to a
non-toroidal behaviour, a variation in this pattern is observed, giving hope for the observation
of azimuthal angles phi by single crystal experiment.

The results obtained with the single crystal INS are still preliminary, and confirmation and
more study are needed. In particular, if the successful single-crystal patterns were confirmed, it
would be possible to proceed with experimental measurements at the Institut Laue-Langevin in
Grenoble, where there is a neutron source.
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