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Abstract

In this Thesis, magnetic properties of several new molecular magnets, based
on transition metals connected through cyanide bridges, were investigated by me-
ans of bulk and single crystal magnetic and heat capacity measurements. Five
systems demonstrating interesting magnetic behaviour were described. A chiral
compound based on Mn''-Nb!'V was found to be a weakly anisotropic, soft ferri-
magnet with ordering temperature of 43 K. Another molecular system, based on
Co™WV, occured to be a strongly anisotropic, layered molecular magnet orde-
ring below 6 K. Magnetic structure of the system was numerically simulated. The
compound based on Nil-Nb!V was proven to be water-sensitive. The primary
ferromagnetic phase existing below 12 K is destroyed by dehydration, which cre-
ates a spin glass-like phase, rehydration partly restores the original and creates
an additional phase. Two analogous double-layer systems, based on Cu'l-MoV
and Cu'-WV | were found to have ordering temperatures of 27.5 and 32.8 K, re-
spectively. Both exhibit a spin-flip transition. The last investigated molecular
compound, Cu'l-Mo!'V, originally paramagnetic, showed noticeable photomagne-
tic effect upon violet and blue light irradiation. The Thesis is a detailed record
of used experimental approach, demonstrates the variety of possible magnetic
behaviour of molecular magnets and shows additional means to control the ma-
gnetization which will hopefully be of applicational use.






Streszczenie

W ninejszej pracy przedstawione sg wtasnosci magnetyczne kilku nowych ma-
gnetykéw molekularnych opartych na metalach przejsciowych potaczonych most-
kami cyjankowymi. Badania prébek proszkowych i monokrysztaléw przeprowa-
dzono za pomoca magnetometrii i pomiaréw ciepta wtasciwego. Opisano pie¢ inte-
resujacych zwiazkow. Chiralny zwiazek oparty na Mn'-Nb!V okazal sie by¢ mick-
kim ferrimagnetykiem o temperaturze porzadkowania 43 K, wykazujacym stabg
anizotropie. Kolejny magnetyk molekularny, Co''-WV o warstwowej strukturze,
wykazal silng anizotropie. Porzadkuje sie on magnetycznie ponizej 6 K. Prze-
prowadzona zostata symulacja numeryczna jego uporzadkowania magnetycznego.
Wiasnosci magnetyczne zwiazku opartego na Ni''-Nb!V okazaly sie by¢ zalezne od
stopnia nawodnienia probki. Ferromagnetyczna faza pierwotna, istniejgca ponizej
12 K, jest niszczona przez wysuszenie probki i powstaje faza przypominajaca szkto
spinowe. Ponowne nawodnienie przywraca czesSciowo faze pierwotng i tworzy do-
datkows. Dwa kolejne, analogiczne, dwuwarstwowe zwigzki, Cul'-Mo" i Cull-WV |
porzadkuja sie magnetycznie ponizej odpowiednio 27.5 i 32.8 K. Oba wykazuja
przejécie metamagnetyczne. Ostatni z badanych zwiazkéow, bazujacy na Cull-
MoV, pierwotnie paramagnetyczny, wykazal znaczacy efekt fotomagnetyczny po
naswietlenu $wiattem fioletowym i niebieskim. Praca ta zawiera réwniez szczegd-
towy opis wykonanych eksperymentow, prezentuje mnogo$é mozliwych wlasnosci
magnetycznych materiatéw molekularnych, a takze pokazuje dodatkowe sposoby
sterowania magnetyzacja, co moze znalezé zastosowania uzytkowe.
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Foreword

This Thesis is focused on investigating the magnetic properties of several new
molecular magnets. The subject of molecular magnetism is interdisciplinary, con-
necting advanced chemical syntheses and thorough characterisation of physical
properties of this new class of materials with many possible future applications.
This Thesis is a set of examples of different new molecular magnets and their
magnetic behaviour, chosen from over a hundred samples measured by the au-
thor.

All the samples were synthesised by prof. dr hab. Barbara Sieklucka’s In-
organic Molecular Materials Group from the Jagiellonian University that also
provided us with structural characterization. Each of the samples was thoroughly
investigated by the author for magnetic properties, and each displayed different
and fascinating magnetic behaviour, dependent on external conditions varying
from case to case.

The structure of this Thesis can be outlined as follows:

e Chapter 1 gives the theoretical basis necessary to understand the class of
materials which are molecular magnets and their physics, a detailed intro-
duction on magnetic behaviour of matter and a brief overview of magnetic
heat capacity and photomagnetism.

e Chapter 2 presents an overview of the experimental methods used to inves-
tigate the physical properties of these systems, specifically magnetometry
and heat capacity measurements.

e Chapter 3 displays the results of the magnetic measurements of five different
molecular transition metals compounds with the analysis and conclusions
on each compound, some accompanied by heat capacity measurements, re-
sulting in thorough magnetic characterization for all the analyzed samples.

e Chapter 4 contains a summary and comparison of the results presented in
Chapter 3.



e The Appendices contain a brief chapter on magnetic units and a short ex-
planation about demagnetization corrections.

e The Thesis ends with a Bibliography containing the references used in this
work, the List of all author’s publications, a List of Figures and a List of
Tables.



Chapter 1

Introduction

1.1 Molecular magnets

Molecular magnets are organic or inorganic/organic hybrid materials, comprised
of discreet molecular building blocks (organic molecules, coordination complexes).
Unlike the classical magnets, for which magnetic properties arise from a network of
magnetic moments, their magnetic properties are of molecular origin, the building
blocks arranging into zero-, one-, two- or three-dimensional arrays.

Molecular magnets are produced in a bottom-up approach, where the tech-
niques of molecular chemistry are employed in order to design and synthesise
new classes of magnetic materials. Compared to the classical magnets, molecular
magnets are already dispersed and are also soluble in different solvents or can be
placed it in some other matrix, like a polymer, and they will still show the same
magnetic properties.

Such molecular systems have features which can be considered both in classical
(e.g. magnetic hysteresis, switching, exchange coupling) as well as in quantum
(e.g. quantum tunnelling of magnetisation) regime [1].

The most astonishing example of molecular magnetic materials is a single
molecule magnet (SMM). It can be magnetized in a magnetic field, and it will
remain magnetized even after switching off the field, which is a property of the
molecule itself. No interaction between the molecules is necessary for this phe-
nomenon to occur. This gives an opportunity for a more dense data storage than
the classical one.

The most famous molecular magnet, discovered in 1980, is a dodecanuclear
manganese cluster of formula [Mn;2012(CH3C00)16(H20)4] - 4H20 - 2CH3COOH
for short called MnjsAc [2]. A sketch of this molecule is shown in Fig. 1.1.

The Mn'™ ions form an external octanuclear ring, and the Mn!'Y an internal
tetrahedron. The ground state is S = 10 (all the spins of Mn'™ S = 2 up and

5
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Figure 1.1: A schematic picture of the first historic molecular magnet, MnjoAc.
Source: [3]

Mn!'V' S = 3/2 down). It showed a magnetic hysteresis of a purely molecular
origin, with a characteristic stepped curve, and the relaxation time was estimated
to be 50 years at 1.5 K. This gave the idea of storing information in a single
molecule and opened the possibility of molecular density data storage. Also,
relaxation through quantum tunneling was first observed in mesoscopic magnets
in this system, and this was possible due to the absolute mono-dispersion of the
Mnj2Ac molecules [3].
Later, many types of molecular magnets were synthesised:

Molecular organic magnets based on s- and p- electrons and polymers (the
only known type before 1990s)

Molecular inorganic-organic magnets

- Oxalato-based 1D-, 2D-, and 3D-magnets

- Cyano-based magnets (on which this work is focused)

Finite Cluster Compounds (SMMs)

Molecular Single Chain Magnets
e Magnetic Molecular Wheels

to mention only a few types [1].
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1.2 Magnetism and magnetic ordering

1.2.1 Definitions and the origin of magnetism
Magnetic moment of an electron

Magnetism has its origin in the motion of charged particles, and the intrinsic
magnetic moments (spins), of particles. The definition of the magnetic moment
due to movement of charge is

fi=1I8,
where S is a vector area enclosed by the current loop. From this, an angular

orbital magnetic moment of an electron on its orbit can be calculated

—ew 9 —e - -
= —C R = —ppi
o 2mec HBS;

where Al is the orbital angular momentum (I = 0,1, 2, ... is the quantum number
describing the orbit, s, p, d, ... respectively), up = eh/2mec = 9.27400968(20) -
102! erg - G~ is the Bohr magneton, and other symbols have their usual meaning.
An electron has an intrinsic angular momentum, spin § (derived from the Dirac
equation):

. e .. .
fis = fgsrhs R —2uBS,
MeC

where g = 2.002319 ~ 2 is the electron g-factor [4] and § is the spin.
Thus, the total intrinsic magnetic moment of an electron is

fiint = —pp ([ + 23).

Spin-orbit coupling

An electron moving on the orbit sees the electric field of the nucleus partly as
a magnetic field, which interacts with the spin of the electron. The energy shift
calculated for this phenomenon is:

1 10U~

AE =~ 199
2m2c¢2r or %

where U = V - e is the potential energy of the electron in the central field.
When we take into account all the electrons in the shell

[=Y0 §=Ys J=§+L

For a closed shell, owing to the Pauli exclusion principle, L=S8=0. For an
underfilled shell
AE=¢-L-S.
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The energy of the state depends on the value of the total angular momentum
J. The spin - orbit interaction is, therefore, responsible for splitting of energy
levels in atomic spectra, but each of the energy levels is (2.J+1) times degenerate,
as determined by the possible values of mjy = —J, ..., +J.

The Zeeman effect

Now, we have to take into account the interaction of the magnetic moment with
the external magnetic field £ = —[i - H. The (2J + 1) degeneracy is removed by
applying an external magnetic field, which leads to further splitting of electron
energy levels into (2J41) states and is known as the Zeeman effect. The potential
energy of the atom in an applied external magnetic field H is:

E=mygLupH,

where gy, is the Landé factor:

JJ+1)+8(S+1)— L(L+1)
27(J +1) '

1.2.2 Magnetic properties of non-interacting localized magnetic mo-
ments

Having learned the quantum origin of magnetism, we can now discuss the possible
magnetic behaviour of the matter and how to recognize it. Before we start analyz-
ing the magnetic behaviour of substances, however, we need one more definition
- the magnetic susceptibility y:
<p>

H
where H is the external field applied to the sample and < p > is the average

X:

magnetic moment along the H direction per unit volume. x has no dimension.
Often < p > is calculated not per unit volume, but per mole or per gram, the

1

molar (or mass) susceptibility gaining a unit cm®mol~! or em3g~!, respectively

(see Appendices: Units in Magnetism).

Diamagnetism

Diamagnetism is an underlying property of matter. In a case when no magnetic
interactions have to be taken into account, the total susceptibility of the sample

is a sum of paramagnetic and diamagnetic susceptibilities [5]:

X = XD + XpP-

The value of xp is negative, independent of the temperature and the strength
of the applied field, and can be calculated from quantum mechanics (per one

electron):
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ez <r?>

XD = 6.

where < r2 > is the average squared radius of the orbit and the other symbols
have their usual meaning. xp depends on the size of the atoms and is tabulated
for different ions in so-called Pascal tables [6].

For bulk molecular samples, it can be roughly estimated:
xp = kM - 10 %cm3mol !,

where M is the molecular weight of the compound and x = 0.4 + 0.5 [5].

When xp is dominant, the total susceptibility is also negative and the substance is
considered diamagnetic. Fig. 1.2 shows the schematic behaviour of a diamagnetic
substance.

R
PAPEEYbYY
PRV EY Yy v
VEVAVEEEY
H>0
M X
T T

Figure 1.2: A schematic drawing of the field-induced magnetic moments in a
purely diamagnetic substance, the macroscopic magnetization versus field, mag-
netization versus temperature and inverse magnetic susceptibility versus temper-
ature.

The magnetic moments in a purely diamagnetic substance are induced by
an external magnetic field and are directed opposite to the field. The magnetic
moment of the system is then independent of the temperature and changes linearly
with the magnetic field.

An example of this behaviour is observed for the gelatine capsule used as a
sample holder for the measurements and described in Chapter 3.1.2.
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Paramagnetism

The paramagnetic susceptibility x originates from unequal thermal occupation
of energy levels F,, in the applied magnetic field H. The microscopic magnetic
moment of an energy level n is equal to

0B,
Hn = m

The macroscopic molar magnetization is then the sum of u, weighed by the

Boltzmann distribution law:

Ny, (-0E,/OH) - exp(—E,/kT)
Zn exp(iE’n/kT) 7

where k = 1.3806488(13) - 10716 erg - K=! is the Boltzmann constant. This
expression is the fundamental expression of molecular magnetism [5].

M =

(1.1)

If we define a partition function
Z =3 exp(—En/kT),
n

then, after a few simple transformations, we obtain a formula for molar param-

agnetic susceptibility
0’InZ
= NpkT——.
X = A e
This formula requires the knowledge of E,, as a function of the field H. A solu-
tion was proposed by Van Vleck in 1932. He expanded the energies E, according

to the increasing powers of H:

E,=EY+EDN.H+E® . H>+ ..

n n n

then
i = —BM —2E@) g4

Another assumption is that H/kT is small. The exponent in (1.1) becomes
exp(—En /kT) = exp(—E® /kT)(1 — EVH/ET).
Including these two approximations into equation (1.1) we obtain:

_ NaYu(-B = 2B - Hyexp(— BV /KT)(1 — B H/KT)

M © 0
S exp(—ED kT)(1 — BV H/KT)

. (12

We have to add another condition of magnetization vanishing in zero field:

S~ EMexp(—EQ /kT) = 0. (1.3)

n
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After incorporating (1.3) into (1.2), we obtain a formula for M, and therefore for
the susceptibility as a function of temperature:

_ NASL (B2 /KT — 2B )exp(— B /kT)
Y exp(~Ey” /kT)

, (14)

which is the Van Vleck formula. Values of Eéo) are the eigenvalues of the Hamilto-
nian in the zero field, while Eél) and E7(12) can be calculated from the perturbation
theory:
E) = (n|Hzn)
2
2 _ N~ (lHz|m)” 0) 4 ;2(0)
En %: ET(LO) _ E(O) Em 7& En

m

where Hy = pupY,(l; + 28;) - H is the Zeeman Hamiltonian and |n) are the
eigenstates of the Hamiltonian in the zero field [5].

A paramagnetic substance is the simplest case of magnetic behaviour. If we
assume a situation in which the ground state has no first-order angular momentum
(L = 0) and has a large separation energy from the first excited states [5] - there
is no magnetic coupling between the spin carriers. When an external magnetic

field is applied, the energies of 25 4+ 1 Zeeman components are given by
E, =mggsupH, mg = —29,...,+8.

The energies F, are linear in H, so the second order Zeeman coefficients vanish
and the Van Vleck formula (1.4) simplifies to

 NaX(B)exp(~EY) /kT)

1.5
kTS, exp(—EL /kT) (15)

If the temperature is large and H/kT is small, then E7(10) =0 and Eél) = mgsgug,
we obtain a formula

Nag*p3; _C
X = %7715(54—1) =7 (1.6)
which is known as the Curie law that describes the behaviour of a paramagnet
in large temperatures.

In the case of large H/kT, the magnetization reaches a value called the sat-
uration value Mg = NagupS when all the spins align parallel to the applied
magnetic field. The magnetization versus field dependence of a paramagnet is
well described, without regard to the magnitude of H/kT, by the Brillouin func-
tion, which is given below:

M
Msat
where Bg(y) is the Brillouin function:

25 +1 25 +1 1 1
Bs(y) = 59 coth( 59 y) — —coth (y) ,

= Bs(y),
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and y is defined by:
_ guBSH
YT

The macroscopic behaviour of a paramagnetic substance is illustrated in fig. 1.3.

“ppes Mgt Mmoo g
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Figure 1.3: A schematic drawing of the spin alignment in a paramagnetic sub-
stance without (left) and with applied magnetic field (right), together with the
macroscopic magnetization versus field, magnetization versus temperature and
inverse magnetic susceptibility versus temperature which obeys the Curie law.

An example of such behaviour was observed for a compound described in
Chapter 3.5.

1.2.3 The interaction between metal centers in molecular magnets

In the case of the molecular compounds of transition metals investigated in this
Thesis, the magnetic moments are localized on the transition metals atoms which
are a part of the crystal structure. Their magnetism originates from partially filled
d atomic shell: in the case of Mn, Co, Ni, Cu it is the 3d, in the case of Nb and
Mo - the 4d and in the case of W - the 5d shell. The metal centers are connected
with CN molecular bridges bridges (M; — CN — Mjy) through which coupling
between them can occur. It usually happens in the mechanism of superexchange
interaction (described well by the Heisenberg Hamiltonian, see Chapter 1.2.4):
the singly-occupied orbitals of the magnetic centers overlap indirectly through the
relevant orbital(s) of the molecular bridge.
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This mechanism can lead to two situations [5], |7]:

e Antiferromagnetic: the two magnetic centers M; and Ms have one singly
occupied d2_,2 orbital each and are connected by a linear CN bridge. The
overlap of d;2_,2 of both the magnetic centers and the antibonding 7* CN
molecular orbital can lead to the partial backdonation of the spin density
from both metal centers to the ligand. Such superexchange pathway can
only lead to the antiferromagnetic interaction due to the Pauli exclusion
principle.

e Ferromagnetic: M; has one singly occupied dg2_,» orbital and My’s un-
paired electron is localized on its dg, orbital. In this situation, there is no
efficient overlap - d, is orthogonal to CN’s 7* and ferromagnetic interaction
is allowed.

The situations presented above concern only two neighbouring metal centers.
However, in a situation where all magnetic centers are close enough to interact or
are all connected through molecular bridges, a possibility of long-range magnetic
ordering has to be acknowledged.

1.2.4 Models of spontaneous long-range magnetic ordering

In this Section systems with an existing coupling mechanism between the metal
centers and therefore with magnetic ordering below a critical temperature T will
be described.

In general, the coupling between the spins is well described by the Heisenberg
Hamiltonian:

HH = _ZJijSi . Sj,
i3

where J;; is the interaction parameter between two neighbouring spins on sites i
and j. J;; > 0 indicates ferromagnetic coupling, while J;; < 0 — antiferromagnetic.
If we consider the case of a single spin, with a field applied along the z direction,
Jij = J for a pair of nearest neighbours, the total Hamiltonian can be written as:

H=gupS,H—-Jz<S5,>5,,
where z is the number of neighbours. The eigenvalues are thus
E(S,mg) =mgs(gupH — Jz < S, >).

< S, > can be calculated from the Boltzmann distribution

i—s mgexp(—FE (S, mg)/kT)
S oxp(—E(S,mg)/KT)

mg=—3S

<S5, >=
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which can be simplified, after expanding the exponents up to the first order, into

S
> mgll —ms(gupH — Jz < S, >)/kT]
mg=—=S
S
> [1—=ms(gupH — Jz < S, >)/kT]

mg=—=S

< S, >=

After the summation, an expression for < .S, > can be extracted:

S(S+1)gupH

<= g 2JS(S+1)

For a polyatomic system in the molecular field approximation, the magneti-
zation per one mole of substance is

M =Njg <m>= —Nagup < S, >,

from which a formula for susceptibility x = O0M/OH can be concluded:

_ Nag*u%S(S+1) C

T 3kT —2JS(S+1) T -6

which is known as the Curie-Weiss law. (' is the previously defined Curie
constant and 6 is the Weiss temperature

zJS(S+1)
3k '

It indicates the intermolecular interactions: positive value means ferromagnetic,

0=

negative - antiferromagnetic interactions [5].

The Weiss theory predicts 8 = T, but in fact it is only an upper limit for the
critical temperature, which is often decreased by short range of the interactions
and the quantum nature of the moments [8].

All the compounds investigated in Chapters 3.2 — 3.4 are Curie-Weiss param-
agnets in high temperatures.

Ferromagnetism

In a ferromagnetic substance, the moments tend to align parallel to each other
giving rise to a spontaneous magnetization below T even without applying the
external magnetic field. The typical behaviour of a ferromagnetic sample is de-
picted in fig. 1.4.

The magnetization in zero temperature rises instantly to its saturation value
(meaning all the moments aligned in the same direction). Closer to the T,
spontaneous magnetization is still present, but the saturation value is reached
only in higher fields (7} in fig. 1.4). Above the T¢, spontaneous magnetization
vanishes and the sample becomes paramagnetic. Inverse susceptibility obeys the
Curie-Weiss law above the Ty with a positive 6 value.
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Figure 1.4: A schematic drawing of the spin alignment in a ferromagnetic sub-
stance, together with the macroscopic magnetization versus field in different tem-
peratures, magnetization versus temperature and inverse magnetic susceptibility
versus temperature which obeys the Curie-Weiss law above T¢.

Despite exhibiting spontaneous magnetization below T, a sample of a ferro-
magnet is not necessarily magnetised due to the existence of magnetic domains.
Ferromagnetic materials may display a hysteresis below T (fig. 1.5).

M
M

R

Figure 1.5: A schematic drawing of a typical ferromagnetic hysteresis loop close
to T'=0 K. H¢ - coercivity field, Mg - remnant magnetization.

Starting at the zero point (M = 0, H = 0), below T, a positive field is applied,
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giving rise to the initial magnetization curve. Then the field is lowered back to
zero, however, a remnant magnetization Mg is displayed by the sample in H = 0.
Further applying a field of negative direction lowers the magnetization to zero at
H = H¢, which is called the coercive field. The process is symmetric and further
changes of the field in positive and negative direction will cause the magnetization
to follow the hysteretic loop. Increase in the temperature will cause the loop to
shrink (lower value of H¢) and magnetization will not reach its saturation value
as soon as in fig. 1.5. When the critical temperature is reached, the loop vanishes
completely.

Most technological applications of hard magnetic materials and magnetic
recording rely on the existence of the hysteresis [9]. Compounds investigated
in Chapters 3.2 — 3.4 display ferromagnetic behaviour and hysteresis loops.

Antiferromagnetism

In the case of an antiferromagnetic substance, the magnetic interactions tend to
align the neighbouring moments antiparallel to each other and, as a result, there
is no spontaneous magnetization below the critical temperature, which in case of
the antiferromagnet is called the Néel temperature Ty .

In the simplest case, an antiferromagnet can be imagined as two identical
interpenetrating ferromagnetic sublattices, which respective magnetizations are
of identical value but opposite directions. The behaviour of an antiferromagnet
is shown in fig. 1.6.

PEvAvavaiey | 7
SALRZRZEYT N
ARAZRRREREY Tt
SALRZRZERT N
ARARARAARAY X
M! X "
T Te T, T

Figure 1.6: A schematic drawing of the spin alignment in an antiferromagnetic
substance, together with the macroscopic magnetization versus field in different
temperatures, magnetization versus temperature and inverse magnetic suscepti-
bility versus temperature which obeys the Curie-Weiss law above Th.
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The magnetization behaviour in field is similar to the one of a paramagnet in
high temperatures. In temperatures below Ty, a spin-flip transition may occur
when the external field is strong enough to overcome the molecular field and align
all the spins in the same direction. The difference between antiferromagnetism
and other types of magnetic ordering is clearly visible in the inverse susceptibility
as a function of temperature - it has a minimum at T and it obeys the Curie-
Weiss law in higher temperatures with a negative value of 6.

Examples of spin-flip transitions can be found in Chapters 3.2 and 3.4.

Ferrimagnetism

A ferrimagnet is a substance much like the antiferromagnet, but in this case the
sublattices do not exactly compensate each other and a spontaneous magnetiza-
tion remains. That may happen due to the sublattices being composed of atoms
of different spins and/or to unequal number of atoms in each sublattice. Ferri-
magnetism was predicted by L. Néel before being confirmed by experiment [9].
In the molecular field model, two colinear sublattices are considered, with differ-
ent magnetizations, M4 and Mp. Let wap = wpa = —w (w > 0), was = qqw
and wpp = apw (wa4 and wpp > 0) be the various molecular field coefficients.
The Curie constants of the sublattice i, C; = Nag?S;(S; + 1)u%/3kp (i = A, B).
In this model, the susceptibility is predicted to be:

1 T-06p 0%

— 1.
where in general case:
C=Cxs+Cp, (1.8)
w(2+ aa+ap)CaCp
0= , 1.9
Ca+Cp (19)
. 'UJ2CACB[CA(1 + OZA) — CB(1 + CVB)]Q 1.10
2 2 _
Qp:waACA+abCB QCACB. (1.11)

Ca+Cp

In a simple case of sublattices interacting only with each other and assuming
that there are no interactions between atoms of the same sublattice, equation (1.7)
becomes much easier for application. In such a case we assume ay = 0 = apg.
Equations (1.9) and (1.11) can be now summarized in one:

_ 2wC2CR

_ swbats _ g 1.12
CatCp P (1.12)
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and the equation (1.10) becomes:

2 CaCg(Ca — Cp)?
(Ca+Cp)3

Having incorporated both equations (1.12) and (1.13) into eq. (1.7), we obtain

(1.13)

a formula:

l _ T2 — w2C '4C
X N T(Cyq+ Cp) —2wCyCp
This model describes the susceptibility well in high temperatures. The recip-

(1.14)

rocal susceptibility follows a hyperbolic law, with the following asymptotes: in
high temperatures a Curie-Weiss line with 8oy = 0p and near the critical tem-
perature a vertical asymptote T' = @ (see fig. 1.7). The above model was used to
interpret the data in Chapter 3.1.

The behaviour of a macroscopic ferrimagnetic sample is gathered in fig. 1.7.
Below T, and in the absence of the external magnetic field, there are two typical
cases of the behaviour of the magnetization (depicted in fig. 1.7 in red and green).
The first case is similar to the ferromagnetic behaviour, while in the second the
spontaneous magnetization passes through zero at a compensation temperature
Teomp < Tc. This case occurs when the thermal variation of the magnetization of
the sublattice which dominates over that of the other at low temperatures is faster
than the other [9] . Magnetization versus field resembles the one of a ferromagnet

— with the spontaneous magnetic moment vanishing in 7.

T<T. <T
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H
M4 — x_1
_\\\\\MA
M N
__#~:rc0m/;§TC T
-7 0
- - - M -
B OP TC T

Figure 1.7: A schematic drawing of the spin alignment in a ferrimagnetic sub-
stance at T = 0, together with the macroscopic magnetization versus field in
different temperatures, magnetization versus temperature (two typical cases in
red and green) and inverse magnetic susceptibility.
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Other types of magnetic freezing: spin glasses

The situations described above are the basic cases of magnetic ordering. There
are more complicated situations, like spin glasses, which are disordered mate-
rials with different interactions, both ferromagnetic and also antiferromagnetic,
which are randomly distributed. Below a certain temperature (called the freezing
temperature 7Tt) the spins freeze into a glass-like disordered state with randomly
distributed, finite, locally ordered clusters [10].

The main features of a spin glass are:

e Paramagnetic behaviour above the freezing temperature Tt.

e Characteristic shape of zero-field cooling/field cooling magnetization, with

small irreversibility.
e A peak in )/, accompanied by a relaxation process visible in x”.

e A distorted hysteresis in magnetization versus field dependence in T' < T,
lack of saturation.

Spin glasses are a broad subject and a wider description can be found in [10],
[11].
Spin glass-like behaviour is suspected for two samples described in Chapter 3.3.

1.2.5 Anisotropy

Magnetic anisotropy is a situation when the ferro/antiferromagnetic axis of a
compound lies along fixed direction(s) (called the easy azis(es)). The stronger the
anisotropy, the harder the magnet. This tendency is represented by the anisotropy
energy E,, in which the leading term is

E, = K;sin? ¢, (1.15)

where K is the anisotropy constant and ( is the angle between the magnetization
and the easy axis.
Anisotropy limits the coercivity available in hard magnets:

Heo < 2K1/Ms,

and it also leads to unwanted coercivity in soft magnets.
There are three main sources of anisotropy:

e Shape anisotropy depends on the sample’s shape and derives from demag-

netizing field (see Appendices).
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o Magnetocrystalline anisotropy which is an intrinsic property of the sub-
stance. The magnetization behaves differently when field is applied along
different crystallographic directions, and usually the anisotropy reflects the
crystal’s symmetry. It originates from the crystal-field interaction and spin-

orbit coupling, or else the interatomic dipole-dipole interaction.

o Induced anisotropy is caused by applied stress or by depositing or annealing
a disordered compound in a magnetic field.

In the case of molecular magnets, the second case is to be considered.

The magnetization of anisotropic single crystals approaches the saturation dif-
ferently in fields applied along different directions. This is summarized in fig. 1.8.

A

M

@ easy direction

hard direction

H

Figure 1.8: Example behaviour of magnetization curves of an anisotropic crystal
when field is applied along easy (green) and hard (red) magnetization directions.

The anisotropy is not necessarily uniaxial, although that is a prerequisite for
permanent magnetism. It depends on the symmetry of the crystal.

The anisotropy field is defined as the field needed to saturate the magnetiza-
tion of a uniaxial crystal in a hard direction, and is equal to H, = 2K /(gupMs)
[7].

Anisotropy is often described in the terms of an anisotropic g factor: ¢ = (g4, gy, 9-)

which is then a tensor with different values along different axes. In most cases
polycrystalline samples are investigated and the data are interpreted with an av-
erage g defined as g% = (g2 + g5 + 92)/3 [5].

Anisotropic behaviour was investigated in cases presented in Chapters 3.1
and 3.2, in the latter the anisotropic g factor approach was used to simulate the

magnetic structure.
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1.3 Magnetic heat capacity

Heat capacity is usually measured under constant pressure and is defined by:

oo (8),

where Cp is heat capacity of the material at a constant pressure, () is the heat
delivered to/emitted from the system and T is temperature.
Entropy is defined as such:

dQ Cp
=) 7]

In magnetic materials, there is a significant contribution to the heat capac-
ity near the ordering temperature. The entropy gain induced by the magnetic
ordering near the phase transition is predicted theoretically to be:

AS = ENAIn(2S + 1) = RIn(25 + 1)

where R = kN4 is the gas constant and S is the spin of the magnetic centers [12].
To extract the magnetic contribution to the heat capacity, the phonon heat ca-
pacity has to be subtracted from the total heat capacity and that can be roughly
done using the Debye model or the Einstein model of the lattice heat capacity [8].
The peak anomaly in magnetic heat capacity usually reflects the magnetic tran-
sition in the materials. If external field is applied, the alignment change of the
magnetic moments is no longer so rapid and the change in entropy is stretched
over a larger range of temperatures, making the anomaly harder to extract from
the phonon background.

Examples of heat capacity measurements for molecular compounds and data
analysis can be found in Chapters 3.2 and 3.4.
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1.4 Photomagnetism

The photomagnetic effect takes place when a material changes its magnetic prop-
erties upon irradiation with light. It is a relatively new subject in molecular
magnetism, first demonstrated in Prussian blue analogues [13].

The potential applications of materials featuring reversible modification of
magnetic properties upon light irradiation is promising for writing/erasing de-
vices.

There are several possible processes leading to photomagnetic behaviour in
molecular crystals [14]:

1. A light-sensitive building block can be used for synthesis of polymetallic
substances, which can exhibit MLCT (metal-to-ligand charge transfer).

2. It is also possible to use a metal center as, for example, the iron(II) spin
crossover compounds which present the light induced excited spin state
trapping (LIESST) at low temperature. Up to now, this group includes only
finite homonuclear molecules and it has not yet been shown in polymetallic
extended systems [15].

3. A light-sensitive ligand can be used as spacer between the paramagnetic
metal centers.

4. The last group is based on a collective property of the bimetallic systems and
the emergence of the metal-to-metal charge transfer band (MMCT) in the
optical spectrum. This is possible when both metal centers have oxidation
state flexibility with close redox potentials. Thus, by light irradiation in
this band, an internal photo-redox process may occur involving an electron
transfer and a change in both metal spin states.

An example of photomagnetic behaviour related to the last case can be found
in Chapter 3.5.



Chapter 2

Experimental methods

2.1 Magnetometry

All the magnetic measurements were performed using a Quantum Design Mag-
netic Property Measurement System 5XL, which is the most commonly used
SQUID magnetometer in the world. In this section, the general idea behind the
method will be given along with a description of our system and chosen technical
specifications. The additional options like Fiberoptic Sample Holder (FOSH) used
for photomagnetic measurements and Horizontal Sample Rotator (HSR) used for
angle - dependent measurements will be described in more detail as they were
also used while gathering the data for this Thesis.

2.1.1 SQUID magnetometry - the idea
The Josephson tunneling effect

The tunneling effect through an insulating barrier between superconductors was
discovered by B. D. Josephson in 1962 [16], for which he was awarded a Nobel
Prize in 1973 [17].

A Josephson junction (fig. 2.1) is a thin layer of an insulator between two
superconductors. Cooper pairs in a superconductor can tunnel through an insu-
lating barrier. The total current through a Josephson junction depends largely
on the phase difference between the superconductors on both sides [§]

0 =1 — Vs

The phases 1 and v are arbitrary but fixed, hence 9 is also fixed. The Josephson
current is then given by
J(0) = Josin(9).

23
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current insulating barrier

v, v,

1 2
superconductor

Figure 2.1: A scheme of a Josephson junction.

If there is an electrical time-dependent potential across the Josephson junction, §
will also be time-dependent:

5(t _50+—/V tdt',

where ¢g = h/2e is the flux quantum and V() is the difference of potentials on
two sides of the junction. If V' (¢) = 0, a current J(dp) can pass the barrier without
resistance (DC Josephson effect). If the current surpasses the critical current J¢,
the junction will have a measurable resistance.
If V(t) = Vy = const, the DC current will disappear. The voltage drop will
generate an alternating supercurrent at a frequency w = V/¢g (AC Josephson
effect).

The Josephson effect was first observed by P. W. Anderson and J. M. Rowell
in 1963 [18].

SQUID

The abbreviation SQUID stands for Superconducting QUantum Interference De-
vice. A DC SQUID [8] is a superconducting ring with two Josephson junctions
(fig. 2.2)

It uses quantum interference between the two paths that enclose an area with
a magnetic flux within the ring. For the two paths through the device the phase
difference is: 1 B

AV = oy + — A(8)ds,
¢o Ji/11

where I/II indicates which Josephson junction the current is passing and ff(E') is
the vector potential along a path s.
The gauge invariance demands that the total phase difference is zero or n - 27.
The induced flux in the ring by the external field is ¢egr = § ff(é’)dé’ The critical
current through the DC SQUID is then given by:
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Figure 2.2: A scheme of a DC SQUID.

Ic = I0|cos7r¢em |.

The critical current is modulated by the magnetic flux flowing through the
ring. I¢ is maximum when ¢, satisfies the quantization condition (is an integer
multiple of ¢g). This allows a measurement of magnetic flux with great precision.

The first SQUID was constructed by R. Jaklevic, J. Lambe, A. Silver and J.
Mercerau in 1964 [19].

Modern SQUID magnetometers

A simple idea of the construction of a SQUID magnetometer [8] is presented in
fig. 2.3.

The sample travels through the detection coil which is connected to the input
coil. It communicates with the SQUID ring by means of mutual inductance.
The output of the SQUID is proportional to the critical current in the SQUID
which is a periodic function of the flux. There is a second feedback coil which
also communicates with the SQUID by their mutual inductance. The feedback
system allows calculating the flux that passed through the SQUID ring and thus
measuring the sample magnetization.

Modern SQUID magnetometers are equipped with superconducting magnets
and precise temperature control systems which allow measurements in a large
range of fields and ultra-low temperatures.
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Figure 2.3: A scheme of a SQUID magnetometer

2.1.2 Quantum Design MPMS XL system

The system used in our laboratory is a Quantum Design MPMS 5XL. In ad-
dition to the classic DC and AC measurements, a more sensitive Reciprocating
Sample Option is installed, improving the sensitivity to 1078 emu. The system
is equipped with a superconducting magnet and a precise temperature control
system, allowing measurements in the temperature range 1.8 - 300 K and in fields
0 - 50 kOe.

DC measurements

In a basic DC measurement, the magnetic moment of the sample is measured by
reading the output of the SQUID detector while the sample moves upward, from
the initial position, through the SQUID pickup coils. This upward movement
completes one vertical scan. Voltage readings that are taken as a function of
the sample’s position in the coils comprise the raw measurement data. At each
position in the coils, the software typically reads the SQUID output voltage several
times, and multiple scans are averaged together to improve the resolution [20].
These measurements have the typical accuracy of 0.1%.
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The Reciprocating Sample Option measures the magnetic moment of the sam-
ple in an alternative way. Instead of moving the sample steadily through the
SQUID pickup coils, like in the case of the basic DC measurement, and stopping
the motor for each data reading, it moves the sample rapidly and sinusoidally
through the coils. Lock-in techniques that use digital signal processor reduce the
contribution of low-frequency noise to the measurement. RSO measurements have
a sensitivity of approximately 5- 1079 emu [21].

Most of the measurements of static magnetic susceptibility for this Thesis were
done using this option, except for the signals of range larger than 10~ emu, in
case of which classic DC measurements were performed.

AC measurements

In AC magnetic measurements, a small AC drive magnetic field is applied to
the sample, in addition to the DC field, causing a time-dependent moment in
the sample. The field of the time-dependent moment induces a current in the
pickup coils, allowing measurement without sample motion. The AC susceptibility
(differential susceptibility) x ac = dM/dH obtained from these measurements has
both real and imaginary components, x’ and x”:

x=x"+ix".

Since the AC measurement is sensitive to the slope of M(H) and not to the
absolute value, small magnetic shifts can be detected even when the absolute
moment is large.

In the limit of low frequency where AC measurement is most similar to a DC
measurement, the real component y’ is just the slope of the M(H) curve. The
imaginary component, x” , indicates dissipative processes in the sample.

In conductive samples, the dissipation is due to eddy currents. Relaxation
and irreversibility in spin-glasses give rise to a nonzero x”. In ferromagnets, a
nonzero imaginary susceptibility can indicate irreversible domain wall movement.
Also, both x’ and x” are very sensitive to thermodynamic phase changes, and are
often used to measure transition temperatures [22], [23].

2.1.3 Horizontal Sample Rotator

The Horizontal Sample Rotator (HSR) allows samples to rotate around a hori-
zontal axis. Samples are mounted on a small plate (rotor), which enables sample
rotations of up to 360 degrees [24]. The photos of the HSR are shown in Fig. 2.4.

The sample is glued onto the rotor, which is a small frame caused to rotate
by the movement of a thin copper wire, wound around the rotor pulley, one end
fixed to the rotator motor placed on the top of the inset, the other end fixed to
a spring. The rotation angle, related to the turns of the rotator motor, is set by
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Figure 2.4: Photos of the Horizontal Sample Rotator for MPMS.

the MPMS software. As there are about three degrees of backlash in the rotator
mechanism, the rotational position always ought to be approached from the same
direction.

Tests were performed for the contribution to the magnetic signal of the Hori-
zontal Rotator, results shown in fig. 2.5.

As can be seen, the signal from the HSR is very small (of order 1075 emu). The
zero-field measurements were done to check for the ferromagnetic contamination
of the sample rotor. The measurement in 100 Oe allows estimating the diamag-
netic signal from HSR. The signal is diamagnetic and temperature independent.
Assuming that the signal is linear with field (Chapter 1.2.2), even in measure-
ments in 10 kOe the range of the signal can rise up to 10™* emu, which is still
usually negligible compared to the magnetic moment of the samples measured.
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Figure 2.5: The magnetic signal from the Horizontal Sample Rotator versus ro-
tation angle in chosen temperatures and fields.

2.1.4 Fiberoptic Sample Holder

The Fiberoptic Sample Holder (FOSH) is a sample illumination system for MPMS
for photomagnetic measurements, where light is delivered to the sample through
a quartz fiber optic rod that runs down the center of the metal sample support
rod and extends down into a special sample holder. The top of the fiber optic
rod is connected to a flexible fiber optic bundle, which can be used to connect the
FOSH to a separate light source. A schematic drawing of FOSH is presented in
fig. 2.6.

The heart of the sample holder is a spring-loaded slide assembly constructed
of nested quartz tubes. It is enclosed by an outer quartz guide tube, mounted
to the bottom of a sample rod. The sample itself is contained in a small quartz
cup, held in place by a set of two short inner quartz tubes. The light travels
through a flexible optic bundle to a fiber optic quartz rod 1.5 mm in diameter
and then to the sample. A piece of the same quartz rod is added at the bottom
to symmetrize the magnetic signal. A gentle upwards pressure is maintained by
a beryllium copper spring mounted in a treaded cap on the bottom end of the
guide tube.

The total geometrical light transmittance of the FOSH fiber optic rod is cal-
culated by the producer to be 61%. Measurements performed at A = 532 nm
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Figure 2.6: A scheme of the Fiberoptic Sample Holder (FOSH).

using a Thorlabs Digital Optical Power and Energy Meter provided the value of
around 50% (light power measured at the source and at the end of the fiberoptic
rod placed directly above the sample).

The diamagnetic contribution to the signal from the holder of approximately
1073 emu at 50 kOe is reported by the producer [25].

The light sources used with the FOSH in our laboratory are a green 532
nm laser and a diode laser assembly with exchangeable diodes (405, 407, 450,
660 and 850 nm). The FOSH was tested for the maximum power available to
use in different temperatures without losing the thermal stability in MPMS (the
light power was measured at the exit of the light source before entering the fiber
optic bundle): in 5K the maximum power was 7 mW, in 10 K 30 mW, in higher
temperatures no significant limit for the light source power was observed.
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2.2 Heat capacity measurements

The heat capacity measurements were done using a Quantum Design Physical
Property Measurement System Heat Capacity Option. In this section a brief
overview of the method and the most important specifications of our system will

be given.

2.2.1 Heat capacity measurements - the idea

The heat capacity depends on many variables, including temperature, pressure,
volume and magnetic field. Most commonly, the heat capacity is measured at a
constant pressure (as it is done in the PPMS):

In all the heat capacity measurement techniques, the amount of heat added
to or removed from the sample is monitored while measuring the changes in
temperature.

2.2.2 Quantum Design PPMS

The Quantum Design PPMS is equipped with a temperature control system and
superconducting magnets, and allows measurements of heat capacity in the tem-
perature range of 1.9 - 400 K and in fields up to 90 kOe. The minimal pressures
reached in the system are approximately 0.01 mTorr, ensuring elimination of any
alternate thermal links through residual gas.

The sample installment scheme in the PPMS Heat Capacity Option is pre-
sented in fig. 2.7. The sample is placed with a small amount of Apiezon grease
(ensuring good thermal contact) on a metal platform, isolated from the thermal
bath (which allows precise control of the heat transferred to the sample), but
connected through metal wires to the sample puck, which itself is immersed in
the thermal bath. A platform heater and a platform thermometer are attached
to the bottom side of the platform. Small wires provide the electrical connection
to the platform heater and platform thermometer, and at the same time provide
the thermal connection to the puck frame and a structural support.

During the measurement, a known amount of heat is applied to the platform
with the sample at a constant power for a fixed time, and then this heating period
is followed by a cooling period of the same duration. After each measurement cycle
the software fits the entire temperature response of the sample platform to a model
that accounts for both the thermal relaxation of the sample platform to the bath
temperature and the relaxation between the sample platform and the sample itself.
The fitting technique assumes that the heat capacity is approximately constant

over the range of temperatures covered by a single measurement cycle.
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Figure 2.7: A scheme of a sample holder for heat capacity measurements in the
PPMS system.

There are two fitting models used by the PPMS software describing the tem-
perature response of the sample platform as a function of time used in the mea-
surements.

The simple model assumes that the sample and the sample platform are in
good thermal contact and are at the same temperature during the measurement.
In this model, the temperature T of the platform as a function of time ¢ obeys
the equation:

Cuora 5 = P(0) ~ Kw (T(0) Ty,
where Cioq; i the total heat capacity of the sample and the sample platform,
Ky is the thermal conductance of the supporting wires, T}, is the temperature of
the thermal bath and P(t) is the power applied by the heater (= Py during the
heating period and = 0 during the cooling period). The solutions of this equation
are exponential functions with a characteristic time constant 7 = Cyopa1/ K.
The two tau model is used when the thermal attachment of the sample

to the platform is poor, and simulates the effect of the heat flowing between the
sample platform and sample and the effect of heat flowing between the sample
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platform and the puck. It obeys the equations:

Oy = P(t) — K (Ty(1) — Ti) + Ky (T2(t) ~ Ty(1)) and
dT
CSE = _Kg(Ts(t) - Tp(t))u

where C), is the heat capacity of the sample platform, Cj is the heat capacity of the
sample and K, is the thermal conductance between the two due to grease. T)(t)
and T (t) are the platform and the sample temperatures, respectively. In this case,
the solutions are exponents with two characteristic time constants, 71 = 1/(a—f3)
and 7 = 1/(a + ), where:

Ky K, K

— g g
- 20, * 20, * 205’

(0%

K202 +2K3C,Cp + K203 + K, C2 + 2K C2K, — 2Kw Co Ky G
B 2C,Cs ‘

Prior to the measurement of the sample, an addenda measurement (heat ca-

g

pacity of the platform with a small amount of Apiezon grease) is performed, using
only the simple model. Next, a sample is placed on top of the grease and mea-
sured, this time fits performed according to both the fitting models. The heat
capacity numbers derived from the two-tau model (assuming Cp = Coadenda from
the previous measurement) are used only if the fit deviation is smaller than in the
case of the simple model [26].






Chapter 3

Results and analysis

3.1 A new chiral molecular magnet: 3D cyano-bridged
Mnll — Nb

3.1.1 Structure

Chiral [Mn!(urea)s(H20)]2[NbY (CN)g|,,, where urea = CO(NHz)s (from now on
the compound is called MnL' — Nb!V for simplicity) exhibits a 3-D coordination
framework based on cyanide bridges linking Mn'" and Nb'V centers.

The structure of the unit cell of Mn} — Nb!V is tetragonal (P4; space group),
with parameters a = b = 10.450(5) A, ¢ = 22.736(5) A, angles a = 3 = v =
90.000(5)°.

Its 3-D coordination skeleton can be described as comprising two sets of infinite
waved ladder-motifs running along a and b direction, respectively, and cross-
linking at Nb!V centers (Figure 3.1 a)). While Nb atoms link both ladders’
sets together, giving raise to the 3D coordination network, Mn atoms belong
exclusively to one of the sets. Coordination sphere of Nb!V centers (Figure 3.1 b))
is dodecahedral and is composed of eight carbon atoms of eight CN- ligands. Six
cyanido ligands act as molecular bridges forming Nb!V-CN-Mn!! linkages and the
remaining two are terminal ones. Both Mn1 and Mn2 exhibit distorted octahedral
geometry (fig. 3.2). The presence of six and three bridging cyanides per Nb!V and
Mnb!, respectively, causes each Mn atom to be connected to 3 neighbouring Nb
ions and each Nb ion connects to 6 Mn neighbours through CN bridges (Figures 3.2
and 3.3) [27].

35
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Figure 3.1: a) packing diagrams of Mn}' — Nb!V showing herringbone-like arrange-
ment (urea, terminal cyanides and aqualigands omitted for clarity), b) "local”
fragments of the structure.
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Figure 3.2: Fragments of structure of Mnl' — Nb!V showing coordination spheres
of a) Nb, b) Mn1 and ¢) Mn2 and the 6:3 connectivity type with the presence of
six and three bridging cyanides per Nb'Y and Mnl!, respectively
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Figure 3.3: Fragments of structure of MnY — Nb!V showing the chirality of the
compound along the ¢ axis, viewed along b and a crystallographic axes.

3.1.2 Experimental

The samples were obtained by dr D. Pinkowicz. For magnetic measurements both
powder and single crystal samples were used.

The powder sample’s mass weighed on the laboratory scale was 20.8 mg. For
the measurement it was pressed into a gelatine capsule, which is widely used for
magnetic measurements. The magnetic properties of the capsule were investigated
separately prior to the sample measurements and the results are presented in
fig. 3.4 and 3.5. As can be seen in these graphs, in 10 kOe the signal is in the
range of 1074 emu and for the temperature dependence measurement in 1 kOe
it is one order of magnitude lower. Thus, the diamagnetic contribution from the
capsule to the magnetic signal can be usually neglected compared to the signal of
the samples measured, in other cases, for example at high temperatures, the data
can be corrected for the contribution from the capsule.

The single crystal sample’s (Fig. 3.6) mass weighed on laboratory scale was
1.2 mg. Due to the lack of a more accurate scale, the mass had to be corrected
with respect to the magnetic results of a much lager powder sample. Calculated
according to the saturation magnetization value at low temperature, the single
crystal’s mass was found equal to 1.31 mg.

The crystallographic axes were determined and, with respect to those, the
magnetic measurements along axes a(= b) and ¢ were performed. Fig. 3.7 shows
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Figure 3.4: Temperature dependence of the magnetic contribution of a gelatine
capsule used as a holder for the powder measurements. Measurement was taken

at 1 kOe.
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Figure 3.5: Field dependence of the magnetic contribution of a gelatine capsule
used as a holder for the powder measurements. Measurement was taken at 300 K.
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the method of placing the single crystal sample in the holder in case of both the
measurements (7 || H and &|| H on left and right, respectively). The sample was
glued with Varnish GE 7031 onto a square 5x5 mm piece of PE sheet and then
glued inside the MPMS straw holder.

!

Figure 3.6: Photography of the top-cut pyramidal-shaped single crystal sample of
Mnbl — Nb'V used for magnetic measurements.The size of the grid on which the
crystal was photographed is 1mm.

The properties of Varnish GE 7031 are widely known to be ideal for magnetic

measurements (the contribution to the magnetic signal is negligible). The glue
was also tested not to dissolve the sample.
The PE sheet used as the holder for the crystal was tested for magnetic properties.
A measurement for a piece of the PE sheet several times larger than the piece used
as a holder for the single crystal sample was done at 300 K with respect to the
field to check the contribution to the magnetic signal. The results are presented
in the figure 3.8. As can be seen from the measurement, the range of the signal
is approximately 104 emu which, compared to the signal even from the small
crystal sample, is negligible.
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Figure 3.7: Method of placing the single crystal sample in the holder for MPMS
measurements.
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Figure 3.8: Magnetic signal in 300 K in emu versus field measured for a large
piece of plastic used as a holder for the single crystal sample.
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3.1.3 Magpnetic studies of Mnl' — Nb™
Powder sample magnetic studies

From the structural characterization it is known that a formula unit of Mnll —
Nb'V' contains two Mndl of spin 5/2 and one Nb'V of spin 1/2. The g-factors
for both the magnetic centres are expected to be close to 2.00. They create a
three dimensional magnetic lattice — each Nb'V magnetic moment interacts with
six Mnl ions and each magnetic moment of Mn}! interacts with three Nb'V ions
through -CN- bridges.

Magnetic susceptibility vs. temperature at H = 1 kOe was measured. The
data were carefully corrected for the diamagnetic contribution of the gelatine
capsule (Fig. 3.4) and inverse magnetic susceptibility versus temperature curve

was obtained which is presented in Fig. 3.9.
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Figure 3.9: Inverse magnetic susceptibility of a powder sample of MnJl — Nb!V
measured at H = 1 kOe. The blue line represents a Curie-Weiss fit to the data
above 120 K. The red line is a fit of a simple ferrimagnet model above 120 K (see
text). The mass of the sample used was 20.8 mg.

Even after the correction for the diamagnetic contribution the data still de-
viates from the Curie-Weiss law (blue line in Fig. 3.9). The formula for the sus-
ceptibility of a simple ferrimagnet above T (equation (1.14) from Chapter 1.2.4)
was used. It was assumed that the only interactions possible are those between
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Mn and Nb (neglecting the interactions between the atoms of the same type).The
formula for the inverse susceptibility for this compound is:
1 T2 — 2)\205/201/2

1 , 3.1
X (2052 + C1y2)T + 4XC5 50 9 (3:1)

where C's denotes the Curie constants for respective spins (5/2 for Mn, 1/2 for
Nb) and A = 6Jym_nb/(Nag?p%) is the molecular field constant. This model
was found to agree with the data much better than the Curie-Weiss law. From
the fit, the values of g = 1.97(7) and A = —45.(2) mol/cm? were obtained. The
g value is close to the expected 2.00. The negative value of A indicates that the
predominant interaction between Mn and Nb is antiferromagnetic.

Next, the zero-field cooling/field cooling dependence was measured at 10 Oe,
which is presented in Fig. 3.10.
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Figure 3.10: Zero-field cooling/field cooling curves of a powder sample of Mnbl —
Nb!V measured at around 10 Oe.

The transition temperature is equal to T = 42.6(4) K (defined as the position
of the maximum of M(T') slope). The sharp increase in the magnetization below
Tc is the onset of a ferromagnetic transition.
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The AC measurement of the powder sample is presented in Fig. 3.11.
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Figure 3.11: AC measurement of a powder sample of Mnb' — Nb!V measured at
H AC — 3 Oe.

The x” signal, multiplied by a factor of 20 for better visibility, is negligible.
The peak in the susceptibility is approximately at 43 K.
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Magnetization versus field dependence was measured, which is presented in
Fig. 3.12.
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Figure 3.12: Magnetization field dependence of a powder sample of Mni' — Nb!V
measured at 2 K. The dashed line represents the level M = 9up.

The magnetization quickly saturates at the value 9up which suggests anti-
ferromagnetic coupling of Mn!" and Nb'V (two spins of 5/2 against one spin of
1/2). This is consistent with the measurement of susceptibility versus tempera-
ture (fig. 3.9). The perfectly constant M (H) up to 50 kOe at 2 K agrees with
the fact that the Nb spin-flip transition, simulated in the mean field model, takes
place above 1200 kOe [27]. The sample shows no magnetic hysteresis.
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Single crystal magnetic studies

As the single crystal sample used was very small and more prone to influence of
contamination, prior to the measurements a test in 300 K was performed to check
for ferromagnetic contaminants. The results are shown in fig. 3.13.
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Figure 3.13: Magnetization field dependence of the single crystal sample of MnL' —
Nb!Y measured at room temperature for field parallel to a and ¢ crystallographic
directions to test for ferromagnetic contamination. The straight line represents a
linear fit to the data.

No measurable contamination was observed (no deviations from the straight
line in fig. 3.13) which proves that the sample is uncontaminated and paramag-
netic in 300 K, as presumed.
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Next, a measurement of magnetization versus field parallel to directions a and
c at low temperatures was done to determine if any magnetic anisotropy is present
in the material. The measurement was taken at two temperatures: 2 and 30 K,
of which results are shown in fig. 3.14.
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Figure 3.14: Magnetization field dependence of a single crystal sample of Mnll —
Nb!V measured at 2 and 30 K, for field parallel to a and ¢ crystallographic direc-
tions.

It is clear that the sample is anisotropic and that the a crystallographic axis
is the easy magnetization axis and c is the hard magnetization axis which is seen
in both 2 K and 30 K.

To calculate the anisotropy field, the data had to be corrected for demagneti-
zation (see Appendices). The data for H || a were corrected in such a way that
the magnetization reaches saturation value instantly, from which the demagneti-
zation factor along a N, = 1.057 was found. As a = b, N, = N, and from the
condition Ny, + Ny + N, = 47, N, = 1.97 was derived.

The anisotropy field (following the definition from Chapter 1.2.5 as the field
needed to saturate the magnetization in the hard direction, in our case c¢) was
calculated as H, = 1.2 kOe, which is considered small.
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The zero-field cooling/field cooling measurement along the crystallographic
axes confirms what was learned from the magnetization curves about ¢ being the
hard magnetization axis. The results are presented in fig. 3.15.
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Figure 3.15: Zero-field cooling/field cooling magnetization versus temperature
curves measured for a single crystal sample of MnL' — Nb!V for field parallel to a
and c crystallographic directions. H = 10 Oe.

Like in the powder sample, the single crystal shows a rise of spontaneous
magnetization below T, which is considerably smaller in the case of H || ¢. The
irreversibility is consistent with existing ferromagnetic component, but it is small
due to the lack of single ion anisotropy for Mnl! and Nb'V. The signal below 43 K
for H || a is cut by the demagnetization field.
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Next, an AC measurement of magnetization versus temperature was taken
with H,. = 3 Oe parallel to both the axes investigated, data shown in fig. 3.16.
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Figure 3.16: AC susceptibility versus temperature of a single crystal sample of
Mnd! — Nb!V for field Hac = 3 Oe parallel to a and c crystallographic directions.
fac = 10 Hz.

Once again, the ordering of the magnetic moments proves harder along the ¢
crystallographic axis, confirming what was derived from previous measurements.
Also, the data from the powder measurement agree with the single crystal one -
the AC curve for powder is an average of susceptibility along all crystallographic
directions (Xpowder = %(Xa + X» + Xc)). In this case as well, like in the powder,
the out-of-phase susceptibility is negligible, proving non-existence of any time-
dependent relaxation processes.
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Lastly, a measurement of magnetization was done at various fields along a and

c axes. The results are presented in fig. 3.17.
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Figure 3.17: Magnetization versus temperature for a single crystal sample of
Mndl — Nb'V, a) in four different external fields applied along a axis, b) in fields
100 Oe and 1000 Oe applied along a and ¢ axes.

For all the applied fields, below T the magnetization rapidly increases, for

1000 Oe along a direction forming a single domain (M = 9up at low temperatures).

In smaller fields (fig. 3.17 a)), however, the signal is cut by the multi-domain effects
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and demagnetization. Fig. 3.17 b) shows the difference between the magnetization
versus temperature for the field applied along a and ¢ axes.

3.1.4 Summary

Magnetic properties of Mn! — Nb!V both in powder and single crystal form were
investigated. All of the data point to Mni' — Nb!V being a soft 3D ferrimag-
net with critical temperature T = 42.6(4) K. The ferrimagnetic nature of the
compound was in particular confirmed by fitting a simplified molecular field ferri-
magnet model to the reciprocal susceptibility versus temperature data and by the
magnetization value in the ordered state. Small anisotropy was discovered during
single crystal measurements, c¢ crystallographic axis being the hard magnetization
axis, whereas a = b being the easy axes. The lack of magnetic hysteresis, negli-
gible x”, and only a small difference between ZFC and FC magnetization curves
correspond with small anisotropy constant. Such behaviour is expected due to
the lack of orbital moment for both Mn}' and Nb!V ions.

The compound was further investigated by Tomohiro Nuida and Shin-ichi
Ohkoshi from the University of Tokio for non-linear optical functionality due to
its noncentrosymmetric structure. Magnetization-induced second harmonic gen-
eration (MSHG) was observed by them with the largest MSHG /SGH signal ratio
among molecule-based noncentrosymmetric magnets, which makes the compound
significant in the field of magnetooptics and magnetic materials.

The MSHG data together with the magnetic characterization contained in this
Chapter were published in reference [27].
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3.2 Magnetic anisotropy of Col' — WY ferromagnet

3.2.1 Structure

The crystal structure of Co}!(2,2-bpdo)4(Ha0)4[WV (CN)s]a - 8H20, where bpdo
= 4, 4-bipyridyl-N, N’-dioxide (from now on the compound is called Co}l — WY
for clarity) is presented in 3.18 and fig. 3.19.

Figure 3.18: A formula unit of Cof — WY. colours: Co(II) (dark blue), W(V)
(brown), C and N (green), O (yellow). Hydrogen atoms and crystallized water
molecules are omitted for clarity.

It consists of CN-bridged undulating layers perpendicular to the a crystal-
lographic axis, with crystallized water molecules in between. The layers form
a brick wall topology and are composed of 36-atoms rings (marked with a red
rectangle in fig. 3.19 b)) with alternate Co'! and WV centers interlinked with
CN-bridges. The geometry of these rings is close to a deformed rectangle with
dimensions 19.1 x 10.3 A2.

Each [W(CN)g|?~ is linked to three Co'! sites of distorted octahedral geometry:
two Co(2) along the b direction and one Co(3) along the ¢ direction.

The W-C-N and Co-N-C angles in the bridging linkages are close to 180°
except for one Co-N-C where the angle is equal to 154.4°. Co-W distances within
the layer are 5.30, 5.36 and 5.44 A, while the shortest distance between metallic
centers of neighbouring layers (W1-Co3) is 9.5 A[28].

The symmetry of the unit cell is monoclinic (space group P2;/c) with param-
eters a = 10.45700(10) A, b = 19.0970(2) A, and ¢ = 17.7070(2) A, and angles
o=~ =090° B =91.2120(10)°.
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Figure 3.19: The crystal structure of CoéI ~ WY along a) c¢ crystallographic axis
and b) a crystallographic axis. Colours: Co(II) (dark blue), W(V) (brown), C
and N (green), O (yellow). Hydrogen atoms (a) and b)) and crystallized water
molecules (b)) are omitted for clarity.
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3.2.2 Experimental

The samples were obtained by Szymon Chorazy. For magnetic measurements
both powder and single crystal samples were used.

The powder sample’s mass weighed on the laboratory scale was 24.0 mg. Sim-
ilarly to the case in chapter 3.1, it was pressed into a gelatine capsule, of which
the magnetic properties were investigated previously (fig. 3.4 and 3.5).

The single crystals were in the shape of rectangular cuboids and of green
colour. The largest crystal was selected for the measurements, was however too
small to be weighed on our laboratory scale (mass smaller than 1mg), was there-
fore weighed on a more accurate scale (courtesy of dr hab. Z. Tomkowicz). The
mass of the crystal sample used for the measurements was 0.61 mg.

The crystallographic axes were determined and with respect to those the mag-
netic measurements along axes a, b and ¢ were performed. Fig. 3.20 shows the
method of placing the single crystal sample in the holder in case of all the three
measurement series. As in chapter 3.1 the sample was glued with Varnish GE
7031 onto a square 5 x 5 mm piece of PE sheet and then glued inside the MPMS
straw holder (measurements of the PE sheet’s magnetic properties in fig. 3.8).
Varnish was carefully tested not to dissolve the sample.

The single crystal measurements were supplemented by using a Horizontal
Sample Rotator insert for MPMS, which allows measurements at desired angle
between the sample’s orientation (sample rotated around chosen axis) with the
external field. A schematic representation of placing the sample in the holder for
a measurement versus rotation angle (rotation around the b crystallographic axis)
is presented in fig. 3.21.
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Figure 3.20: The method of placing the cuboidal CoI3I — WY monocrystal inside
the straw used for magnetic measurements with magnetic field along a, b and ¢
crystallographic axes (situation I, IT and III, respectively)
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Figure 3.21: A scheme of placing the cuboidal Co}l — WY monocrystal inside the
Horizontal Sample Rotator used for measurements of magnetization versus angle
between external field and a (or ¢) crystallographic axis. Vertical movement (blue)
of a thin wire (orange) wound around the rod (transparent for better visibility),
on which the sample holder rests, causes angular movement of the sample (green).



3.2. MAGNETIC ANISOTROPY OF COY — WY FERROMAGNET 55

3.2.3 Magnetic studies of Co} — WY
Powder sample measurements

From the structure of the compound it is learned that one formula unit contains
two atoms of WV of spin Sy = 1/2 and g-factor gw = 1.97 (taken from [29])
and three Co'! atoms, for which the situation with the spin and g factor is more
complicated, due to the strong orbital contribution to the magnetic moment and
thus to a strong magnetic anisotropy (a detailed theoretical approach may be
found in [30]).

A measurement was done at field 1 kOe versus temperature. The data was
carefully corrected for the diamagnetic contribution of the gelatine capsule (fig. 3.4)
and then reciprocal susceptibility versus temperature was computed (fig. 3.22).
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Figure 3.22: Inverse susceptibility of the powder sample of Coll — WY versus
temperature together with a fit of the Curie-Weiss law (red line) in the range of
temperatures 150-300 K.

The Curie-Weiss law fits well with the data at high temperatures (150-300 K),
from which the Curie constant C' = 8.77(3) Kem? /mol and the Weiss temperature
6 = 7.1(7) K were obtained. The theoretical calculation of the Curie constant for
this system (assuming the Sw = 1/2 and gw = 1.97 and applying the range for
XT value for a single Co'! ion in an octahedral environment of 2.7 — 3.4 Kem? /mol
[30]) gives the range Cipeor = 8.83 — 10.93 Kem?/mol. The value form the fit is
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very close to the lower limit of the anticipated range. The positive value of 6
indicates predominant ferromagnetic coupling.

Zero-field cooling - field cooling measurement was done next, presented in
fig. 3.23.
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Figure 3.23: Zero-field cooling - field cooling magnetization of the powder sample
of Coll — WY versus temperature. H = 10 Oe. The solid lines are to guide the
eye.

The magnetization in zero field reveals a sharp peak around 6K and drops by
60% below 5K. That might indicate an antiferromagnetic order in low fields.
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AC measurement of the powder sample was performed at frequency fac = 10 Hz
and Hsc = 3 Oe, results can be found in fig. 3.24.
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Figure 3.24: AC measurement of the powder sample of Co}l — WY versus tem-
perature. f4c = 10 Hz and Hac = 3 Oe.

The real part of the susceptibility reveals a sharp peak at the critical temper-
ature T = 5.94(1) K, and confirms the ordering below it, which again appears to
be antiferromagnetic at low fields. The imaginary part is mainly negligible, rises

slightly around 3 K, which implies dissipation of energy in the system, which will
also be investigated further in the single crystal.
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Magnetization versus field was measured at T' = 2 K. The data are presented
in fig. 3.25.
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Figure 3.25: Magnetization of the powder sample of Coll — WY versus applied
field in 2 K. Inset: magnification of the data in the 0-500 Oe range.

The magnetization increases rapidly with the field, reaching the value of
6.35up at around 700 Oe, after which it increases steadily up to the value 8.57up
at 50 kOe but does not saturate. The inset in fig. 3.25, which is an enlargement of
the magnetization between 0 and 500 Oe, reveals a slight bending around 100 Oe
which might imply existence of a spin-flip transition. That will be investigated
further in the monocrystalline sample measurements.
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To investigate the nature of the ordering of Col! — WY further, a measurement

versus temperature in various fields was done, results presented in fig. 3.26.

75

60

N
(&)

30

% (cm’/mol)

15

poooooo'oooooolg..”. l.,., ' T
ooo'.. % °
) o 00000 0o 00° '. o o 4 0Oe i
o° 24 Oe
_ o8 . 100 Oe
. e 300 Oe
% e 1000 Oe
E XA LI YT TY YV 00...'. o 'i |
.a.... ‘('
o ey @
L . o, 7
00000000 06 0P .,."
L]
%””nn
094
2 : : 5 10
T (K)

Figure 3.26: Magnetic susceptibility of the powder sample of Coll — WY versus
temperature in various fields: 4, 24, 100, 300 and 1000 Oe.

Where it was necessary, the low field values were corrected for the remnant field
which amounts to approximately 6 Oe. At fields 4 and 24 Oe the susceptibility
reveals a sharp peak, implicating antiferromagnetic ordering. At 100 Oe the
peak loses its sharpness, to disappear completely at 300 and 1000 Oe, showing
ferromagnetic ordering in these fields. The switching appears to happen around
the bending in the magnetization versus field curve (fig. 3.25) which again suggests
a spin-flip transition there.
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Single crystal sample measurements

A measurement of magnetization versus field at T = 2 K was taken along a, b
and ¢ crystallographic axes (fig. 3.27).
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Figure 3.27: Magnetization of a single crystal sample of Co} — WY versus field
at 2 K along a, b, and c crystallographic axes.

The first conclusion from these data is that b is most likely the hard magneti-
zation axis. However, the magnetization does not reach saturation along neither
a nor ¢, they are therefore unlikely to be the easy magnetization axes. It is only
possible to postulate that there is an easy axis in the ac crystallographic plane
and that a lies closer to it than c.
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A more precise measurement of magnetization in the smaller fields reveals a
clear hysteresis with a spin-flip transition around 150 Oe for a and 250 Oe for
¢ crystallographic directions, invisible for b (fig. 3.28). Wherever the spin-flip
transition occurs, there is also a small coercive field present.
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Figure 3.28: Magnetization of a single crystal sample of Coy — WY versus field
at 2K along a, b and ¢ crystallographic axes in the field range between -1000 and
1000 Oe.

Next, an AC measurement versus temperature was taken along three crys-
tallographic directions with Hyc = 3 Oe and fac = 10 Hz (data presented in
fig. 3.29).

Like in the powder measurement (fig. 3.24), there is a sharp peak in the real
part of the susceptibility for a and ¢ directions, for b barely visible, suggesting
antiferromagnetic ordering in all the directions below To. There is a slight (0.2 K)
difference between the positions of the peak for a and ¢ directions. The imaginary
parts of susceptibility for all the directions are negligible.
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Figure 3.29: AC susceptibility of a single crystal sample of Coll — WY versus
temperature along a, b and ¢ crystallographic axes. Haoc = 3 Oe, fac =10 Hz.

Another measurement in different fields (around 10, 30, 100, 300 and 1000 Oe)
was taken along all the crystallographic directions, presented in fig. 3.30. The field
values were corrected for the remnant field.

The switching from antiferromagnetic to ferromagnetic ordering is clearly vis-
ible for all the crystallographic directions (vanishing of the peak in magnetic
susceptibility). However, the field around which it happens differs from one di-
rection to another (100 Oe for a, above 1000 Oe for b and 300 Oe for ¢), which
agrees well with the magnetization versus field measurements (fig. 3.28). A small
ferromagnetic impurity is visible for H || b data because the scale is two orders
smaller.
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Figure 3.30: Magnetic susceptibility of a single crystal sample of Coj — WY versus
temperature measured at fields of 10, 30, 100, 300 and 1000 Oe, along a (top),
b (middle) and ¢ (bottom) crystallographic directions. The data for H || b are
shifted due to a small ferromagnetic impurity visible in this scale.
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In order to find the position of the easy axis in the ac crystallographic plane,
a measurement using the Horizontal Sample Rotator was undertaken, the sample
fixed in such a way that measurement of magnetic signal versus angle of rotation
around the b axis was possible (for experimental details, see section 3.2.2).

First, a measurement of magnetization versus angle at H = 1 kOe was done

(fig. 3.31).

M (1/Co,W.,)

2+ | 5
= 130.5(4)° "H=1kOe |
M, = 9.73(5) NpS T=2K ‘
0 90 180 270 360
o - rotation position around b axis (0)

0

Figure 3.31: Magnetization of a single crystal sample of Coy — WY versus angle
of rotation around the b crystallographic axis taken at H = 1 kOe. Line: fit of
M = My|sin(a — ap)| to the data.

The magnetization versus angle shows clearly a sine module-like behaviour
with magnetization reaching 9.73(5)up in its maximum (showing the position of
the easy magnetization axis in the ac plane), and dropping to zero in the min-
ima (where the hard magnetization axis in the ac plane is found). A function
M = My - [sin(a — ap)| was fitted to the data, finding the position of the hard axis
ap = 130.5(4)°. The easy axis from the fit is therefore ap — 90° = 40.5(4)°. The
scale of the angles was also checked by aligning the sample along the hard axis
before extracting it form the magnetometer and measuring the angle by hand. By
doing so, the angle between the a axis and the easy magnetization axis was found
to be 39(1)°, and that is the value assumed correct as all the measurements of
the angle were influenced by the same error (the starting position of the Sample
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Rotator was also aligned by hand).

Despite the small angle hysteresis introduced during rotating the sample in
the opposite directions, it was possible to align the monocrystal precisely along
the hard and easy direction while the sample was still inside the magnetometer,
and therefore measurements of magnetization versus field along the easy and hard

axes in 2 K were possible (fig. 3.32).
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Figure 3.32: Magnetization of a single crystal sample of Coyl — WY in 2 K ver-
sus field measured along easy and hard magnetization axes found by the means
of Horizontal Sample Rotator. Magnetization along a, b and c¢ crystallographic
directions added for reference (empty points).

Two conclusions can be drawn from this measurement.
One: the signal along the b crystallographic direction and the hard magnetization
axis in the ac plane are almost identical, therefore the assumption that b is also
very close to a hard magnetization axis was correct. However, the M (H) data for
the H || b and for the H || hard axis in the ac plane are slightly deviated from a
linear drop to zero, for which there might be several explanations:

e the crystal used was not a perfect monocrystal and/or
e the crystal was not glued perfectly straight to the substrate and/or

e the hard axis does not lie exactly in the ac plane.
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Unfortunately, we did not check this for other crystals.

The second observation is that the magnetization quickly reaches saturation at
10pp along the easy magnetization axis. It also confirms that the field of 1 kOe
was well chosen for the measurement of magnetization versus angle (fig. 3.31)
- it was enough to saturate the magnetic moments along the easy axis but the
signal along the hard axis was still near zero; hence, it was well described by [sina|.

A more precise measurement was taken at lower fields, presented in fig. 3.33.
The spin-flip transition occurs around 100 Oe along the easy magnetization axis,
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Figure 3.33: Magnetization of a single crystal sample of Cog))I ~ WY in 2 K versus
field along the easy magnetization axis in the field range -500 to 500 Oe. Mag-
netization along a, b and c crystallographic directions added for reference (empty
points).

with a small coercive field. From the reference of similar curves along the crystal-
lographic directions it is possible to conclude that the further from the easy axis,
at the higher field the transition occurs (with smaller coercivity), to disappear
completely along the hard magnetization direction.
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Magnetic structure simulation

The magnetic structure for this compound was modelled using the molecular field
approach.
The energy of a CogW4 elementary cell

E=-Y 1 h
7

was minimized (where the summation is over all the metal centers in the cell, 7;
denotes the individual magnetic moment and h; is the molecular field acting on
the metal center 7). After taking into account all the atoms in the CogWy cell
(two different orientations of Co3 ions, and two different orientations of Co2 ions
in the elementary cell):

E = —2mw-hw 21w -hw —2mco2-hco2 —2mco -hooa —2Mco3-hao3 —2mcos -hcos -

The molecular field was calculated, assuming the same coupling constants A be-
tween all Co — W pairs, as h; = A>_;m; where the sum is over the nearest

interacting neighbours of the metal center i:
hw = A(11ico2 + Mooz + Mcoy),

Wy = A(ifcos + 1icoa + 1ico3),
heo2 = hooy = A(mw + mw),
o3 = 2\,

RGoz = 2\ .

Two sublattices for W ions are taken into account, because of their Co3 or Co3’

neighbourhood.
Magnetic moments in the saturation limit (ground state at T = 0) are
1.h
My = —2— (analogical for W),
2 hw
1 ECO3

1 - A
MCo3 = §R003§003(R003) (analogical for other Co atoms),

hCo3

where R are rotation matrices of local axes of Co g-tensors. Isotropic g-tensors
for W ions with g = 2.0 were used. From ab initio calculations [28|:

0.488  0.310 —0.805 ~0.330 —0.447 0.824
Rooz = | —0.853 —0.031 —0.540 Roos = | 0912 0077 0423 |,
—0.187 0.950  0.245 —0.245 0.891 0.377

and goo2 = (2.061, 2.950, 7.301), gcos = (5.396, 4.819, 2.283). R for Co2 and
Co3’ are reflected in ac plane.
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The equations were solved using Mathematica software after parametrization

—

ZX = (cospwsinby, singwsindyy, cosbyy ) (analogical for W),

where ¢w, ow, Ow and Oy are four free parameters. The resulting values and
orientations of magnetic moments do not depend on the A molecular field constant;
during simulation A = 1 was used. The magnetization energy has the minimum
for ¢pw = 0.073, ¢pws = - 0.073, and 6w = 1.118, and Oy = 1.118. The total
calculated magnetic moments versus the external field direction is presented in
are presented in Table 3.1.

M (pB) | My (pB) | M. (1B)
W% -0.90 -0.07 0.43
W’ -0.90 0.07 0.43
Co3 -1.61 0.52 1.30
Cod’ -1.61 -0.52 1.30
Co2 -2.68 -1.19 1.05
Co2’ -2.68 1.19 1.05
Total/Cos Wy -8.76 0.0 4.28

Table 3.1: Calculated magnetic moments of CogI ~ WY along a, b* and c crystal-
lographic directions.

Following conclusions can be drawn for these calculations:

e The total magnetic moment for a CogWs unit is M, = —8.76upg, My =0
and M, = 4.28upg.

e The magnetization cancels out along the b* = b direction, which was found
to be the hard magnetization axis from the experimental data.

e It should be stressed that this result was obtained without imposing the
crystal glide plane symmetry on the solution (e.g. independent variables for
Ow and —Ow were used in minimization of energy).

e The spontaneous magnetization calculated was 9.75up, within the ac plane,
creating an angle 26° with the a axis, which roughly agrees with the values
9.73(5)up and 39° found by experiment.

The magnetic structure is depicted in fig. 3.34.
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3.2.4 Heat capacity measurement of Co} — WY
Experimental

The sample chosen for the heat capacity measurements was a number of single
crystals which altogether were of mass 3.3 mg. The measurements were done
using a Physical Properties Measurements System from Quantum Design (see
Chapter 2.2). A measurement of addenda together with a drop of Apiezon N was
done before placing the sample onto the platform (for background subtraction).
Fig. 3.35 shows the method of placing the crystals on the platform. The crystals

Y =p cwstaograph?é/?@
direction @Z
— //

Figure 3.35: The placing of the polycrystalline sample of Co}l — WY on the sample
platform.

were pressed into Apiezon N in a way maximizing the surface contact with the
platform, thus ensuring good heat transfer.

Heat capacity results of Co} — WY and analysis

The heat capacity was measured in the range 2 - 200 K, in various fields, results
shown in fig. 3.36. In zero field a A - shaped peak is observed, diminishing with
the rising field.

The zero-field heat capacity was then fitted with Debye model in order to
calculate the phonon heat capacity (fig. 3.37 a)).

The fit was done in the range 26-40 K, resulting in Debye temperature
6p = 151(4) K. The phonon background was then subtracted to calculate the
magnetic contribution to the heat capacity. A plot of the magnetic heat capacity
over temperature versus temperature was done to calculate the magnetic entropy
gain (fig. 3.37 b)). The fitting range of the Debye model had an impact on the
resulting magnetic heat capacity.

The position of the peak is 5.7 K, agreeing with the magnetic ordering tem-
perature. The plot in fig. 3.37 b) was then integrated over the range 2-25 K,
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Figure 3.36: Molar heat capacity of a polycrystal sample of Co! — WY in different
magnetic fields. The solid lines are to guide the eye.

giving the entropy gain Spqq = [ C”%“g dT = 26.5 JK 'mol~!. Assuming the spin
of Co'! to be equal to Sc, = 1/2 in low temperatures [30], theoretical entropy
gain was calculated Sy, = 3, RIn(2S; + 1) = 3RIn2 = 28.8 JK 'mol~!. The
value obtained from the measurement agrees well with the calculated one. It can
be seen that the most of the entropy is gained above the transition temperature
which is characteristic for 2D ferromagnets [31].
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3.2.5 Summary

Col — WY was found to be a strongly anisotropic layered molecular magnet with
a soft ferromagnetic phase below 5.94(1) K. The ferromagnetic ordering was con-
firmed by a Curie-Weiss law fit to the powder sample data, producing a positive
0 value. The anisotropy of the compound was thoroughly investigated by experi-
ment and found confirmation in the results of numerical calculations. Coil — WY
exhibits strong uniaxial anisotropy and the easy magnetization axis was found to
lie in the ac crystallographic plane, creating an angle 39° with the a axis (the
simulated value being 26°). b crystallographic direction was found to be the hard
magnetization direction, which was again confirmed by simulation, magnetiza-
tion cancelling out along it. In low fields the predominant coupling between the
noncolinear ferromagnetic layers is antiferromagnetic, a spin-flip transition to fer-
romagnetic phase occurs around 100 Oe when the field is applied along the easy
direction. The coercivity along the easy axis is approximately 100 Oe, which dis-
appears along the hard magnetization direction. The heat capacity measurements
confirmed magnetic ordering below T, exhibiting a A - shaped peak anomaly at
5.7 K.
The findings contained in this Chapter were published in [28].
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3.3 Nil' — Nb'Y - a water sensitive ferromagnetic net-
work

3.3.1 Structure

The compound investigated is [Ni!!(cyclam)]o|[Nb!V (CN)g|, where cyclam = 1,4,8,11-
tetraazacyclotetradecane, from now on Nil' — Nb!V for short. It belongs to a family
of compounds which show reversible changes in structure and magnetization when
absorbing guest agents from the environment they are placed in [32], [33].

In the case of Nill — Nb!V determination of the structure was not possible
because it was impossible to obtain crytals. However, based on the same formula
and the comparison of powder XRD spectra of an analogous compound, containing
W instead of Nb, it can be assumed that this compound has a 3D diamond-like
structure characterised by a net of intersecting channels. The structure can be
modified by partly reversible dehydration [34].

3.3.2 Experimental

The samples were produced by dr Beata Nowicka. The series of samples for
magnetic measurements consisted of powder samples subjected to repeated de-
and rehydration, which were labelled as:

1: As synthesized, immersed in water (mass after drying 6.0 mg)
2: 1 dehydrated (8.3 mg)

3: 2 rehydrated, immersed in water (mass after drying 4.4 mg)
4: 3 dehydrated (6.4 mg)

5: 4 rehydrated, immersed in water (mass after drying 3.3 mg)

It should be noted that the samples above were not one and the same sample
subjected to de- and rehydration processes, but different samples.
The method of placing the sample inside MPMS system differed from sample

to sample:

e Samples 1, 3 and 5 had to stay immersed in water, were therefore placed in
a glass capillary closed on bottom end, then carefully sealed at the top end.
A glass tube of the sample diameter was placed below the sample holder to
minimize the glass influence on the SQUID signal (fig. 3.38 left)

e Sample 2 was pressed together in a gelatine capsule (see 3.1.2)

e Sample 4 was brought for measurement in a teflon container which was then
fitted into the MPMS straw for measurement (fig. 3.38 right)
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Figure 3.38: Method of placing Ni}l — Nb!V' powder samples inside an MPMS
holder.

3.3.3 Magpnetic properties of Ni' — Nb'

Zero-field cooling/field cooling curves for the whole series of samples are presented
in fig. 3.39.

Samples 1, 3 and 5 all reveal a magnetic transition below 12 K, sample 5
showing a probable emergence of a second phase with a peak around 7 K. For
dehydrated samples 2 and 4 the magnetic transition is pushed down below 4 K,
is however visible in parting of the zero-field cooling and field-cooling curves. The
shape of the zfc/fc curves for 2 and 4 reminds of spin glass-like behaviour.
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Figure 3.39: Zero-field cooling/field cooling magnetic susceptibility of samples
1-5 versus temperature. Inset: magnification of the data for samples 2, 4 and 5.
H = 20 Oe. The solid lines are to guide the eye.

AC measurements versus temperature were done for samples 1, 3, 4 and 5,
results shown in fig. 3.40. For sample 1, there is only one large, very sharp peak
in x’ visible around 12 K, while for the rehydrated samples 3 and 5 two peaks
(at 12 K and 7 K) are visible, confirming the existence of two phases. For the
dehydrated sample 4 a small peak appears around 3 K.

The x” signal is very large for sample 1, implying the existence of relaxation
processes below the ordering temperature. There is a sharp peak at 12 K and a
bending around 7 K. For samples 3 and 5, two rises in x” are visible around 12
and below 7 K (for 5 the peak around 12 K is split in two, which may mean a
complex relaxation), however the signal is two orders weaker than for the primary
sample. For 4 a small peak in x” appears below 3 K, suggesting existence of weak
relaxation below 3 K, which, together with the peak in X/, again suggests spin
glass-like behaviour.
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Figure 3.40: Top: AC in-phase susceptibility of samples 1, 3, 4 and 5 versus
temperature. Inset: magnification of the data for samples 3, 4 and 5. Bottom:
AC out-of-phase susceptibility of samples 1, 3, 4 and 5 versus temperature. Inset:
magnification of the data for samples 3, 4 and 5. The solid lines are to guide the
eye.
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All the samples were then measured in the field 1 kOe. dy/dT was calculated
and fitted with a combination of Lorentzian functions to find the exact critical
temperatures for all the phases (fig. 3.41).

18 T T T T T T T
P..
e
15 | Se, o 1 i
o... >
.
12} . 3 ]
—~ ¢ O 4
A\ r [ ]
g 9'_000000.. . e 5 i
mE !00..00.'. i
\9/ 6L .. ® i
= .’. .
°
3_ 0. .... 0. ]
Se ..’o ‘e,
©g Cee, oo e i
ol 9°g0c00000g22282 888000t RR R |

5
S - —fitfor1 |
5 — fit for 2
S —f!t for 3

[ — fit for 4

data derivatives —fit for 5

for samples 2 and 4

4 multiplied by 10 . . . . ‘
4 8 12 16 20

T (K)

Figure 3.41: Magnetic susceptibility in 1 kOe versus temperature for samples 1-5
(top) with derivatives of the susceptibility along with Lorentzian fits (bottom).
dx/dT was multiplied by a factor of 10 for samples 2 and 4 for better visibility.

The details of critical temperatures are presented in Table 3.2.
For sample 1 only one phase is present, ordering around 12 K. For the re-

hydrated samples 3 and 5 this phase is still present, but a new phase emerges
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Sample Phase 1 Phase 2 Phase 3
1 11.72(4) K X X
2 X X 2.41(5) K
3 12.1(6) K | 6.99(4) K X
4 X X 3.72(3) K
5 12.1(9) K | 7.02(3) K X

Table 3.2: Critical temperatures in samples 1-5 with the probable distinction of
phases.

with ordering temperature around 7 K. For the dehydrated samples 2 and 4 there
is only one phase present, with critical temperature below 4 K. This suggests
destroying of the original phase completely by the dehydration process, which is
then partially restored by rehydration, and simultaneously a new phase is created.

The data are also presented as x - T" versus temperature in fig. 3.42.
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Figure 3.42: Magnetic susceptibility times temperature versus temperature for
samples 1-5. Inset: high temperature data with the expected value (red line).

As it was impossible to measure the diamagnetic contribution prior to the
actual measurement because of the differing amount of water in samples 1, 3
and 5, it was taken into account while performing the fits of the data in high
temperatures (150 - 300 K) with the Curie-Weiss law (not shown). That permitted
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to estimate the diamagnetic contribution as the third parameter in the fit. The
results are presented in Table 3.3.

Sample | 0 (K) | C (ecm®Kmol~!) [ Mp (emu)
1 26.1(7) 2.43(1) —2.94-107%
2 3.7(5) 2.78(1) —2.69-107°
3 28(1) 2.43(2) —2.11-107*
4 3.0(9) 2.56(2) —2.56-107°
5 24(2) 2.22(3) 2.05-10~*

Table 3.3: Curie-Weiss temperatures, Curie constants and probable diamagnetic
contributions of samples 1-5.

A formula unit of NiIQI — Nb!'V consists of two Ni'l ions with expected Sy = 1
and gni = 2.2 and one Nb!V ion with expected Sy, = 1/2 and gnp = 2.0. All
the Curie constants are close to the expected 2.8 cm3Kmol ™! for this spin config-
uration. The Curie-Weiss temperatures are all positive, indicating predominant
ferromagnetic interactions, for the dehydrated samples 2 and 4, however, severely
decreased.

The diamagnetic contribution Mp for samples 1-4 agrees with the expecta-
tions: for the samples immersed in water it is one order of magnitude larger than
for the dried ones. However, the impurity for sample 5 is positive, which may be
caused by the misalignment of the glass tube placed below the sample.

A measurement of magnetization versus field in T = 2 K was performed
(fig. 3.43). The maximum value of magnetization for this compound is 5.4up
per formula unit. That value is not reached by any of the samples. However,
none of them saturate in 50 kOe. Sample 1 reaches a value of 5.1up, rehydrated
samples 3 and 5 4.5up and dehydrated samples 2 and 4 4.0u 5. This would suggest
that dehydration damages the interaction between metal centers, and rehydration
restores it only to a certain extent. A sum of respective Brillouin functions for

spins of two Ni'l and one Nb!V

was added for reference (red line in fig. 3.43).
The measurement also revealed interesting hysteretic behaviour (fig. 3.44).
The primary sample 1 reveals a classic hysteresis with a small coercive field
100 Oe. Hysteretic loop shrinks and distorts significantly for dehydrated sam-
ples 2 and 4, with coercive fields 20 and 40 Oe, respectively. The shape of the
hysteresis for the dehydrated samples suggests spin glass-like behaviour. For the
rehydrated ones 3 and 5 hysteresis is restored in a more complex form, which
may suggest development of a multi-phase system. One phase seems to be fer-
romagnetically ordered (possibly the same phase as in 1), the other can be an

antiferromagnetic system with a spin-flip tranisition around 700 Oe.
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Figure 3.43: Magnetization of samples 1-5 versus field in T" = 2 K. Sum of
Brillouin functions for this spin configuration added for reference (red line).
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Figure 3.44: Magnetization of samples 1-5 versus field in 7' = 2 K (magnified in
the range -2 to 2 kOe). The solid lines are to guide the eye. Inset: magnification
of the data for samples 2 and 4.
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3.3.4 Summary

The compound Ni} — Nb!V was proven to be a soft ferromagnet with To = 11.7 K,
with water-sensitive magnetic properties. Dehydration destroys the phase ordered
in 12 K, pushing the critical temperature below 4 K and creating a spin glass-
like phase, which is suggested by the zfc/fc curves for samples 2 and 4, the AC
behaviour and the existence of a distorted hysteresis in low temperatures. Rehy-
dration of the sample causes a partial restoring of the 12 K phase and creation of
a new phase, ordered in 7 K, which shows in restoring the hysteresis in a distorted
form and is visible both in AC and DC measurements. The Ni}l — Nb!V system
was not completely repeatable, the impurities differing from one production series
to another. The magnitude of magnetization and coercive fields differed slightly
for samples from different series, the shape of the data was however similar. The
data presented in this Chapter were chosen from a series of eight samples as the
most representative.
The magnetic characterization of this compound was published in [34].
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3.4 Cu'— MoV and Cu' — WV with incorporated guani-
dinium ions: double-layers magnetic system

3.4.1 Structure

(Hgua)2Cubl[MoY (CN)glz and (Hgua)oCull [WY(CN)glz, where Hgua is a guani-
dinium ion HoN=C(NHy)2 H-bond in the structure (from now on called Cu'l —
MoV and Cu'l — WV, respectively), are isomorphous, differing only in the central
atom type in octacyanidometallate building block. The crystal structure consists
of cyano-bridged {Cul'[MV(CN)g|z2}, (M = Mo, W) double layers with guani-
dinium ions between them, as shown in fig. 3.45 [35].

Figure 3.45: The structure of Cull — MoV and Cu!! -~ WV (viewed along b).
Colours: Cu'! ions - orange, MY (= WV or Mo") - blue.

The unit cell of Cu'' — MV is monoclinic, space group C2/c, and the dimensions
are as follows: a = 33.1260(5) A, b = 7.0000(2) A, ¢ = 14.8090(11), a = v = 90°,
B = 109.283(2)°.
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3.4.2 [Experimental

The samples were produced by Olaf Stefariczyk.

Both the samples were in powder form, measured in gelatine capsules described
in detail in chapter 3.1.2. During the measurements, however, it was learned that
a field of 1 kOe is sufficient to turn the grains of the sample and therefore falsify
the results, which will be demonstrated in the following section of this Chapter.
To overcome this problem, the measurements were repeated with samples pressed
more tightly in the capsule and with samples flooded with Varnish GE 7031
(chapter 3.1.2) inside the capsule.

The samples also contained an irremovable ferromagnetic contaminant. Therefore,
it was impossible to fit the Curie Weiss law accurately to the data directly. To
eliminate this problem, the measurements were done in 3 and 5 kOe to subtract
the saturated ferromagnetic component.

3.4.3 Magnetic properties of Cu'! — Mo" and Cu'! — WV

A measurement of magnetic signal in 1 kOe versus temperature was performed
in order to gain the data for a Curie-Weiss law fit. However, it was found that
both the samples include a ferromagnetic contaminant independent of handling
the sample. Therefore, measurements were done in 3 kOe and 5 kOe to satu-
rate the contamination, with the intention of fitting the Curie-Weiss law to the
subtracted data in high temperatures and therefore solving the problem. The
reciprocal susceptibilities from all the measurements, after a careful correction for
the diamagnetic contribution, are presented in fig. 3.46 to give the idea about the
size of the contamination.

From these data we can calculate the ferromagnetic contamination to be of
the range 10~3 cm>mol !, which is around 35% of the signal in the room temper-
atures for Cull ~ MoV and around 20% for Cu'l — WV.

The Curie-Weiss law was fitted to the subtracted data as can be seen in
fig. 3.47. The Curie constants found from the fit are Ccy_no = 0.828(2) cm®Kmol ~*
and Ccy_w = 0.824(1) cm3Kmol~! which are both in perfect agreement with the
expected value of Cuye = 0.829 cm®Kmol ™! for these systems (assuming the
isotropic Landé factor gy = 2.0 for both MoV and WV and gout = 2.2). The
Weiss temperatures were found as 6cy—no = 55.1(6) K and 0cy—w = 63.5(2) K.
These suggest a predominant ferromagnetic interaction in both compounds.
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Figure 3.46: Comparison of reciprocal susceptibilities versus temperature for sam-
ples Cu!! = MoV and Culf — WV measured at fields 1, 3 and 5 kOe. Inverse of the
subtracted susceptibility of 5 and 3 kOe added for comparison (empty symbols).
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Zero-field cooling - field cooling measurements are presented in fig. 3.48.
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Figure 3.48: Magnetic zero-field cooling/field-cooling susceptibility for samples
Cu - MoV and Cu' - WY. H = 20 Oe.

For both the samples ZFC/FC curves show a very sharp peak and small
irreversibility which suggest antiferromagnetic ordering in low fields (measure-
ment was done at H = 20 Oe). The critical temperatures were found to be
TS Mo — 275 K and 75 W = 328 K.
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AC measurements were performed for both of the samples at Hac = 3 Oe
and fac = 10 Hz. Data are shown in fig. 3.49.
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Figure 3.49: AC magnetic susceptibility versus temperature for samples Cu'l —
MoV and Cull - WV: a) in-phase susceptibility, b) out-of-phase susceptibility.
Hsc = 3 Oe and fac = 10 Hz.

The in-phase AC susceptibilities for both the samples display sharp max-
ima, confirming antiferromagnetic ordering below T at low fields (fig. 3.49 a)).
The out-of-phase susceptibility is much smaller, but present below the ordering
temperatures. x” for both of the compounds displays an unusual double-peak
behaviour around the T. That suggests two relaxation processes.
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A measurement of magnetization versus field in 2 K was performed. The data
revealed a problem with the samples which were not pressed tightly enough within
the capsules, so the measurement was repeated for samples pressed tightly in the
capsules and with a set flooded with glue and dried inside the capsule to prevent
movement of the grains. The differences are gathered in fig. 3.50 a).

It can be seen that for the loosely pressed sample a field of around 1 kOe
is enough to produce a magnetic moment large enough to turn the grains of the
powder and hence falsify the magnetic signal as larger than in an immobile sample.
The results for samples pressed tightly in the capsule and the samples immersed
in glue are similar.

A measurement of magnetization of the ’glued’ sample was chosen as the best
representation of the powder sample (fig. 3.50 b)). Also, the samples displayed a
hysteresis, which can be found enlarged in the inset in fig. 3.50 b).

The magnetization of the samples quickly reaches the value of 1.5up and
1.0pp, for Cut' — MoV and Cu'l ~ WV, respectively and then rises slowly to reach
1.9up and 1.8up but does not saturate for either of the samples. The expected
value of maximum magnetization is the same for both compounds and equal to
2.1up.

From the enlarged hysteretic loops it is clearly visible that a spin-flip tran-
sition occurs for Cul — WV around 140 Oe. For Cu'! — MoV the same might
occur but from this measurement alone it is impossible to state that definitely.
Further measurements were performed to prove that in Cu'l — MoV a spin-flip
transition also occurs. Coercive fields are equal to 50 and 300 Oe for Cu'l — MoV
and Cu'! -~ WV respectively.
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Figure 3.50: a) The magnetization in T' = 2 K versus field of Cu'l -~ MoV and
Cull — WV for different types of fixing the samples within the gelatine capsule.
Loose - pressed loosely within the capsule, pressed: pressed tightly in the capsule,
glued: flooded with glue and dried inside the capsule. b) The magnetization
versus field of Cu'l — MoV and Cu'l —~ WV. Inset: hysteresis loops magnified for

both the samples.
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To determine the existence of the spin-flip transition in Cu!! — MoY and to
investigate it further in both samples, a measurement of magnetization versus
field in various temperatures was done for Cull — MoY and Cul ~ WV, results
presented in fig. 3.51.
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Figure 3.51: Hysteresis measured in temperatures 2, 10, 20 and 30 K for samples
Cu'l -~ MoV (top) and Cu'l — WV (bottom).

In these temperatures the coercive field is lower, and the spin-flip transition
is more visible. Table 3.4 shows the values of the spin-flip field.



3.4. CU" - MOV AND CU" — WY WITH INCORPORATED GUANIDINIUM IONS:
DOUBLE-LAYERS MAGNETIC SYSTEM 91

T H(f?u—Mo HCfJu—W
s s

10 K | 110 Oe | 120 Oe

20 K 90 Oe 100 Oe

30 K — 80 Oe

Table 3.4: The values of the spin-flip field in 10, 20 and 30 K for Cu'' — MoV and
Cull - WV.

Taking into account that Hg changes with temperature as the saturation
magnetisation, the extrapolated to 2 K values of Hg for both compounds are
around 120 Oe. For comparison, the value estimated for Cul! — WV from the
M (H) virgin curve at 2 K is 140 Oe.

The spin-flip transition in Cu! — MoV was also further investigated using AC
technique with various DC fields. The data are shown in fig. 3.52.
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Figure 3.52: AC magnetic susceptibility versus temperature for Cu!! — MoV in
various DC fields. Hac = 3 Oe, fac = 10 Hz.

The peak in x’' gradually loses its sharpness with the rising DC field value,
confirming the existence of the spin-flip transition around 120 Oe.
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Further DC measurements in fields below and above the spin-flip transition
for both samples were performed, the data presented in fig. 3.53.
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Figure 3.53: DC magnetic susceptibility versus temperature for Cull — MoV and
Cu! -~ WV in fields below (50 Oe, filled symbols) and above (450 Oe, empty
symbols) the spin-flip transition.

The data in 50 Oe show a sharp antiferromagnetic peak, while in 450 Oe it
disappears completely for both samples Cu!l -~ MoV and Cull -~ WV,
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3.4.4 Heat capacity measurement for Cu'! — Mo"
Experimental

The heat capacity measurement was done in a similar way as in Chapter 3.2.4.
Prior to the measurement, the sample was pressed into a small pellet (5 mm
in diameter). Unfortunately, it was not possible to produce a strong enough
pellet (during several attempts it fell apart into a few grains). Therefore, a grain
of suitable size and shape was chosen. The mass of the grain weighed on the

laboratory scale was 5.8 mg.

Heat capacity results of Cu'l — MoV and analysis

The heat capacity was measured in the range 2-150 K in various DC fields. The
unprocessed data of molar heat capacity in fields 0, 10, 30 and 90 kOe are pre-
sented in fig. 3.54
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Figure 3.54: Molar heat capacity of Cu!! — Mo" in external fields of 0, 10, 30 and
90 kOe.

An anomaly is visible in 27.4 K in zero field, disappearing completely in the
lowest applied field. The position of the anomaly is in agreement with the mag-
netic ordering of Cu'! — MoV below 27.5 K.

Debye model was fitted to the data as in chapter 3.2.4 to subtract the phonon heat
capacity. The fitting range was 38 - 74 K. The calculated Debye temperature was
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206(2) K. The phonon background was subtracted and a plot of the magnetic heat
capacity over temperature versus temperature was done to calculate the magnetic

entropy gain (fig. 3.55).
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Figure 3.55: Top: molar heat capacity of Cull — MoV in zero magnetic field
together with a Debye model fit to the data. Bottom: magnetic heat capacity of
Cu'l — MoV over temperature versus temperature.

The calculated entropy gain (integration of magnetic heat capacity over tem-
perature versus temperature in the range 2-40 K) was Sp,qy = 12 JK~'mol 1,
which agrees with the expected value Sy, = 11.53 JK~'mol~!. It should be noted
that the choice of the fitting range for the Debye model had an impact on the

calculated magnetic entropy gain.
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3.4.5 Summary

Cull -~ MV assembly with M = Mo, W is a magnetically ordering, double-layer
system. The crystal structure suggests strong ferromagnetic interactions within
the layers, proven by large and positive Weiss temperatures, while the interactions
between separate layers are much weaker and most probably of dipolar character.
The zero-field structure reveals 3D antiferromagnetic ordering below T, most
probably coming from interaction between the layers, which is overcome by low
magnetic fields (spin-flip transition around 120 Oe in both compounds). Both the
compounds reveal hysteresis loops with coercive fields of values 50 Oe and 300
Oe in 2 K for Cu'l — MoV and Cu'' -~ WV, respectively. Critical temperatures
below which long-range order emerges were found to be TgUMO = 27.5 K and
Tguw = 32.8 K. The heat capacity measurement for Cul — MoV confirms the
long-range magnetic ordering, the magnetic heat capacity displaying a A - shaped
peak at 27.4 K.

The results described in this Chapter were published in [35].
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3.5 Cull — Mo'V - a photosensitive magnetic network

3.5.1 Structure

The structure of [Cu'!(bapa)]s[Mo!Y (CN)g| - 4H20, where bapa is bis-(3-amino-
propyl)amine of molecular formula CgH17N3, a ligand which is an example of
linear aliphatic poliamine with three N-donors amine groups separeted by two
propylen chains. From now on the compound will be called Cull — Mo!V for
short. Its structure is presented in fig. 3.56.

Figure 3.56: The crystal structure of Cubl — Mo!Y viewed along crystallographic
a axis. colours: Cu - orange, Mo - blue.

Each Mo atom is connected with four Cu atoms, and each Cu atom con-
nects with two Mo atoms. The connections are made through CN bridges. The
distances between Cu and Mo centres are between 5.1 and 5.3 A, while the di-
mensions of the triclinic unit cell are a = 15.6 A, b = 16.9 Aand ¢ = 24.9 A, with
angles v = 102.4°, f = 91.3° and v = 115.5°.

3.56.2 Experimental

The sample was obtained by Olaf Stefaiiczyk.

First, a large powder sample was measured (m = 43.4 mg), pressed in a
gelatine capsule (Chapter 3.1.2).

The powder samples installed in the FOSH were too small to be weighed on
the laboratory scale. Therefore, their mass for each measurement was estimated
by comparison of the data before irradiation with the large powder sample data
in 2 K and 50 kOe.
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3.5.3 Light absorption measurements

Ultraviolet-visible spectroscopy measurements were performed by Olaf Stefariczyk
in the Chemistry Department of Jagiellonian University. The absorption curve
obtained is presented in fig. 3.57.
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Figure 3.57: UV - visible absorption spectrum for Cull — MoV (courtesy of O.
Stefanczyk)

The absorption bands exist around 310, 460, 680 and possibly at 840 nm,

which gives an indication which wavelengths can be used during photomagnetic
measurements.
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3.5.4 Magnetic properties and photomagnetism of Cul! — Mo'v

Prior to photomagnetic measurements, magnetization versus temperature in 1 kOe
and versus field in 2 K was measured for a powder sample (fig. 3.58). The data
from the measurement in 1 kOe were corrected for the capsule contribution.
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Figure 3.58: Top: magnetization of Cull — Mo!V versus field in T = 2 K. Bottom:
reciprocal susceptibility of Cul — Mo!V in H = 1 kOe with a Curie law fit (red
line)

As can be clearly seen, Cull — Mo!V is paramagnetic. If a spin Scnt = 1/2
and an isotropic Landé factor go 1 = 2.2 is assumed, the predicted Curie con-
stant is Cpreq = 0.825 cm3Kmol ™!, It should be noted that MoV is non-magnetic
(Syrv = 0). The value from the fit C = 0.852(1) cm®Kmol ™! is slightly larger,
but very close to the value reported in [14] for a similar photomagnetic compound.
The value of magnetization in 50 kOe and 2 K, 2.0up is lower than the expected
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value of 2.2up per mole, but in 50 kOe the saturation value is not reached.

The sample was then placed in the FOSH and preliminary photomagnetic
measurements were taken (short time irradiation) to check if any photomagnetic
effect takes place for a given wavelength of irradiation. The results of the prelim-
inary tests are presented in fig. 3.59. The drop in the signal is correlated with the
beginning of irradiation, the sharp rise - the end of irradiation; when the sample is
irradiated, its temperature increases slightly, hence the drop in the magnetization
(from these data it can be estimated that the temperature increases by around
2 K).

o)
=
3(\l
Q
e — 407 nm
= 0.004| H =1 kOe 532 nm
T=20K — 660 Nnm
— 850 nm
0.000 . L . L .
0.0 04 0.8 1.2

Time (hr)

Figure 3.59: Magnetization of Cubl — Mo!V while irradiated with different wave-
lengths (all measurements taken at 1 kOe and 20K).

From these preliminary irradiations it can be seen that a photomagnetic effect
is observed for wavelengths 407 and 532 nm (the latter giving a very small rise of
2% after 12 minutes of irradiation). Therefore, wavelengths of 405, 407, 450 and
532 nm were chosen for further tests with longer irradiation times. The results of
all the photomagnetic measurements are gathered in Table 3.5
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A(mm) [ H (kOe) [T (K) [ ¢t (b) | P (mW ) | AM (%)

Preliminary irradiations

407 1 20 1 5 15

532 1 20 0.2 11 2

660 1 20 0.15 10 0

850 1 20 0.15 5 0
Specific measurements

405 5 15 20 5 20

407 1 20 16 5* 31

450 5 15 12 5 30

532 5 15 5 5 14

Table 3.5: Results of photomagnetic measurements for Cull — Mo!'V. P means
the estimated power of the light irradiating the sample. AM means the rise of
the magnetic signal after the irradiation compared with the initial value before
the irradiation (highest obtained values in bold). * - lost temperature control of
the diode, power may have fluctuated.

—— Brillouin function
before irradiation
after 407 nm irradiation
after 450 nm irradiation
after 532 nm irradiation |

| ! | L |
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Figure 3.60: Magnetization versus field of Cull — Mo!Y measured in 2 K before
and after irradiation with different wavelengths. Brillouin function was added for
reference (red line).
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Magnetization versus temperature was measured before and after the irradi-
ation (each time the light being turned off during the measurement to avoid the
temperature rise). The results are compared in fig. 3.60. Brillouin function for
the spin and g factor of Cu'! was added for reference.

It is visible that, despite the comparable AM for 407 and 450 nm, the largest
effect occurs after the irradiation with 407nm, intermediate in the case of 450nm,
while for 532nm is almost indistinguishable from the primal curve (fig. 3.60).
Despite the large noise in the data, it is visible that the value in 50 kOe does
not change significantly, the change is visible rather in the shapes of magnetiza-
tion curves. Only in the case of 407 nm irradiation, the magnetization after the
irradiation reaches the saturation value of 2.2up5.

The possible explanation for the photomagnetic effect in the case of this com-
pound is Metal-to-metal charge transfer (MMCT) [14] - a photooxidation of Mo!V
(S =0) to Mo" (S = 1/2) by a transfer of an electron from one of the neighbouring
Cu'! (S = 1/2), reducing it to Cul, which is diamagnetic (S = 0). Therefore, this
mechanism does not create extra spins, but a different localization of the magnetic
centres. The interactions between MoV and the remaining Cu'! are postulated to
be ferromagnetic, not leading to a 3D order because the diamagnetic Cu! atoms
are cutting off the interaction paths and/or the irradiation impact is not sufficient
to influence all the Cu'! — MoV pairs [36]. This finds confirmation in comparison
of the M(H) data in 2 K after the irradiation with 407 and 450 nm with the
Brillouin function for the paramagnetic Cull.

The photo-induced magnetization was stable in low temperatures, it was how-
ever lost after warming the sample up to room temperature and cooling down
again.

3.6.5 Summary

The magnetic and photomagnetic measurements of Cul’ — Mo'V revealed a promi-
nent rise in magnetization when irradiated with violet and blue light, the effect
decreasing with increasing wavelength. The effect most likely corresponds to the
460 nm absorption band.

The mechanism responsible for this effect is metal-to-metal charge transfer,
leading not to creation of any new spins but altering the magnetic structure of the
compound and modifying the interactions between the metal centers. The photo-
induced magnetization is stable in low temperatures, but the effect is cancelled
by heating the sample.

The data presented in this Chapter are largely preliminary and the matter
will be investigated further.






Chapter 4

Summary

In this Thesis, magnetic properties of several new molecular transition metals
compounds were investigated by means of bulk and single crystal magnetic and
heat capacity measurements.

Chiral Mnl' — Nb!V was found to be a weakly anisotropic, soft 3D ferrimagnet
with ordering temperature of 43 K. During single crystal measurements along
three crystallographic directions, a = b were found to be the easy directions for
the magnetization, while ¢ is the hard magnetization direction.

Cofq,I — WY is a strongly anisotropic, layered molecular magnet with an ordered
phase below 6 K. The zero-field structure reveals antiferromagnetic coupling be-
tween noncolinear ferromagnetic layers. The compound was found to have one
easy magnetization direction, lying in the ac crystallographic plane, forming an
angle of 39° with the a crystallographic axis. The b crystallographic axis is the
hard magnetization direction. The compound exhibits a spin-flip transition at
around 100 Oe applied along the easy direction, the Hg rising further from the
easy axis. The magnetic structure of Co§ — WY was simulated, confirming the
experimental findings: noncolinear magnetic structure, magnetization cancelling
along b, and the easy axis in the ac plane at the angle 26° with a. The compound
was also investigated by heat capacity measurements.

Nill — Nb!V is a soft ferromagnet, primarily with one single phase ordering
below 12 K. This phase is destroyed by dehydration, creating a spin glass-like
phase below 4 K. Rehydration restores the primary phase partially and gives rise
to an additional phase ordering in 7 K.

Cu — MoV and Cu! — WV were found to be double-layer systems with or-
dering temperatures 27.5 and 32.8 K, respectively (for Cu!! — Mo additionally
confirmed by heat capacity measurements). The coercive field is equal to 50 and
300 Oe, respectively. Both of the compounds exhibit a spin-flip transition from
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antiferro- to ferromagnetic ordering in 120 Oe in 2 K.

CugI — Mo!V, a paramagnetic molecular compound, showed noticeable photo-
magnetic effect upon violet and blue light irradiation. The photo-induced mag-
netization is stable in low temperatures, but the effect is cancelled by heating the
sample. Metal-to-metal charge transfer leads to the change in magnetization.

The magnetic properties of all the compounds investigated are gathered in
Table 4.1 for comparison.

This Thesis is intended as a set of examples of modern molecular magnets,
chosen from over a hundred samples measured by the author, demonstrating the
variety of their possible magnetic behaviour and additional means to control the
magnetization. It gives an outline on molecular magnets and is a detailed record
of experimental approach used in magnetic measurements and can hopefully serve
as a help in the interpretation of other magnetic measurements results.
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Units in Magnetism

There are two systems of units used in magnetism: CGS and SI. CGS (centimetre
- gram - second), the older units system is more natural for magnetism, and there-
fore more popular within the magnetism community, and is also used throughout
this entire work. However, both systems are widely used, it is therefore important
to understand the difference and know the conversion between one and the other.

The basic difference comes from the relation connecting the flux density B,
field strength H and magnetization M. In the SI system

- O, T.
B = po(H + M), po = 47r-10‘7Tm,

so there are different units for B and for H (T (tesla) and A/m, respectively).
In CGS:

B=H+4nM.
The unit for B is G (gauss) and for H is Oe (oersted), but they are dimensionally
equal.

The other important quantity, which is the quantity measured in all dc mag-
netometers, magnetic moment g, in SI has a unit J/T and in CGS erg/G, which
is frequently named ’emu’. Strictly speaking, emu is not a single unit and it has
different meanings for different quantities. It is ’electromagnetic unit of magneti-
zation’ for magnetization and ’electromagnetic unit of susceptibility’ for suscep-
tibility, e.g. emu/Oe — emu for M/H — .

The susceptibility x = M/H in both systems is dimensionless, but to add a
label [8], it is often written ’emu/cm3’, which gives the emu the dimensions of

cm®. Often, the susceptibility is reported as emu/g and emu/mole, and in this

3. s0 it gives the molar susceptibility the dimension

Work emu is replaced by cm
of cm?/mole.
All the quantities used in this work, CGS and SI units together with the

conversion factors are gathered in Table A.1
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Quantity CGS units Conv. factor | SI units

Magnetic induction, B | G (gauss) 1074 T (tesla)

Magnetic field strength, | Oe (oersted) 103 /47 A/m

H

Volume magnetization, | emu/cm? 103 A/m

M

Volume magnetization, | G 103 /47 A/m

AdrM

Magnetic moment, m emu, erg/G 1073 A-m2 J/T

Volume susceptibility, x | dimensionless, 47 dimensionless
emu/cm?

Molar susceptibility, x | cm?/mol, 471076 m? /mol
emu,/mol

Demagnetization factor, | dimensionless 1/4m dimensionless

D, N

Table A.1: Conversion between CGS and SI units for magnetic quantities (source:

[371)
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Demagnetization

From the experimental point of view, it is important to realize the existence of
demagnetization. This correction should be especially considered if the material
exhibits strong magnetization.

When a material orders magnetically, uncompensated moments appear on the
surface. Therefore, the field H inside the sample depends on its shape. Demagne-
tization is usually described in terms of so-called demagnetization field Hp which
results from the separation of hypothetical magnetic charge associated with the
sample’s magnetization. The total field in the sample can then be described as:

H=He+Hp=Heyy — NM

where He,; is the external field applied to the sample, M is sample’s magnetization
and N is the shape-dependent demagnetization factor. The value of N in CGS
can change in the range 0 < N < 4m. For a long, thin sample with the field
applied along its long axis, N is close to zero, while for a short, flat sample in a
perpendicular field the demagnetization factor can be close to 4.

To be able to accurately apply this correction, the demagnetization has to be
uniform throughout the sample, which is the case of an ellipsoid. The common
practice is to approximate N for a sample by considering the case for an ellipsoid
with shape and dimensions allowed to enclose the maximum volume of the sample.
Most samples are of different shapes, so this correction is only approximate in most
cases [37].

Tables and plots of calculations of the value of N for ellipsoids are widely
available [38], [39].

This correction was calculated for the single crystal investigated in Chap-
ter 3.1.
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