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Introduction

Throughout the history of the humankind one can highlight different stages of society
development by simply naming the hallmark material of that time period. For prehistoric
society the predominant material was stone. Later when people tamed fire and learned
mining, stone as the main tool component was substituted by copper-tin alloys and hu-
manity entered the Bronze age. With the further technological improvements around 1000
BC civilization reached the point when it became possible to process iron which is widely
used in all possible aspects of life ever since. Being present from the simplest hand tools
up to the most complicated pieces of machinery the iron however had to step aside after
semiconductor properties were discovered [1] and first p-n junction was invented [2, 3].
Nevertheless it took a while for semiconductor technology to spread out yet there are no
doubts that nowadays we are living in the Silicon age - the most common semiconductor
material. Although modern technology, entirely based on semiconductor devices, is ex-
tremely efficient it has some fundamental limitations related mainly to the size of a single
transistor [4]. At this point it is becoming obvious that future technical breakthrough
is ought to happen due to new substances exploiting other physical mechanisms. One
of the most promising classes of materials to boost up technology in general and com-
putational power in particular are magnetic multiferroics - materials exhibiting mutual
coupling between intrinsic magnetic and electronic subsystems [5].

The history of magnetoelectricity is rich and by now is covering three centuries. It all
started in 1865 with Maxwell’s equations which showed that magnetic interactions and
motions of electric charges are of the same nature [6]. At the very end of 19th century
in 1894 Pierre Curie using symmetry considerations predicted the possibility of coupling
between electronic and magnetic degrees of freedom in insulating crystals [7]. Yet the
first real observation of magnetoelectric effect happened only in 1960 with the discovery
of CryO4 [8] based on prediction made an year earlier by Dzyaloshinskii [9] followed by
comprehensive investigation of boracites within which NizB;O;3I was the most famous one
for manifesting the strongest multiferroic properties [10]. One has to admit that despite
the discovery of several multiferroic phases both found in Nature and obtained artificially
[11] the general progress in the field was not that significant due to the lack of theoret-
ical understanding of the phenomenon. Massive expansion of knowledge on correlated
electronic systems like high-T,. superconductor cuprates [12] and manganites exhibiting
colossal magnetoresistance [13] together with the elaboration of general quantum theory
of ferroelectric effect [14, 15] had an important role for the scope of a future progress in the
topic. Rethinking over the original idea of ferroelectric perovskites solid solutions contain-
ing magnetic ions [16] Nicola Spaldin provided an unpromising forecast on possibilities of
coexistence of ferromagnetism and ferroelectricity [17]. But long anticipation at the end
concluded with two influential works, each has become a pivotal point for an entire field
of magnetoelectric materials. First was the discovery of a room temperature multifer-
roicity in BiFeOj thin films which inspired an intensive research on this compound with
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Figure 1: Magnetic multiferroics combine both spin and charge ordering. Ferroelectric and
ferromagnetic materials demonstrate a hysteretic response of polarization and magnetization to
an electric and magnetic field respectively. In the ideal case an interplay between electronic and

magnetic degrees of freedom in multiferroics allows to have a magnetic response to an electric
field and an electronic response to a magnetic field [5]

potential applications [18]. The second was observation of a new type of multiferroicity
in TbMnO; [19]. In comparison to all previously known compounds where ferroelectric-
ity and magnetism were linked indirectly, in case of TbhMnO5; magnetic ordering was the
driving force for electric polarisation to occur, thus the coupling between two essential
subsystems is intrinsically strong. In short time two other compounds exhibiting the same
type of multiferroic behaviour were synthesized: HoMnOj; [20] and TbMn,Oj5 [21] which
stimulated enormous interest to the discipline leading to the discovery of a large numbers
of novel materials and deeper understanding of microscopic mechanisms responsible for
multiferroicity far beyond simple phenomenological model.

Certainly the major concern towards magnetic multiferroics is driven by fundamental
interest towards the field. On one hand even the most well developed theoretical models
are incapable of providing exhaustive explanation of all experimental observations, on the
other hand properties demonstrated by known materials are incompatible with efficient
device performance: low transition temperatures or weak magnetoelectric coupling makes
production and exploitation technologically unfavorable. Nonetheless some composite
materials find their applications in prototype devices such as sensors and actuators [22].
Also thin-film heterostructures of alternating ferroelectric and ferromagnetic layers may
be used as transistors, tunneling junctions or magnetic sensors [23]. Moreover two co-
dependent orders make such materials attractive for data storing. Simply combining
electric polarization with magnetization opens brand-new horizons for building four-state
memory elements [24]. Multiferroics could also improve energy consumption and increase
speed of data-storage devices since manipulating a magnetic bit with low-voltage pulses
produces less heat waste and increases the build-up time in comparison with electric
currents generated by magnetic fields.

On top of that research on multiferroics is having a huge impact over fields of knowl-
edge which are indirectly related or not even relevant for multiferroic materials themeselves
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from the first glance. First of all one has to mention significant technological advance in
characterization methods inspired by challenging tasks. To probe the behaviour of ferro-
electric and magnetic regions significant progress was made in the field of non-linear laser
spectroscopy [25, 26]; x-ray diffraction became able to resolve ionic shifts at femtome-
ter scales [27]; electromagnons - a special type of excitations appearing in multiferroics -
became available to detect with some improvements in terahertz spectroscopy [28]. High-
energy physics has profited from discoveries made in the multiferroic area. For instance
europium barium titanate has all required magnetic and electric properties for detecting
a permanent electric dipole moment of the electron [29]. It was also shown that ferroelec-
tric transition in h-RMnO4 compounds and phase transitions in the early universe obey
the same rules, which make the first a perfect playground for testing cosmological models
(30, 31].

Hereby, a search and study of novel multiferroic compounds is of great importance
either for expending the fundamental understanding of Nature and possible technical ap-
plications. So during this research work, cobalt based tellurium (VI) oxides with complex
magnetic structures were studied. Among these compounds, significant attention was paid
to the Cos_,Zn,TeOg spinel series for their potential magnetic multiferroic properties. Dur-
ing these 3 years, an extensive work was carried out on syntheses, the crystal structures
refinements, and the characterisation of their magnetic and dielectric properties, com-
bining several techniques: classical magnetic bulk characterization (SQUID, PPMS) and
various neutron scattering experiments. This manuscript presents three chapters. Chapter
1 provides a general information on the magnetoelectric effect and multiferroic materials
as well as the motivation to a current research. Chapter 2 is dedicated to the different ex-
perimental techniques that were used for the study on the spinel series of Cos_Zn, TeOg.
In chapter 3 all the experimental results and their discussion are given. The last part
corresponds to the general conclusion and perspectives.
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Chapter 1

General information on
magnetoelectric effect and
multiferroic materials and
motivation to the current research

In this chapter the major aspects of magnetoelectric effect will be given. The basic princi-
ples of time-space symmetry conservation and related ferroic orders are discussed. Coexis-
tence of spin and charge ordering is considered first in terms of a phenomenological model
based on Landau theory and then microscopic origins of emergence of the electric polar-
ization are reviewed. Since the current project is dedicated to magnetoelectric compounds
of spin origin, special attention is given to multiferroics type-II. Later in this chapter a
motivation for the research of the Coy ,Zn, TeOg spinel series is given.

1.1 Ferroic orders, order parameters and their symmetry
properties

As it was originally proposed by Schmid in 1994 multiferroics is a class of materials com-
bining at least two primary ferroic orders [32]. Initially, the list of ferroics contained three
types of order: ferroelectric, ferromagnetic and ferroelastic. All of them are described
by the spontaneous emergence of a corresponding property called order parameter that is
uniform within domains, geometrically restrained regions of media, that can be switched
back and forth hysteretically by an appropriate external field. In case of ferroelectric or-
dering, the order parameter is an electric switchable polarization under electric field, for
ferromagnets it is magnetization and magnetic field, and ferroelastic materials are charac-
terised by spontaneous deformation under applied stress. However, this list got expanded
with the discovery of so-called ferrotoroic order represented by toroidal moment generated
by vortices of magnetic moments [33]. Similarly to examples mentioned above, toroidal
moment could be also controlled by in-field manipulations. These four states make up a
full list of currently discovered primary ferroic orders however they might be extended with
some more complicated scenarios involving orbital orderings, other types of vortices and
chiralities [34]. It is also necessary to mention that this classification includes also antifer-
roic orders like antiferroelectricity and antiferromagnetism in which associated moments
are cancelling each other in an ordered state.

Space-time symmetry is a key point for primary ferroic orders characterization. All
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Figure 1.1: All four known ferroic states under the parity operations of space and time [33]

four states possess different transformation properties under the parity operators of time
reversal and spatial inversion. For instance, ferroelectricity associated with spontaneous
polarization P, which is given by >, Q;r; where (); stands for charge at the position r;. Ob-
viously with electric dipole emergence the space-inversion is violated whereas time-reversal
symmetry is preserved. Magnetic moment M, in turn, shows an opposite feature. Being
an axial vector, this quantity can be represented as a current loop, thus is proportional to
(dQr/dt) x r where t is time. So magnetic moment M breaks time-reversal symmetry but
remains invariant under the space inversion [35]. Emerging toroidal moment T ~ M X r
violates both space-inversion and time-reversal symmetries [36] whereas ferroelastic order
does not break any [37].

Since polarization P and magnetic moment M have different symmetry properties,
ferroelectric and ferromagnetic orders are independent in general. However these two
order parameters might be conjugated through magnetoelectric coupling: a mutual co-
dependence of electronic and magnetic subsystems of a material. So, in this case, multi-
ferroics combining spin and charge ordering are space-time asymmetric.

1.2 Phenomenological model of magnetoelectric coupling

Landau’s theory of phase transitions is a perfect tool to describe magnetoelectric coupling
in matter in terms of order parameters. One can put down the free energy of a given
system in terms of temperature T, applied electric field E and magnetic field H in the
following form:

1 1
F(E,H,T) = Fy+ P,E; + poM; H; + §€0€ij(T)EiEj + s popi; (T) Hi Hj+

2
(T (T
IBU’;( )EZHij + F)%J];()HzE]Ek + Wijkl(T)EiHjo—kl =+ ... (11)

Qg (T)EiHj +

Here 4, j, k and [ are z, y and z components of vectors and tensors defined in the
equation. The Einstein’s rule of sum over repeated indices is assumed. The first term of
equation 1.1 expresses the electric response of the system to an applied electric field, where
€0 is the permittivity of free space and €;;(T') is the relative permittivity of the material. By
analogy to the first term, the second term is the magnetic response to the magnetic field,
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where pig and y;(T") are permeability of free space and relative permeability respectively.
The third term describes the linear magnetoelectric effect via a;;(1") coupling coefficient,
whereas (3, (T), viji(T), and 7, (1) terms represent higher-order magnetoelectric effects
[32, 38].

The magnetoelectric term couples indirectly both subsystems and can be represented
in terms of magnetic-field-induced polarization P;(H;) and electric-field-induced magne-
tization M;(E;). Differentiating the free energy F' with respect to H; and then forcing
H; =0 will give:

’Yijk(T)

pwoM; = OdijEj + EzEj + ... (12)

Carrying out the same calculation for F; one will end up with:

Bije(T)
2
Proceeding further with the analysis of equation 1.1 one can estimate «;; to achieve a

non-negligible effect. For that high-order terms should be disregarded and the sum of the

first three terms should have a positive value. Thus «;; is bounded by geometric mean of

both magnetic and electric susceptibility tensors [39]:

PZ‘ :Oéinj—F HiHj—F... (1.3)

Qij < €0€ij oL (1.4)

Upon such a condition it is obvious that to carry a strong magnetoelectric coupling
the material should possess both large €;; and p;;.

However the vast majority of known materials have poor linear magnetoelectric effect
due to small values of one or both response functions. Yet this limitation could be over-
come via higher order terms in equation 1.1 involving f;;r and ~;jx. For example it is
known that for non-centrosymmetric piezoelectric paramagnet NiSO, . 6 H,O the indirect
coupling B;;x(T)E;H;Hj, term outperforms the linear coupling at low temperatures [40].
Dimensionality reduction could also result from f3;;; coupling, which was observed for
magnetically ordered BaMnF, [41]. It was also shown that in some particular cases the
7Vijk term could also come into play and become a major driving force for magnetoelectric
coupling, like it was observed for yttrium iron garnet [42].

The last term in equation 1.1 is also worth mentioning. The piezomagnetoelectric
tensor m;;; describes a stress-induced (oy;) magnetoelectric effect [43]. This, or similar
terms, might prevail in the free energy equation for composite multiferroic materials like
thin-films and multilayers [18, 44, 45].

Symmetry is also playing an important role in this phenomenological approach. In
general, magnetoelectric coefficients adopt the symmetry of the material [46, 47]. For
instance, «;; can have non-zero values only for non-centrosymmetric crystals. At this
point an exhaustive understanding of magnetoelectric properties of a certain material
could be achieved when the magnetic point group is known. Nonetheless nowadays it
is known that some specific types of long-range spin arrangements can break the space-
inversion symmetry which allows magnetic and electronic subsystems to couple. The last
will be discussed in section 1.3.2.

1.3 Microscopic origins of electric polarization

In the previous section a phenomenological approach to the coupling between spin and
charge orderings was given. But no profound insight on this phenomenon could be achieved
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without close consideration of microscopic mechanisms of multiferroicity. In most ferro-
electric materials the bulk polarization originates from atomic shifts of positively charged
cations and their anionic environment. In terms of covalent bonding such displacements
are energetically favourable when the d shell of the cation is empty. Contrary to that, long
range magnetic orderings arise from the exchange interactions between unpaired electrons
of partially filled d shell in case of transition metal ions. And here comes the problem
that these two requirements, on filling of the d shell, make magnetism and ferroelectricity
mutually exclusive [17]. Nevertheless there are some other mechanisms of polarization
that help to avoid this d° versus d" limitation. Essentially there is no single microscopic
mechanism of ferroelectricity and polarization; it arises from an interplay between charge,
orbital or spin ordering and structural distortions.

According to Cheong and Mostovoy ferroelectrics can be split into two groups: proper
and improper ones [48]. For the first group the electric polarization results from some
alterations in local structure, such as deformations or polyhedra tilts, appearing at the
Curie temperature, and for improper ferroelectrics the polarization can be driven by struc-
tural transitions, charge or magnetic ordering. But from a different perspective, it might
be handy to use another classification proposed by Khomskii, which also lies in dividing
multiferroic materials into two groups: type-I and type-II multiferroics [5]. Type-II mul-
tiferroics consist of those within which ferroelectricity is induced by some particular types
of long-range spin arrangements, whereas type-I are all the rest. Although there might be
other ways of segregating ferroelectric materials [49], for the sake of the current project
it would be more convenient to represent ferroelectric materials in terms of type-I and
type-1I multiferroics.

1.3.1 Multiferroics type-I

Type-I multiferroics were discovered the first, and as a result, the amount of materials
representing type-I multiferroics is prevailing over type-II. Materials type-I are usually
showing large values of polarization P and high transition temperatures, for both fer-
roelectric and magnetic transitions, which often lies above room temperature. However
type-I multiferroics possess rather week magnetoelectric coupling. Here below the main
mechanisms supporting ferroelectricity within this type of multiferroic materials will be
listed.

Mixed perovskite phases. As it was already mentioned, ferroelectricity and mag-
netism are hard to combine since both of them counter each other. Strong covalent bonding
is essential for ferroelectricity, it is achieved by cations with empty d states such as Ti**,
Ta’* or WO whereas magnetism emerges from non-compensated electron at the same
d level carried by Cu?T, Co?*, Fe3t and others. An obvious solution to overcome this
problem is combining both types of ions within a single compound like it was realised in
PbFeq sNbj 505 for which the transition temperatures are relatively high: Trp = 387K
and Ty = 134K, nonetheless the coupling between these two subsystems remains weak
[11].

Lone pairs. This mechanism describes the case of BiFeOj in which Bi3* pairs of outer
6s valence electrons are not involved in chemical bonds. That creates an anisotropic charge
distribution giving rise to a spontaneous polarization of around 100uCcm =2 [18] below
T. = 1103K [50]. Long range magnetic ordering in this system occurs below T = 643K
[51]. Such a scenario takes place not only in single phase compounds but also enhances
ferroelectric properties in mixed systems like Pb(Zr,Ti;_)Os;.

Geometric ferroelectricity. Structural phase transitions leading to displacements
of structural elements can induce an electric polarisation in materials. That was observed
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Figure 1.2: Microscopic mechanisms of ferroelectricity for type-I multiferroics. a) Mixed
perovskites with a random distribution of d° (green arrows) and d™ (red arrows) cations. b) The
lone pairs mechanism found in BiFeOj. ¢) Charge ordering systems in which particular type of
cationic distribution leads to inequivalent bond length causing ferroelectricity. d) The geometric
mechanism. [5]

in h-RMnO3 (R = Sc, Y, In or rare earth elements from Dy to Lu) in which MnOjy
polyhedra undergo an inclination to provide a closer packing after a unit cell tripling
[52, 53, 54]. Similar structural shifts take place in a thin film of h-LuFeO5 which shows a
room temperature spin ordering [55]. Another manifestation of the very same mechanism
was found in BaNiF, which gives an opportunity to reverse weak ferromagnetic moment
along with the electric polarization [56, 57]. Another example of geometric ferroelectricity
is CazMn,O- in which a complex lattice distortion involving rotation of oxygen octahedra
induces the ferroelectric transition.

Charge ordering. This effect could take place in compounds containing transition
metal ions of different valence. In this case cations holding distinct charge can arrange
into periodic superstructures or cause dimerization which in turn yield polarization. As
an example one can consider LuFe,O, having repetitive patterns of Fe’™ and Fe?" cations
within its crystal structure [58, 59]. Some nickelates RNiO4 [48, 60] and mixed manganites
such as Pr; , Ca,MnO; also represents a corresponding mechanism.

1.3.2 Multiferroics type-I1

Multiferroics of the second type are often referred as multiferroics of spin origin due to the
fact that for these compounds the magnetic ordering itself is a driving force for an electric
polarisation to occur [61]. Thus, it is obvious that compounds representing this type
of multiferroicity possess a strong coupling between magnetic and electronic subsystems,
which, in turn, permits a high tunability of magnetization under applied electric field as
well as magnetic stimulation will cause a drastic change in polarization. However, the
polarization shown by type-II multiferroics is usually weak in comparison to the values
shown by compounds of the first type.

Another characteristic feature of type-II multiferroics is the relatively low magnetic
ordering temperatures as complex spin arrangements, required for polarisation emergence,
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are the result of multiple magnetic interactions, often competing ones, which prevent
establishing of a long-range ordering at high temperatures.

Concerning microscopic mechanisms of magnetically driven ferroelectricity, multifer-
roics of spin origin may be split into three major groups. The first one is characterised
by commensurate magnetic orderings bearing them to cause exchange striction along par-
ticular crystallographic directions, the second one is represented by magnets with special
type of incommensurate spin structures, while the third one employs the geometry of
electronic configuration of magnetic ions and their ligands. Regardless to the way the
electric polarization is generated, all three groups of magnetic orderings are breaking the
space-inversion symmetry.

1.3.2.1 Exchange striction mechanism

This mechanism exploits Heisenberg interaction exclusively and takes place in collinear
or almost collinear magnets. The crucial point for the exchange striction is a presence
of neighbouring magnetic cations of various valence that could undergo a dimerization at
low temperatures. Prime example to illustrate this phenomenon is a quasi-one-dimensional
Ising magnet Ca;CoMnOg [62, 63]. Below the transition temperature alternating Co?*
and Mn™ ions form one-dimensional spin chains resulting in so-called up-up-down-down
(1144) magnetic structure (Fig. 1.3). This magnetic ordering distorts chains compressing
chemical bonds between ferromagnetically coupled cations and expanding the ones coupled
antiferromagnetically. Thus, the inversion symmetry is broken giving rise to an electric
polarisation of P ~ 90uC/m? at 2 K.

(2) é

—
o —
)

Figure 1.3: a) Alternating cationic arrangement of Co?T and Mn*" forming one-dimensional Ising
chains. As a result an electric polarization is induced via exchange striction. Two different
possible spin configurations are providing polarizations with opposing directions; b, ¢) The

crystal structure of CazCoMnQOg. Octahedra of CoOg and MnOg form chains along the
crystallographic c—axis, while in the ab plane they are separate enough to exclude interactions
between neighbouring chains. The green box corresponds to the crystallographic unit cell [62].

Another illustration of this mechanism can be found in orthorhombic manganites
RMn,O5 where R is Y, Tb, Ho, Er or Tm [64]. Manganese atoms in octahedral and
pyramidal environment are forming loops of ions with different oxidation states: Mn*t —
Mn?+ —Mn3t — Mn*t — Mn3*. This rather complex cation arrangement causes significant

10
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magnetic frustration which, in turn, is responsible for complex spin configurations. In
case of YMn,Ojp the system first orders in two-dimensional incommensurate phase below
Tn1 ~ 45K, then it enters a commensurate phase below Ty = 40K which is followed
by another incommensurate magnetic phase transition, at Ths = 20K. In the commensu-
rate magnetic phase, half of Mn?* —Mn?* are having almost antiparallel spin orientation
whereas for the other half spins tend to align in parallel. That results in 11 or |71 zig-zag
fragments which endure the same type of distortion as it was described above, symmetry
breaking induces a net polarization along the b axis with the maximum magnitude of P
~ 9uC/m? at the temperature slightly above Ti2. Same kind of up-up-down-down zig-zag
spin structures leading to ferroelectric transitions are observed in orthorhombic perovskite
manganites RMnO4 with R = Ho, Er, Tm, Yb and Lu reaching maximum polarization of
P ~ 5000:C/m? in the case of Yb and Lu compounds [65, 66, 67].

1.3.2.2 Ferroelectricity and spiral spin orderings

A key component in understanding ferroelectricity in spiral magnets is Dzyaloshinskii-
Moriya (DM) interaction or antisymmetric exchange [68, 69, 70, 71]. This interaction
arises as the relativistic correction to exchange interactions in the presence of the spin-
orbit coupling. Let us consider a chemical bond between metal ions via oxygen ligand (Fig.
1.4). In the ideal case the M-O-M bond angle is 180°, however if the crystal structure
is somehow distorted, which may occur due to different reasons, the M-O-M angle is no
more straight, the rotation symmetry of the bond is broken, and the oxygen atom may be
displaced from the middle point between its metal cations. This displacement will induce
the DM interaction, which hamiltonian is

Hpy =Dy - (S; x S5), (1.5)

whee D;; is the vector of DM interaction, determined by the symmetry of the crystal
structure. In the simplest approximation, the magnitude of the DM vector is proportional
to the ligand displacement from its middle point do:

D;; = £ei; x do, (1.6)

where e;; is the unit vector connecting site ¢ and site j and £ is a proportionality factor.
In the high symmetry limit, D;; = 0.

UONBZLIB[O]

Figure 1.4: The Dzyaloshinskii-Moriya interaction appearing between metal ions (M) with
distorted M-O-M bonds. The vector D;; is perpendicular the M-M axis and pointing in or out
the paper plane depending on the direction of the oxygen atom displacement [35].

It was shown that DM interaction, driven by oxygen displacements, plays an essential
role in the stabilization of the incommensurate spin order in multiferroic ThMnOg5 per-
ovskite [72]. Below 28 K this compound posesses b — ¢ plane cycloid with the propagation
vector along the b-axis. The shift of charge distribution maximises the energy gain of DM
interaction and the electric polarization appearing along the c—axis is:
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P~ €;; X (Sz X Sj). (17)

This is often referred as an inverse DM mechanism.

However, in the case of canted spins, an electric polarization may arise as a result of
an electronic bias. This mechanism is often referred as the spin current model [73]. Let
us consider a magnetic insulator, in such a material the momentum is quenched by the
Coulomb interaction U, however there is a virtual electron hopping between neighbouring
atoms that leads to an exchange interaction, which can be represented in the form of the
Heisenberg Hamiltonian:

~> JijSi-S;, (1.8)
]

where J; ; is an exchange integral and S are spin operators. The spin current is then
defined to satisfy the Heisenberg equation of motion for S;:

8881: (1/iR)[S Z]ﬂ (1.9)

and the spin current itself is given by

Ji = 2Ji5(S; 87 — S7SF). (1.10)

Due to the spin orbit interaction, spin current is coupled to a vector potential Ag,
which role in the case of non-collinear magnets is played by the DM vector D. As a
consequence of this coupling, the electric polarization lies in the direction perpendicular
to both the direction of the spin current and spin polarization:

PocZe” (S; x S;) (1.11)
and in the general case

P = neq; X (Sz X Sj), (112)

where 7 is the coupling constant proportional to the spin-orbit interaction.

This may be illustrated with the case of hybridization of the d orbital of the magnetic
ion and p orbitals of the oxygen atom (Fig. 1.10). Let us consider the inversion symmetry
at the middle point between two magnetic ions is preserved. The non-collinear order in
this case may occur due to the competition of exchange interactions and/or the symmetry
breaking caused by the spin-orbit interaction. If e; and es are directions of spins at
magnetic sites, the electric polarization depends on matrix elements I = (p|z|d..) is
given by:

1

de (V\?
P —3 (A) Ie12 X (e1 X eg), (113)

where e is a unit vector connecting spins at M1 and M2 sites, A and V' are the energy
difference and the hybridization energy between the p and the d orbital.

Moreover, the same result for the electronic polarization may be independently derived
using a phenomenological approach which does not put any restrictions on a crystal lattice
symmetry [74]. Let us consider the simplest case of the cubic symmetry for which the
electromagnetic coupling term of the thermodynamic potential has the form of
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Figure 1.5: Non-collinear spins e; and es of magnetic atoms M1 and M2 respectively produce a
spin current j, < €1 X ey (green arrow) that drives an electric polarization P [73].

Fon(PM) = AP - [M(V - M) — (M- V)M + ... (1.14)

Considering the system showing no instability towards ferroelectricity in absence of
the magnetic ordering, one can keep only quadratic term in the pure electric part of the
thermodynamic potential, F,(P) = P2/2x., where Y. is the dielectric susceptibility, and
the variation of I, + F,,, with respect to P provides

P = yxe[(M- V)M - M(V - M)]. (1.15)

The magnetization of the SDW state with the propagation vector Q may be considered
as

M = Mje; cos ¢ + Mses sin ¢ + Mses, (1.16)

where ¢ is the phase and e;,7 = 1,2, 3 are unit vectors in an orthogonal basis. In the
case only M; or Ms is non-zero, the SDW state adopts a sinusoidal wave form; if M; and
Ms # 0, the structure is helix with e playing role of a rotation axis; when all three M
coeflicients are non-zero, the conical structure sets in. Now combining equations 1.15 and
1.16 one can predict the average polarization depending on the type of a spin structure:

_ ]
P= V/dS:vP = yXe M1 Ms[es x Q] (1.17)

Regardless to its simplicity, this approach shows some explanatory power, thus it
explains the behavior of the ThMnOj3 [19]. At Ts = 41 K the compound undergoes a
magnetic phase transition acquiring a sinusoidal SDW state, and since this ordering doesn’t
break the inversion symmetry, the equation 1.17 will give zero. However, the polarization
is induced at Ty =28 K, when the magnetic structure of the compound changes to a helix
with the propagation vector aligned with the b—axis and spins rotating in the bc—plane.
Similar case take place in NizV,0g where the high-temperature incommensurate phase is
the sinusoidal SDW [75].

Importantly, the spiral spin ordering may be represented as the combination of two
non-collinear SDW states with the same propagation vector:
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M = Mje; cos(Q - x + ¢1) + Maes cos(Q - x + ¢2). (1.18)

In this case the interference between two states will induce a polarization

15 = 7X6M1M2 sin(¢2 — ¢1)[Q X [e1 X 62]]. (119)

So it is seen that regardless to the microscopic mechanism of ferroelectricity, the di-
rection of the electric polarization defined by equations 1.7, 1.12 and 1.19 is universal
and inherent for any incommensurate modulated spin structure. To summarize possible
scenarios within the inverse DM and spin current models, the figure 1.6 illustrates various
types of incommensurate spin structures with the electric polarization they generate. Ob-
viously if the e;; vector is parallel to the cross product of spin operators at i-th and j-th
sites, the resulting polarization induced by these mechanisms is zero.

modulation wave vector q,, Z eij X (8; x S;)

—
(i,5)

I}
o

(a) Screw — ?\— ?\—.O—‘O—b—

S(r) S(r;q)

(b) Cycloidal —?—79—70—‘50—%— G *0

0

(c) Longitudinal

conical Q\—_q & & =0

) X #
(d) Transverse . - 2 s ﬁ %0
conical

Figure 1.6: Several types of modulated magnetic structures with the corresponding electric
polarisation they generate via the inverse Dzyaloshinskii-Moriya or spin current mechanisms [61].

Concerning examples of spiral magnets exhibiting multiferroic properties, one can take
perovskite-type manganites RMnO5 (R = Tb, Dy, Eu;_,Y,) as an example: magnetic
ground state of this family is often described with a cycloidal spin ordering, which, as it
was discussed above, may induce a ferroelectric transition [76, 77, 78]. Normally, when
ionic sizes of Mn®" and R atoms are relatively close, the case of LaMnOs;, the superex-
hange interaction between nearest Mn*" spins in the ab-plane (J1) is of a ferromagnetic
nature, whilst the interaction along the c—axis is antiferromagnetic [79]. Reducing the size
of the R site with Tb?" or Dy®" introduces orthorhombic distortions to the crystal struc-
ture, inflecting Mn—O-Mn bonds, that, in turn, modulates the in-plane second-nearest
antiferromagnetic interaction Jo to be of the same magnitude with Jy, causing significant
magnetic frustrations. As a result, such crystal structures host long-range incommensu-
rate spin modulations [80]. Similar to the above mentioned ThMnO3, DyMnO3 shows two
successive magnetic phase transitions: sinusoidal spin order at T)y = 41 K followed by a
cycloidal ordering at T = 28 K [81]. A partial substitution of Eu with Y averages the
ionic size at the R site to those of Th and Dy compounds, leading to the same scenario of
magnetic transitions. The direction of polarization in each case fully obeys the one given
by the inverse DM or spin current models. The magnitude of an electric polarization is
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highly dependent on the cationic composition in this case and varies from P = 384uC /m?
to P ~ 1200uC/m?* Eu; ;Y ,MnOj for y = 0.9 and 0.4 respectively and P ~ 600uC/m?
for Tb or Dy compounds. It was also shown that the spin helicity defined as

C =) 8ixSin (1.20)

is reversed with the reversal of the electric polarization P induced by the applied
electric field E [82].

In recent years extensive studies have led to the discovery of numerous different com-
pounds possessing incommensurate helimagnetic structures inducing electric polarization
where magnetic frustration is the main cause to stabilize such spin structures. Among
examples there may be compounds with centrosymmetric nuclear structures like NigV,Og
(Cmca) [75, 83] and MnWO, (P2/c) [84, 85]. In the first case the nuclear structure is a
kagome lattice that is frustrated by the definition, while for the latter MnOg octahedra
form zigzag chains where the frustration comes with the non-negligible exchange inter-
action of next-nearest-neighbouring magnetic moments. Geometric frustration plays an
important role for magnetoelectric coupling in quasi-one-dimensional compounds LiCuy0,
[86, 87], LiCuVO, [88, 89] and CuCl, [90, 91]. The main structural element predetermining
magnetism in these systems are chains composed of edge-sharing CuX, squares, character-
ized with ferromagnetic nearest-neighbour interaction and antiferromagnetic interaction
between next-nearest-neighbouring Cu’" spins, as a result of this competition, helical
magnetic ground state is established at low temperatures. The same kind of competition
between ferromagnetic and antiferromagnetic interaction results in the cycloidal-like spin
modulation in the CuO in the temperature region between T = 230 K and T = 213
K [92]. The hallmark of all these compounds lays in the fact that the centrosymmetry
of their nuclear structures is locally broken by the magnetic ordering and the emergent
electric polarization is consistent with the spin current model. However, magnitudes of
polarization in the case of this group of materials are rather low and the highest observed
value is P ~ 100uC/m? for NigV,04. Remarkably, the spin helicity, and the direction of
the electric polarization are also under field-induced control.

Some attention should be also pointed to the fact that even though some modulated
magnetic structures don’t naturally produce electric polarization in the spin current or
inverse DM models, they can be manipulated externally with the magnetic field to do so.
An example of such a behaviour is found in hexaferrite compound Ba,MgsFe 50495 [93].
This material demonstrate a set of magnetic phase transitions: collinear ferrimagnetic
at T7 = 553 K followed by a incommensurate proper screw phase at 7o = 195 K and
finally the system enters a longitudinal-conical spin state at T35 = 50 K. As it is given
by the spin current model, the longitudinal-conical magnetic structure cannot produce an
electric polarization, however application of a magnetic field to tilt the cone angle from
the original c-axis (q || ¢) gives rise to P~ 80uC/m? normal to both the propagation
vector q and the new cone axis co-aligned with the field.

1.3.2.3 Spin-dependent p-d hybridization mechanism

Spin-orbit interaction may also produce electric dipole between d orbitals of a transition
metal ion and p orbitals of a ligand. To demonstrate that, one should consider a clus-
ter consisting of two magnetic cations of a transition metal at r and r+e sites hybridized
through a ligand oxygen anion situated in between them at the position r+e/2. A pertur-
bative expansion to a generic d—electron configuration with respect to the hybridization
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A and the charge transfer V' between transition metal d and ligands p orbitals will provide
the expression of the electric polarization on the bond between sites r and r+4e [94, 95]:

P, 12 = P™(m; -m;;1)e+ PPe x (m, x my1)

+ Porb[(e -m,)m, — (e- me+1/2)me+1/2], (1.21)

where m, is the spin at the r site. Here the term P™% oc (V/A)? is the magne-
tostriction, that has no dependence on the spin-orbit interaction, P o (A\/A)(V/A)3
is the spin current term, A is the spin-orbit interaction energy. The last term P ~
min(A/V,1)(V/A) is the orbital term due to p-d hybridization, found only in systems
with partially filled to, systems and does not depend on the relative orientation of neigh-
bouring m, and m,; spins. Considering local environment, for each transition metal ion
P can be expressed in the form of [96]:

P=> (S e),, (1.22)

)

where sum is taken over all the bonds and the e is the vector from the transition metal
cation and ligand anions (Fig. 1.7). The mechanism described with the equation 1.13 is
called spin-dependent p-d hybridization. The major difference between p-d hybridization
and previously described exchange striction or spin current/inverse DM mechanism is that
for latter two magnetic sites are required while the p-d hybridization mechanism produces
electric polarization with only a single magnetic site.

\m

P3 Polarization

Figure 1.7: Left: a magnetic transition metal cation in the oxygen environment, breaking the
inversion symmetry; Right: the net polarization induced by the metal-ligand hybridization [35].

This model nicely describes the multiferroic behaviour of compounds with triangular
lattice and proper screw spin structures. Within the spin current model the proper screw
can not induce electric polarization since e;; is co-aligned with the cross product of neigh-
bouring spins (S; x S;). The simple screw axis is non-polar as it contains 2 and 2’ axis
orthogonal to each other (Fig.1.8a). When such a spin arrangement is hosted by a trian-
gular lattice with 3m trigonal symmetry of the magnetic site, which is centrosymmetric on
its own, the symmetry reduction takes place and the system becomes polar [96]. This may
occur in two typical triangular structure types: delafossite and Cdl,. In these compounds
transition metal cation layer is adjacent to ligand layers, oxygen in case of delafossites and
halogens (X = Cl, Br, I) for Cdl, structures. As an example one can consider delafossite
CuFeO, that shows several field-induced magnetic phase transitions [97]. Magnetic field
of 7T < H < 14 T applied along the c-axis, develops a proper screw spin order with the
wave vector q||(110), breaking the twofold axis, which, in turn, allows the electric polar-
ization P||q,P =~ 300uC/m?(Fig 1.8c). Such a state may be also achieved in zero field
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with a partial substitution of Fe*™ with non-magnetic AI*" or Ga®" [98, 99]. Remarkably,
electric control of spin chirality is also taking place as for multiferroic compounds based
on the spin current mechanism [100]. Another possible scenario for the triangular lattices
is P L q in the case of a proper screw magnetic structure with g||(110). Such an ordering
will keep only an in-plane twofold rotation axis normal to q unbroken. Neutron diffraction
studies confirmed such a spin ordering for the Mnl,, a representative of the Cdl, structure
family [101, 102]. Electric polarization P | q was observed for Mnl, (P =~ 150uC/m?)
[103] and a similar compound Nil, (P~ 50uC/m?) [104].

(a) ) <:> q (b)y m 12 [110]

a
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Figure 1.8: a) proper screw spin structure with the propagation vector q and symmetry elements
compatible to it; b) Symmetry elements of the magnetic M site (black circles) in the delafossite
or Cdl, structures. A threefold rotation axis goes along the c—axis with the inversion centre
(white triangle with the circle), mirror planes (m) and twofold rotation axis (2); crystallographic
site symmetry 3m. Open (closed) circles denote the O or X sites lying above (below) the M
layer; c¢) Proper screw magnetic structures and corresponding electric polarization of c) the
delafossite CuFeO, d) Mnl, and Nil, of Cdl, structure [61].

Another way of inducing electric dipoles via spin dependent p-d hybridization is ex-
ploiting non-centrosymmetric lattices. They do not require complex incommensurate spin
modulations since very basic collinear ferro- or antiferromagnetic structures are enough to
turn an asymmetric but a non-polar crystallographic site into a polar one. An example is
found in the BayCoGeOy, a non-centrosymmetric non-polar tetragonal P42;m compound
with antiferromagnetic structure below Ty = 6.7 K [105]. The magnetism is carried by two
inequivalent Co®" cations in the tetrahedral oxygen environment. Multiferroic behaviour
was found in this compound and the electric polarization is described with the equation
1.22 [106, 107], as the local dipole p is induced within a single CoO, tetrahedron and the
polarization is non-zero due to non-centrosymmetric local geometry of Co®" environment.
The net polarization is a result of summation of local dipoles of two distinctive magnetic
sites and is equal to P = 80uC/m? at 2 K. One can set the direction of the magnetic
moment by applying magnetic field and different resulting relative spin orientation may
induce electric polarization of opposite sign (Fig. 1.9b). It was also found that field-
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polarized ferromagnetic state under strong H || [110] produces electric polarization in a
closely related compound Bay,MnGe,05 [108] (P~ 1uC/m? at 2 K). Similar behaviour is
shown by CuB50,, a non-centrosymmetric tetragonal antiferromagnet of the same point
group 42m [109].

Figure 1.9: a) The coordination of the Co** cation in the Ba,CoGeO;. Local dipole appears as a
sum of contributions of four Co-O bonds; b) Relative orientation of Co”" spins and the according
electric polarization P [108].

The lack of centrosymmetry give rise to the DM interaction that may lead to stabi-
lization of a helical magnetic order. Remarkably, spin chirality of helimagnetics is fixed to
the structural chirality, which for instance was found in chiral-structure multiferroic com-
pounds BagNbFe;Siy0q, [110] and NdFey('BO;), [111]. Some chiral-structure magnets
were found to host skyrmions, vortex-like spin textures with a typical size scale between
10 nm to 100 nm [112]. Originally, skyrmions were proposed as a field-theory model in
application to nuclear physics, to describe localized particle-like configuration [113], how-
ever later it was found that such a model describes perfectly swirling spin textures, that
can be also represented as a hybridization of three proper screw spin modulations with
the same spin chirality, propagating at 120° angle with respect to each other. Remark-
ably, skyrmions can host a spin-driven electric polarization as it was found in Cuy,0SeOg5
[114, 115]. This compound is of a chiral and non-polar cubic P23 structure, that pro-
vides no ferroelectric properties; skyrmion lattice, hosted by Cu,0OSeOg5 are also non-polar
as under applied magnetic field it holds a sixfold rotation axis along H and orthogonal
twofold rotation axis followed by a time reversal normal to H. When H || [111] most of
the symmetry elements of the skyrmion lattice are lost and the system becomes polar with
the emergence of the electric polarization P || H || [111] .

As it is seen, magnetoelectric effect and its special case, multiferroicity, holds a rich
plethora of phenomena and in case of multiferroic type-II behaviour each particular system
requires special consideration. The great interest to the investigation of such materials is
dictated not only by a potential possibility of real-device applications, but mainly due to
a fundamental concern of discovering novel compounds hosting unconventional magneto-
electric behavior.
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1.4 Motivation to study spinel compounds with complex
magnetic structures

Wthin all magnetic model systems spinel compounds (A)[B,]X, are one of the most versa-
tile families possessing an extraordinary plethora of magnetic phenomena [116]. A broad
multitude of magnetic ground states arises with a chemical variability of these systems: A-
and B-sites are occupied by transition metal cations of different valences and X is oxygen
or chalcogens (sulphur, selenium, tellurium). The mineral spinel MgAl,O4 has a Fd3m
cubic structure of parameter a = 8.0625(7)A (Fig. 1.10).

The oxygen atoms form a close-packed network where the bivalent cations Mg?t oc-
cupy the sites A (positions 8a) corresponding to the tetrahedral sites [MgO,| and the
trivalent cations AI*", occupy the sites B (crystallographic positions 16d) corresponding
to the octahedral sites [AlOg]. All the octahedra [AlO¢] are connected by the edges and
form Kagome layers (Fig. 1.10) which are normal to the <111> direction and where
reside cavities of a hexagonal section called Kagome window. Each Kagome window is
surrounded on both sides by two tetrahedra [MgO,]. When A-sites are occupied by M™*
cations and B-sites by N™ * cations the structure (M™")[N™],X, is called normal spinel.
If A sites are occupied by N* T with B sites randomly occupied by M™" and N** cations
the structure (N® 1) [MPHIN2H],X, is called inverse spinel.

In oxides the main combinations of valence states are 2-3 spinels (with divalent M* and
trivalent N®* cations) and 4-2 spinels (with quadrivalent M** and bivalent N** cations).
Nevertheless, many other valence states combinations are possible which can in certain
cases yield to “ordered” spinels. Indeed, the higher the difference in valence states between
cations the stronger their tendency to order [117]. When atomic ordering arises on the
tetrahedral sites, cations M™" and N™ T will occupy two different A and A’-sites corre-
sponding to two distinct crystallographic positions of multiplicity m = 4. So the cubic
symmetry is so lowered to F43m. The following spinels exhibit ordering on the A/A’-
sites: Lig5Gag 5CryOy, LigsIng 5CryOy [118], Cug sIng 5CraeS, [119], and Feg 5Cug 5CrySy
[120, 121]. Moreover, the cationic ordering on the A- and A’-sites should result in the
appearance of magnetoelectricity [122].

Cationic ordering may also be obtained on the octahedral sites. Cations M™" and
N™7 of different valence states occupy two different B- and B’- sites corresponding to
two distinct crystallographic positions of multiplicity 12 and 4. In that case, the cu-
bic symmetry will be lowered to P4332. For example LiFe;Og (Fe[Lij sFe; 5]O,) [123],
Lig540.5:F€2.5 1.5¢11,04 (0 < z < 1.67) [124], Zn[LiNb]O, [125], Zn[LiSb]O,, and Fe[Lij sFe; 5]O4
[126] are spinels with cationic ordering on the B/B’-sites.

Spinel compounds played an important role in the evolution of general ideas in the field
of solid state magnetism, particularly Louis Néel introduced ferrimagnetism as a type of
cooperative magnetization with an example of ferrite compounds MFe,O,, where M is a
metallic atom [127, 128]. Since spinel compounds are built of two substructures, A and
B, the most simple magnetic Hamiltonian can be written as

A=Y 1,305 5). (1.23)

z,y=A,B 1,J

where the first sum refers to the nature of the exchange interaction: inter- or intra-
substructure and the second one is taken over the neighbouring pairs of spins within the
given exchange pathway. Thus, in the major part of cases concerning spinel compounds,
the magnetic ground state is defined by the interplay between intra-substructure J44 and
Jpp and inter-sublattice J4p exchange interactions.
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Figure 1.10: On the left: The crystal structure of the original spinel mineral, MgAl,O,.
Magnesium cations caged in tetrahedral oxygen environment whereas aluminum cations are
surrounded by eight oxygen atoms that form an octahedral environment. On the right: the

projection of the structure along the [111] direction representing the polyhedron arrangement.
Remarkably, edge-sharing octahedra form a Kagome layer.

One can exclude J44 and Jap terms from the equation 1.23 by simply filling A-sites
with non-magnetic ions entirely. Spin-lattice coupling mechanisms can be examined within
chromite spinels ACr,O, and remarkably different magnetically neutral A-sites cations
yield different types of magnetic order and lattice distortions associated with them. Neu-
tron and synchrotron studies revealed that low temperature crystal symmetry of CdCr,Oy
is tetragonal I4;/amd and the magnetic structure is an incommensurate antiferromagnet
with the propagation vector k = (0,6,1) [129], Zn compound undergoes tetragonal dis-
tortion to I4m2 space group with a magnetic structure that can be described with two
wavevectors k; = (0.5,0.5,0) and ko = (1,0, 0.5) [130] and Hg as the magnetically neutral
A-site cation leads to an orthorhombic F'ddd structure with two characteristic k-vectors
k; = (1,0,0) and ky = (0.5,0,1) [131]. Other examples are spinel vanadates AV,0, with
A =7n, Cd, Mg whose orbital degeneracy makes them perfect model systems for studying
orbital ordering in frustrated antiferromagnets. Unlike chromites these compounds exhibit
two phase transitions upon cooling: the first one is lifting orbital degeneracy by distorting
of VO4 octahedra and the second one is a magnetic phase transition [132, 133, 134]. Also
complex magnetic orderings possessed by spinel compounds of this type can lead to emer-
gence of unusual magnetic phenomena, such as gapless pseudo-Goldstone magnon exita-
tions in the incommensurate magnetic phase of ZnCr,Se, with the k (0, 0,0.44) [135, 136].

Magnetic behaviour gets more complicated when both A and B sites are occupied by
magnetically active cations. The FeV,0, spinel containing Fet (3d®) with a high-spin S =
2 and two-fold orbital degeneracy goes through a series of structural transitions: Fd3m —
I4;/amd — Fddd — I4;/amd. The second structural phase transition is accompanied by
the magnetic phase transition into a collinear ferrimagnetic structure. Transition to the
low-temperature orthorhombic phase drives Fe?" spins inclination so they adopt a two-in-
two-out configuration [137]. Another vanadate compound is MnV,0, with a manganese
having a high-spin configuration S = 5/2 (3d°) with quenched angular moment shows
two sucessive magnetic phase transitions: a collinear ferrimagnetic with k = (0,0, 0) first,
and the second is a noncollinear state with an antiferromagnetic component in the ab
plane that goes along with the structural phase transition to an orbitally ordered I4;/a
tetragonal phase [138]. A rather simple case is found in the NiCr,O, compound that is
distorted into a tetragonal lattice below 310 K and becomes an orthorombic F'ddd at low
temperatures. The ground state, in this case, is a collinear ferrimagnetic [139]. Generally,
it has to be pointed out that that the B-site cations form a so-called pyrochlore structure
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Figure 1.11: On the left: Macroscopic characteristics of CoCr,0O,. Temperature evolution of a)
magnetization M and specific heat divided by temperature (C/T), and b) dielectric constant
measured along y direction at a frequency of 10 kHz and the induced electric polarization along y
axis (|| [110]). On the right: magnetic structure of CoCr,0, [144].

well-known to hold geometric frustration [116].

However, for non-negligible J44 and Jpp interactions some exotic ground states could
be found. LKDM theory (Lyons, Kaplan, Dwight, Menyuk) [140, 141, 142] which is
considering Heisenberg exchange interactions between nearest-neighbouring cations claims
that the ground state of cubic spinel phases is completely described by the single parameter

4 Jpp |uB|
— ZBB BB| 1.24
3JaB |pal (1.24)

where p4 and pp are magnetic moments of cations occupying A- and B-sites respec-
tively. For u < 8/9 the spin structure adopts the Néel configuration which is represented
by parallel orientation of A-site magnetic moments with respect to each other and antipar-
allel with respect to B-site. For larger values of u it was demonstrated that the lowest
energy spin configuration is the so-called ferrimagnetic spin spiral state. Indeed neutron
powder diffraction has proved these predictions. Such behaviour was found in MnCr,0,
(u = 1.5) that has two magnetic phase transitions: at 43K intensities of fundamental
reflections show a strong enhancement indicating a transition to a ferrimagnetic state,
and at T = 18 K a set of satellite reflections appears, which can be described with a
ferrimagnetic conical structure with a satisfactory agreement [143].

To describe such a magnetic behaviour let us have a closer consideration of another
chromate, CoCryO, (u = 2), that possess similar features. At room temperature CoCr,0,
has a cubic Fd3m structure with the cell parameter a = 8.3294A [145]. Temperature
variation of magnetization together with the specific heat (Fig. 1.11) show three dis-
tinct transitions at 93 K, 27 K and 13 K [144, 146]. This results lay in agreement
with the neutron powder diffraction measurements [147] that reveal a clear gain in in-
tensity of fundamental nuclear reflections below T = 93K that occur as a consequence
of a paramagnetic-ferrimagnetic phase transition. At Ts = 27K NPD pattern display
the emergence of a set of satellite reflections arising from an incommensurate magnetic
phase. Ferrimagnetic spiral structure with a spin modulation propagating along [110)]
direction and the cone axis along [001] direction predicted by LKDM theory provided a
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nice agreement with experimental observations. Later, this result was proved by neutron
single crystal diffraction experiment that confirmed the presence of the propagation vec-
tor k = (4,6,0) with 6 = 0.626 £ 0.009 at 8 K [139]. The magnetic structure can be
divided in three sublattices: a single A-site and two B-sites, Co?" and Cr®" are assumed
to have spin-only magnetic moments of 3up (1.11). LKDM theory also predicts that for
u > 1.298 long-range ferrimagnetic spiral configurations are locally unstable. In case of
CoCry0Oy with w = 2 this instability arises from a weak magnetic geometrical frustration
(MGF) due to equal magnitude of magnetic moments at tetrahedral and octahedral sites
causes a spiral short-range order that results into a reentrant-spin-glass-like behaviour
below Tjoer—in = 13K.

On the side of the electronic subsystem CoCr,O, also shows quite a rich picture. On
cooling, dielectric constant reaches maximum at Tg that coincides with an emergence of
electric polarization (1.11). Remarkably there is no structural phase transition down to
the lowest temperatures and the nuclear structure remains Fd3m so the centrosymmetry
is locally broken by the ferrimagnetic spiral ordering that drives the electric polarization
to occur along the [110] direction, which is in agreement with the spin current model
(paragraph 1.3.2.2). Therefore CoCr,0, is a type-II multiferroic compound. The magni-
tude of polarization P ~ 2uC/m? is significantly lower than those exhibited by systems
with the similar magnetic origin of electric polarization, by 2-3 orders of magnitude in
comparison to RMnQj [77] and RMn,Og [21]. However, the polarization itself shows cu-
rious behaviour under external stimuli. It was shown that the magnitude and direction of
P is strongly dependent on the magnitude and sign of magnetic field applied along [001]
direction. Moreover P exhibits full field-induced reversal signifying a robust magnetoelec-
tric coupling in the system [144]. Furthermore, the sign of polarization in CoCr,O, can
be changed thermally: P flops abruptly from 2uC/m? to —2uC/m? at Tjoer—in without
the change of handedness or the k vector of the spiral modulation due to the change in
magnitudes of electric dipole moments of Co — Cr and Cr — Cr bonds that have opposite
signs of spin-orbit interaction [148].

At the same time, polarization in CoCr,0, can be manipulated internally, by varying
the chemical composition. It was demonstrated that admixing of non-magnetic d'° cations
to the system at A-sites leads to a suppression of the spiral spin ordering. Introduction of
Zn** alters the magnetism in the system to adopt frustrated antiferromagnetic behaviour
that does not give rise to electric polarization (1.12) [150]. On the contrary a magnetic
dilution on the B-site may drive an opposite effect. Magnetically inactive Co®* cations
at Cr3* sublattice are likely to reduce the negative polarization and magnetization con-
tribution of the B-site cations. That enhance both saturated electric polarization and
magnetization under applied field with an increase of amount of magneto-diluting agent
[149].

Thereby one can formulate a potential recipe for a type-II multiferroic compound that
may possess some intriguing ferroelectric properties. First, it should be a cubic spinel that
contains magnetic cations of the same or close magnitudes of magnetic moments at A-
and B- sites to stabilize a long-range ferrimagnetic spiral structure. Second, there must
be some room for a B-site magnetic dilution that can potentially boost up ferroelectric
performance of the system.

Among the spinel compounds, Kasper reported in 1967 the synthesis of CozTeOg,
CoZn,TeOg and NiZn,TeOg phases with primitive cubic superstructure [151]. None of
nuclear structures were published but it was assumed that the Te®" cations can only
occupy octahedral sites with the following formula [(Coy)[Co3Te]Og. Since Co** and Te®"
have different valences and sizes it’s possible to get an ordered Kagome layers (Fig.1.10)
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Figure 1.12: On the left: Magnetic field dependence of a) Magnetization along [001] direction b)
Polarization along [110] direction measured at T = 15 K for Co(Cry Co,)O,. C#1, F#1 and
F#2 denotes x = 0.0, 0.14 and 0.18 respectively [149]

. On the right: magnetic phase diagram of a Zn; ,Co,Cr,O, family. Following acronyms
stand for AF - antiferromagnetism, FiM - ferrimagnetism, SG - spin-glass, SRO -
short-range ordering [150].

with Te®" and Co®" cations both in octahedral environment but occupying two different
crystallographic sites. Later, Rodriguez-Carvajal publish a first neutron diffraction study
of CosTeOg [152]. He reported the presence of a first transition below 60 K with strong
diffuse scattering that develops around the reflection (111). Then at lower temperature, the
diffuse scattering condenses in satellites reflections corresponding to an incommensurate
magnetic structure with a propagation vector k = (0,0,0) with § = 0.08 at 30 K. On
cooling, & becomes smaller and the correlation length increases (reflection sharpening).
Below 4.2 K, the magnetic ground state approximates a conventional ferrimagnetic state.
Thus, it appears that the magnetic behaviour of CosTeOg resembles that of the spinel
phase CoCry0,4. Since no magnetic measurements and no nuclear or magnetic structure
of CosTeOg have been published, we have decided to re-examine this compound and the
series Cos_,Zn, TeOg, which are serious candidates to type II multiferroic materials.
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Chapter 2

Methods

In the present chapter, a general overview on experimental and theoretical methods used
within the scope of the current research will be given. The first part is dedicated to
sample preparation techniques, the second part touches upon experimental methods and
data acquisition and the last part is covering some aspects of data analysis.

2.1 Sample preparation

All the samples discussed below were exclusively synthesised for the current research
project in both polycrystalline and single crystal forms, which makes sample prepara-
tion an essential part of the work. This section will outline the basic principles of sample
preparation methods, however precise details will be provided in corresponding sections
for each family of materials.

2.1.1 Solid-state reactions method

Solid-state reactions is the most common and widely used synthesis technique for polycrys-
talline inorganic sample preparation. This method employs a thermal-driven interdiffusion
of two or more non- or low-volatile solids heated up below their melting point. For this
type of preparation reactants of appropriate amount were first thoroughly grinded with
agate mortar and pestle to achieve high homogeneity of the initial mixture of precursors.
Mechanical grinding is also increasing the effective surface area of grains that enhances the
quality of the synthesis. The prepared mixture is then placed in non-reactive container,
namely platinum crucibles which melting point is 2041.5 K. The synthesis itself is carried
out in horizontal tube furnaces under an atmosphere of N, gas to prevent oxidation to
higher oxidation states. With all its simplicity solid state reaction method requires rela-
tively high temperatures and significant amount of preparation time. The first is dictated
by large lattice energy that should be overcome in order to initiate cationic diffusion in
solids, and the second again is related to specificity of solid state in which the diffusion
rate is generally slow. This process may be iterative and require several cycles of thermal
treatment with subsequent regrinding of the product for homogenization.

2.1.2 Chemical vapour transport method

Chemical vapour transport (CVT) reactions were originally proposed by Harald Schafer
in 1956 [153] and aims at crystallization of a large variety of chemical products: pure ele-
ments, halides, chalcogenides, oxides, sulfides, selenides, tellurides, pnictides, intermetallic
phases and others. The method itself lies in the transportation of a condensed phase via
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Figure 2.1: Schematic illustration of a vapour transport process inside of the ampoule in the
temperature gradient of a two-zone furnace. A transport agent L(g) reacts with the precursor
solid AB to form the transport gas species AL(g) and B(g) that are driven to the deposit zone

[154].

transport agent in a presence of a temperature gradient. The process of CVT synthesis is
schematically described in the 2.1 section. An evacuated and sealed silica tube containing
initial precursors mixed with a transport agent is placed into a two-zone furnace in a way
that the side of the tube accommodating the initial mixture is placed in the "hot" zone of
the furnace whereas the empty side of the tube is located at the "cold" zone. Temperature
difference between two zones together with the transport agent provokes a gas flow inside
of the tube that induces chemical reactions. The process of synthesis can be split in three
major steps [154]:

1. Forward reaction. At this step the transport agent reacts with condensed phases of
precursors.

2. Gas flow that circulates evaporated phases.

3. Back reaction which is essentially a deposition of the condensed phase with the
release of the transport agent. Nucleation and the crystal growth are taking place
at this step.

Each class of materials require special synthesis conditions that put special demands
over temperature regime, pressure inside of the tube and nature of the transport agent.
CVT reactions are taking place in a wide range of internal pressure between 10~ bar to 3
bar and needs rather high temperatures: 300 - 1000 °C. Concerning transport agents the
most common ones are chlorine and iodine compounds: Cl,, HCI, TeCly, NbCl;, PtCl,,
Iy, Hel,.

2.2 Sample characterization

2.2.1 Laboratory techniques
2.2.1.1 Magnetometry

Magnetometry is the first-step technique in characterizing magnetic behaviour of a given
material and represents measurements of macroscopic magnetization M of the sample as
the function of magnetic field or temperature. There are numerous experimental realiza-
tions for such measurements, however the most precise and accurate are techniques based
on superconducting quantum interference devices (SQUID) [155].
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Figure 2.2: Dual-junction SQUID loop scheme [155].

SQUID is essentially a superconducting loop containing one or two Josephson junctions
(figure 2.2) that exploits the fact that the magnetic flux in the ring is quantized and exist
only as multiples of the flux quantum @y = 2.068 x 10~'5Wb. Which means that for a ring
of an area 1 em? the field inside the ring will have discrete steps of $y = 2.068 x 10~ T.
This allows SQUID devices to detect magnetic fields with an extraordinary precision [156].
Cooper pairs, driven by the biasing current are tunneling through the junctions, however
the flow can be alternated by a magnetic field that is applied to the ring. This in turn
changes a phase difference across each of two junctions that affects the critical current
of the SQUID. This change in magnetic field drives the oscillation of the critical current.
Monitoring the change in voltage provides a possibility to assess the magnetic flux that
has been coupled into the SQUID loop.

A basic SQUID setup is illustrated in figure 2.3. The sample placed inside of a plastic
straw attached to a sample holder that moves the sample through the set of detection
coils in discrete steps. This movement induces a change of the flux in the detection coils
and hence leads to the change of the current in the SQUID circuit. The magnetic moment
is then determined by the shape of the SQUID voltage collected as a function of the
sample position inside the gradiometer. It is also worth mentioning that SQUID can be
operated in AC and DC modes. DC magnetic measurements determine magnetization
of the sample at the equilibrium state whereas the AC measurements can provide an
information on magnetization dynamics. In the case of AC measurements an applied
AC magnetic field induces a time-dependent magnetic moment in the sample. The AC
measurement is capable of detecting subtle changes in the value of M (H), so this technique
can resolve small changes in magnetic behaviour of the sample even with the presence of
a large magnetic moment.

One can perform two types of magnetic measurements: magnetization at constant
temperature as a function of applied field M(H) and magnetization at constant field as
a function of temperature M(7T"). The behaviour of this two functions can provide an
important insights into the microscopic nature of the studied material. Another impor-
tant inherent characteristic of magnetic materials is the magnetic susceptibility x that
represents the linear response of a material to an applied magnetic field:

M = yH (2.1)

In case of purely paramagnetic materials magnetization and applied magnetic field are
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Figure 2.3: A setup of a SQUID magnetometer. The inset demonstrates the change of a voltage
as a function of the sample position inside the detection coil [157].

coupled linearly and this dependence is given by the Curie law, that can be expressed as

C
T) = — 2.2
X(T) = = (2.2
where C is the Curie constant
fop]
C="CBNGEI(T+1), (2.3)

3kp

here N is the number of magnetic atoms per unit volume, g is the g-factor and J is an
angular momentum quantum number.

Combining equations 2.2 and 2.3 together one can obtain a simple numerical equation
for the effective magnetic moment:

freff = 2.282VC (2.4)

In case of interacting moments systems one should apply Curie-Weiss law to describe
the temperature evolution of magnetic susceptibility:

C

xX(T) = T T,

(2.5)

where T, is the Curie temperature, a point below which the energy of magnetic inter-
actions overcomes the energy of thermal fluctuations and atomic spins become ordered.
However equation 2.5 describes the behaviour of x(7') only above the Curie temperature,
the law is then applicable in the paramagnetic state (T > T,) with the T, replaced by
© - Weiss temperature. Below the ordering temperature the susceptibility is not well-
defined because the dependence of M/H is non-linear and depends on both the applied
magnetic field and the characteristics of the magnetic structure. Whereas the x(7") plot
may pinpoint temperatures of magnetic phase transitions, 1/x(7") dependence can help
to specify the predominant type of magnetic interactions of the studied system. A linear
approximation of the paramagnetic part of the inverse susceptibility will provide C as an
inverse of the slope of the linear part of 1/x(7T) plot and the Weiss temperature is given
by the intersection with abscissa. Hereby the Weiss temperature is a key characteristic
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Figure 2.4: Three extreme scenarios for the Curie-Weiss behaviour plotted for a simple Bravais
lattice as a temperature variance of the inverse susceptibility. The positive value of © (in blue) is
given by parallel spin alignment and the negative © values (in red) are due to an antiparallel spin

correlation in the studied compound.

extracted from such a lay out: if © > 0 predominant interactions in the material are fer-
romagnetic, if © < 0 - predominant interactions are antiferromagnet. In case if material
clearly shows magnetic transitions but @ ~ 0 - there is a delicate balance between ferro-
and antiferromagnetic type of interactions (Figure 2.4).

2.2.1.2 Dielectric measurements

A knowledge of the response to an electromagnetic field is crucial for understanding proper-
ties of ferroelectric materials. Dielectric spectroscopy is a method to study the permittivity
of a system at a fixed or changing frequency. Dielectric spectroscopy provides information
about storage properties of a capacitor and is widely used to characterize electrochemical
systems. Generally, it is sensitive to the presence of polarization and relaxation processes
and thereby can help to identify ferroelectric transitions [158].

This type of measurements are aimed to retrieve the relative permittivity of a material
€, which sets the relationship between the electric displacement field D caused by an
applied electric field E

D =¢E = ¢,¢0E (2.6)

where ¢y is the vacuum permittivity. The relative permittivity depends on the fre-
quency of the applied field:

er(w) = e (w) — i€ (w) (2.7)

and in the general case, is a dimensionless complex number that describes the interac-
tion between a material and an applied electric field. In the equation 2.7 €. and € are real
and imaginary parts of the relative permittivity respectively. The real part €, represents
how much energy is stored and associated with materials capacitance; €, is often referred
as dielectric constant which may be confusing as, in general, this value is not constant and
depends on the temperature and the frequency of the applied electric field. The imaginary
part €/ represents energy dissipation and called dielectric losses.

A commercial AG4284A LCR meter was used for complex impedance measurements
allowing to retrieve values of dielectric constants of the studied materials. A special four-
coaxial-cable sample holder that allows controlling the magnetic field inside of a Quantum
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Figure 2.5: A parallel capacitor used for dielectric spectroscopy measurements

Design PPMS was used. During the measurements an AC voltage of 1 V was applied
to the sample, frequencies of the voltage varied in between 100 and 500 kHz. To exclude
possible frequency and amplitude dependence of results, a systematic check was performed.
Frequency dependence of the complex impedance allows to represent the sample as a circuit
of a parallel-connected capacitor and a resistance, so the dielectric constant is derived from
the capacitance value by using the sample dimensions.

All dielectric measurements were performed using a parallel plate geometry (fig. 2.5).
The studied samples, single crystals of plate-like sintered powder pellets, were placed
between two golden wires (25um) attached to the sample using silver epoxy (EPOTEK
H20E), which covers top and bottom parallel faces of the sample to form a capacitor. The
dielectric constant in this case is given by the following formula:

,:de
T Ae

where C, and d - are the capacitance and the thickness of the sample, A - is the surface
area of the electrode and ¢g is the permittivity of the vacuum.

€ (2.8)

2.2.2 Neutron and X-ray scattering

Neutron and X-ray scattering allow to investigate structural properties of materials at
the atomic level. While X-ray diffraction was used for structural characterization of the
studied materials, the major part of the present work, dedicated to understanding the
microscopic mechanisms of magnetic behaviour, was carried out via neutron scattering
techniques. Neutron properties, and the possibility to manipulate them, makes neutron
scattering almost the ideal probe to study magnetism on a wide range of inter-atomic
distances and energy scale.

2.2.2.1 Basic neutron properties and neutron production

All possible neutron applications and their limitations are of course defined by the proper-
ties of the neutron itself. From particle physics it is known that the neutron is a composite
particle that is built up of one up and two down quarks, carrying charges 1/3 and -2/3
respectively, so the resulting charge is equal to 0. The absence of charge determines the
way neutron interacts with the matter: since there is no Coulomb potential to overcome
neutrons are scattered via nuclear forces. Nuclei in a scattering process act like point-like
objects. Thus, the neutron cross section is not monotonous with the atomic number, like
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in the case of X-rays, but depends on the internal structure of nuclei and has no regular
dependence on Z. That, in turn could provide a better contrast for studying elements
lying close in the periodic table. Zero charge also conditions a deeper penetration length
of neutrons in comparison to photons.

Table 2.1: Properties of the neutron

mass m = 1.657 x 10~%"kg
charge 0e

spin %

magnetic moment w=1913un

life time T =888 £ 3s

One should keep in mind that neutrons are microscopic objects that obey laws of
quantum mechanics, so, as all other particles, neutrons are described in terms of particle-
wave duality. Essentially, this means that the neutron with speed v and mass m can be
also described as a de Broglie wave with wavelength:

_ 2

A 2.9
mv’ (2.9)
so the corresponding wavenumber is:
2
k=— 2.10
3 (2.10)

which can be also written in vector form and has the same direction as the speed v.
And the momentum of neutron is then:

p = hk. (2.11)

The kinetic energy of a neutron can be expressed in several different manners:

mu? h? h2 k2
=y =kl =g, = o
where kg1 refers to the fact that the energy distribution of neutrons nicely follows
Maxwellian statistics. Consequently, the energy of a free neutron can be moderated by
media, which is always used to tailor beams with the right parameters for a particular
experiment. The table 2.2 shows typical parameters of neutrons produced by sources
of various temperatures pointing out features of high importance. Depending on initial
conditions, neutrons could be produced with wavelengths of the same order of interatomic
distances in condensed matter or even higher. This allows to study the structure of
materials at the angstrom and nanometer scale. Moreover, energies of cold and thermal
neutrons correspond to energies of excitations found in solids. Thus, a neutron of such
energies could create or annihilate an exited state. So a precise knowledge of the energy of
neutrons before and after a scattering event could provide insights on interatomic forces
of a studied material [159].

There is no experimental evidence of electric charge of the neutron to be larger than
(—2£8) x 10722¢ [160], an internal charge distribution caused by neutron structure leads
to the fact that neutron has a magnetic moment. This means that each single neutron
represents a microscopic magnet which can interact with local magnetic fields produced by

(2.12)
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Table 2.2: Typical values of neutron energy and wavelength for different source temperatures

Source type | Temperature | Energy | Wavelength
T,K E,meV A
Cold 1-110 0.1-10 30-3
Thermal 60 - 1000 5 - 100 4-1
Hot 1000 - 6000 100- 500 1-04
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Figure 2.6: A fission reaction. Neutron is captured by 235Y nucleus which splits into to
fragments with release of a few neutrons with energies around 1 MeV

unpaired electrons of magnetic atoms, thereby it is also possible to study spatial distribu-
tion of electronic spins and magnetic excitations. Furthermore, the possibility to polarize
neutrons, and to manipulate this polarization, opens up opportunities of studying chiral
magnetic structures and disordered magnetic phases.

There are two methods of neutron production for scattering experiments, fission which
is used in nuclear reactors and spallation that is exploited at sources based on particle
accelerators.

Nuclear reactors provide a constant flux of neutrons and, due to that, are often referred
as continuous sources. Fission which happens in a reactor core is a process of neutron
capture by 23°U. In this reaction a highly exited unstable nucleus splits into two medium-
heavy elements, for instance:

én + ZSSU — ggKr + 1§éBa + 3(1)n, (2.13)

Each reaction produces 2 to 3 neutrons, 1.5 of which on average is used to maintain
the chain reaction and roughly 200 MeV of heat energy that should be cooled away. Thus,
each event of fission reaction provides one neutron that typically has a kinetic energy of
2 MeV and can be moderated and delivered to instruments. For purposes of a neutron
scattering experiment, the most important reactor parameter is of course the flux density:
the number of neutrons per time unit and area. For instance, the high flux-reactor of the
Institut Laue-Langevin has a flux density of 1.5 x 10%n - em™2 - s~ 1.

The second technical solution for neutron production is bombarding heavy-element
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target like mercury, tantalum or lead, with high-energy protons with a typical energy of
1 GeV [161], thus, one of the basic parts of every spallation source is proton accelera-
tor. In the existing spallation neutron sources there is no unified approach for proton
acceleration and different facilities use different types of accelerators: a linear accelera-
tor (European Spallation Source, Lund, Sweden), a combination of linac and synchrotron
(ISIS neutron source, Oxfordshire, United Kingdom) or cyclotron (Paul Scherrer Institute,
Villigen, Switzerland). As a result of collision, target nuclei get excited with a subsequent
release of subatomic particles, like protons, pions, muons and neutrinos. And also from 20
to 30 neutrons are ejected from each nuclei in each spallation event, with a the resulting
spectrum close to that obtained with fission reaction. The main difference compared to
reactor based sources is that the spallation source produces pulsed beams with a repe-
tition rate of 10 to 50 Hz which requires different experimental approaches for neutron
instrumentation. However a time averaged flux of pulsed sources is somehow comparable
with reactor flux which makes both types of sources competitive.

It is also worth mentioning that not all fission- and spallation- based sources are con-
tinuous and pulsed respectively. For instance, SINQ facility at Paul Scherrer institute is a
continuous-type spallation source, another example would be IBR-2 pulsed reactor located
in Dubna, Russia.

Yet another important stage of neutron preparation is a pre-tuning of its energy called
moderation. Neutrons produced in fission or spallation reactions are too energetic for
scattering studies, having their energy spectrum distributed around several MeV. To slow
them down one should put a medium on their pathway, passing through which neutrons
undergo inelastic collisions transferring their energy to atoms of the medium. This simple
approach brings neutrons to thermal equilibrium and shapes their energy spectrum to
a Maxvellian type. To obtain a flux of thermal neutrons H,O or D,O moderators are
typically used. However some experimental purposes could require neutrons with energies
different from the thermal region; for that, spectra could be moved towards higher or lower
energies by using moderators with high or low temperatures respectively. Achieving cold
neutrons is done via the so-called a "cold" source, a reservoir filled with liquid H, or D,
at temperatures below 20 K. Hot neutrons are thermalized by passing through a graphite
block heated up to roughly 2000 K.

2.2.2.2 Basic neutron scattering theory

In any kind of scattering experiment one is interested in a particular quantity called cross-
section. Let’s consider an incident beam having a constant energy E coming at a scattering
system, thus the most exhaustive information would be given by the number of scattered
particles N per unit of time ¢ into a small solid angle df2 with the final energy between
Ef and Ef + dEf:

d?o _ N xt scattered into dsf?
dQdE; dddE ’

(2.14)

where @ - is the flux of incident particles. The quantity defined by the equation 2.14
is called the partial differential cross-section and and has dimensions of area divided by
energy. It should be also mentioned that the area covered by the solid angle df2 is negligibly
smaller than the distance between the scattering system and the solid angle.

If there is no interest in analyzing energy of scattered particles, one can consider a
differential cross-section which is:
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do oo d’c
%= (deEf> dEy, (2.15)

and has a physical meaning of the number of particles scattered per the unit of time
into df2 normalized to the flux and the area of df2.
And integration of 2.15 gives a total scattering cross-section, a total number of particles

scattered in all directions:
© /do
= — | df2. 2.16
7o = | ( dQ) (2.16)

These cross-sections are experimentally observed values and can be applied to X-ray
and neutron techniques. However these expressions do not explicitly contain any infor-
mation neither on a scattering system nor the initial and the final state of a scattered
particle, which are required to structural or dynamic characterization of the system.

Let us consider now the neutron scattering at a single nucleus at a fixed position.
Typical distance of interaction for nuclear forces via which neutrons are scattered by
nuclei are around femtometers - 10~1° m while thermal neutron wavelength is of the order
of angstroms - 107! m. This means that nuclei scatter neutrons as if they were point-
like objects. Thus the incident neutron on a nucleus could be described as a plane wave,
whereas the scattered neutron is a spherical wave.

For neutrons with wavevector k along the z-axis scattered by a nucleus located at the
origin, the incident neutron wave function is:

Vine = X2, (2.17)
The wave function of scattered neutrons at the position r is:
b ikr
Yse = e (2.18)

where b is a constant defined by the nature of the nucleus and independent from the
scattering direction. The quantity b is known as scattering length and it is described with
a complex number b = « 4 i3. However the i term becomes significant only for highly
absorbing elements like boron or cadmium.

Scattering length is related to the cross section because they represent a scattering
amplitude. Lets first consider a monoatomic scattering system in which b values vary
from one nucleus to another due to the presence of isotopes or variations of nuclear spins.
The frequency at which a certain b; value occurs is f; and:

S fi=1 (2.19)
The average value of b for the considelred system is then given by:
b=">_ fibs (2.20)
so the average value of b> would be:
b2 =" fib%. (2.21)

Assuming that there is absence of correlation between scattering lengths of different
nuclei b values could be written in the following form of:
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biby = (b)? for j#j (2.22)
bibj; =b2 for j=j (2.23)

The most general case would be a scattering from a system containing a single isotope
of a zero spin, so all scattering lengths b are equal and the scattering itself is fully coherent:

Oeon = 4m(b)2. (2.24)
But in the real case the differential cross-section contains both coherent and incoherent
contributions:
d d d
2 (U ) + (0 ) : (2.25)
de de coh de incoh

so the total scattering would contain both contributions as well:

Oror = 4 Y _ fib = 4mb?, (2.26)
i
simply subtracting oo from oy, one can obtain the equation for incoherent scattering;:

Cincon = 47 (B2 = (b)2) (2.27)

In the most general case the total scattering cross-section should be represented as the
sum of coherent and incoherent contributions:

do d2o do d*o
+ -

Tt = 0 d0dE; a0 d0dE,

Each term in the equation 2.28 stands for a different origin: the first one describes
Bragg scattering, the second - scattering from collective excitations like phonons or magnons,
third - arises from structural imperfections and the last one - provides information on in-
dividual atom motion like diffusion or confined vibrations.

Before considering theoretical expressions for cross-sections one important point should
be mentioned. Every physical event do obey some universal rules and in the case of
scattering experiments these are the laws of momentum and energy conservation:

(2.28)

coh coh incoh incoh

Q=k;—k, (2.29)

hw = E; — By, (2.30)

where ¢ and f indices stand for properties of the incident and final neutron beam
and the value hw is the energy transferred to the scattering system. Therefore a neutron
scattering experiment is nothing else but probing a transition between neutron states
with k; and k. So it is obvious that one can split scattering experiments in two major
groups. In the first one there is no energy transfer from neutrons to the scattering system
and vice versa, i.e. neutrons are scattered elastically. These are diffraction techniques
aimed to study the structure of matter. For the second group |k¢| # |k;| and the energy
difference between the incident and final neutron states is spent to create or annihilate
excitations, so the scattering, in this case, is inelastic and methods exploiting this approach
are called spectroscopy, whose main concern is obviously the dynamical aspects of solids.
No spectroscopic technique was used within the present project, thus for the sake of brevity
discussions on inelastic aspects of neutron scattering will be avoided.
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Figure 2.7: Two-dimensional representation of reciprocal space showing the Ewald circle and the
vector representation for elastic and inelastic scattering. Here G is a reciprocal-lattice vector and
q the momentum transfer within the first Brillouin zone[162].

2.2.2.3 Elastic nuclear scattering

Let us now have a closer look at the elastic scattering in crystalline materials. From the
definition one can say that |k¢| = |k;| = k. It is convenient to represent scattering in
the reciprocal space, so the figure 2.7 shows the reciprocal lattice of a two-dimensional
crystalline solid, where each node corresponds to a reciprocal-lattice vector. One can plot
the Ewald sphere - a sphere or, in case of a two-dimensional lattice, a circle of the radius
k. Whenever this circle passes through two nodes the Bragg condition is fulfilled:

Q=G =ks ki, (2.31)

where G is the reciprocal-lattice vector. In the figure 2.7 k; and k; have relative
directions of the incident and diffracted beams respectively.
Using Ewald’s sphere and the following formula:

Q| =k} + kF — 2k cos O, (2.32)

one will obtain

1Q| = |G| = 2|k, sin 0, (2.33)

where 20g is the angle between the incident and the diffracted beam. The equation
2.33 represents the Bragg’s law, which can be represented in terms of d spacing between
direct lattice planes (inverse of the module of reciprocal lattice vectors)

A = 2dsinfg, (2.34)

so the magnitude of the reciprocal lattice vector

47 sin Og
—

In a typical diffraction experiment three parameters are used to manipulate the mo-
mentum transfer: k;, 20g and the crystal orientation ¢. By varying the angle 2605 one
modifies the magnitude of Q while its orientation is achieved by rotating the sample [162].

G| = (2.35)
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A couple of words about the relation between the real and the reciprocal space. Lets
define primitive unit cell parameters as a;, as, ag, so the volume of the unit cell is
Up = aj - [ag X ag] . (2.36)

The reciprocal-lattice vector can be decomposed in three-dimensional form of

G=hr1+ ko +1T3 (2.37)

where h, k, 1 denote Miller indexes having integer values. So the unit cell vectors 71,
79 and 73 could be defined as:

27
le—[agxag],
Vo
2
Ty =" Jag x ayl, (2.38)
00
27
T3 = — [a; X az].
Vo

The volume of the unit cell in the reciprocal lattice is

273
v, =ay - [ag X ag] = —. (2.39)
Vo
From the equation 2.36 one can retrieve the following relationship between direct and
reciprocal space vectors:

ai-T; =28y 0y = {0 iy (2.40)
1 if i=3j
Notice that in crystallography the factor 27 is removed from the definition of the
reciprocal lattice. The most common equation for coherent scattering cross section can be
written concerning scattering system that contains atoms with various scattering lengths
b in the following form

ddE; |~ E(b) S(Q,w), (2.41)

which, taking into account 2.24, can be rewritten as

coh

d?o k¢ ocon
=N-+*+—8
deEf’COh k; 2w

(Q,w), (2.42)

where S(Q,w) is called the scattering function. This formula is valid for the case of
single-element scattering systems, but in the general case the site dependence of b should
be taken into account.

An explicit form of the scattering function can be represented via the atomic density
operator[163]:

pq(t) = Z el Qr(t), (2.43)
1

So S(Quw) is then
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S(Qw) = 5 [ dt e po(0)p.q(t) (2.44)

In case of a purely nuclear scattering from a Bravis lattice elastic coherent cross section
can be written in terms of Q and G:

el (27)3

do N

a0

(0)*> 6(Q - G). (2.45)
Q

Equation 2.45 implies that the lattice is rigid. However, it is known that even at T
= 0 atoms oscillate around their equilibrium positions and magnitude of this motion only
increases with the temperature. The effect of such a motion lies in the reduction of Bragg
intensities. Let us introduce u as the vector describing instantaneous displacement of an
atom from its equilibrium position r. This consideration should now be taken into account
for S(Qw) function as an extra factor, which is known as the Debye-Waller factor:

coh Vo

W= (@ w?), (2.46)

but for crystallographic purposes the same value is used in a different notation:

W = B(sinf/)\)?,
(87)°

B = T<u2>. (2.47)

The next step is to take into account a more general case of lattice with more than one
atom per unit cell. Lets define d; as the position of jth atom within the unit cell, then
the coherent elastic differential cross section gains another factor:

do | (27)3 9
21— NE S Q- 6)IF (G, (2.48)
as2| Y “Q
where
Fn(G) =) bje'G%ie s (2.49)
J

is called the static nuclear structure factor that contains information on atomic posi-
tions d; within the unit cell and the mean square displacements <u§a> In a diffraction
experiment one measures the square of the nuclear structure factor and with the collection
of a large number of reflections structural models could be fitted. Explicit form of the for-
mula describing integrated intensity depends in general on the geometrical characteristics
and the way the reflections are collected for each particular instrument. However some
simple cases could be easily described.

For a single crystal diffraction measurement with monochromatic incident beam of
wavelength X the integrated intensity of an observed reflection (hkl) at the angular position

0 and 20 angle between incident and diffracted beam is given by

A3| Fyy (hkl)|?

I=A
v sin 26

(2.50)

Where A depends on the incident flux, sample volume and the counting time. If this
parameters remain constant for a single experiment, then A is simply a scale factor [162].
There is also no need to say that Fx(hkl) = Fn(G).
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Figure 2.8: The angular dependence of the normalized form factor for nuclear, and spin and
orbital magnetic scattering for chromium metal. The comparable values for X-ray scattering are
given for comparison[164]

2.2.2.4 Elastic magnetic scattering

As it was already mentioned in the paragraph 2.2.2.1 a neutron has a magnetic dipole
moment that could be represented as

where v is the gyromagnetic ratio, uy is the nuclear magneton and o is the Pauli spin
operator with the eigenvalues for its components of +1. Thus, neutrons have a scattering
channel due to dipole-dipole interactions with the magnetic moment of the atom. To
simplify here it will be assumed that atomic moment is caused purely by spin, however
one should keep in mind that the orbital contribution should be also taken into account.
By the analogy to 2.43 magnetic scattering also depends on the density of scattering
objects ps(r), which in this case are unpaired electrons. Then its Fourier transform

£(@) = [ pulw)e@dr (2.52)

will be the magnetic form factor.

In comparison to the nuclear scattering where neutron interacts with point-like poten-
tial, the magnetic neutron scattering is conditioned by the electronic density distribution
and resembles to that of X-ray scattering by electrons [164]. For small scattering angles
i.e. small Q values the magnetic form factor is normalized to unity:

Q) =1, (2.53)

however with the increase of the scattering angle it drops dramatically. The angular
behaviour of the magnetic form factor is illustrated on the figure 2.8, therefore it is obvious
that the area of the interest for the magnetic neutron scattering experiments lies at the
low Q (low 26) region.

In the case of magnetic scattering, elastic coherent cross section for a single atom can
be expressed as the square of the magnetic scattering amplitude absolute value:
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do el
=l = Fu(Qf (2.54)
ds? coh

where the magnetic scattering amplitude itself is

Fu(Q)=pf(Q)m.. (2.55)
In the equation 2.55 the prefactor p = rgy/2, where r¢ is the classical electron radius:
2
e
R 2.56
"o 4dmegme? (2.56)
and the m as given by
X (m x
m, = @XmxQ) g (2.57)

Q? ’
is the component of the atomic magnetic moment perpendicular to the scattering vector
Q to which neutrons are sensitive in a scattering experiment.
Considering the magnetic structure as the average over quantum and thermal fluctu-
ations, the magnetization m;; of the magnetic ion j at the /-th unit cell is given by:

m; = Z Skjexp(ik - Ry), (2.58)
k

where k are propagation vectors, R; is the vector position of the origin of the [-th unit
cell and Sy; are complex vectors called Fourier coefficients given by:

1 .
Sk; = i{Rkj + Iy fexp(idy;) (2.59)

that should fulfill the equation S_y; = Sy since the mj; vectors are real.
The elastic intensity of magnetic neutron scattering is proportional to the magnetic
interaction vector:

Mﬂmzp;ﬁ@muWWMmez;QxMﬂwa. (2.60)
Vi

Here M7 is the magnetic structure factor of the crystal and Rj; is the vector position

of the magnetic atom j at unit cell 1. In a magnetically ordered crystal described by the
equation 2.58, the magnetic structure factor crystal is given by

M(Q) =p)_ fi(Q)exp(iQr;) > Si; ¥ . 6(Q -k — G). (2.61)
J k G

As a result the equation 2.61 postulates that the magnetic intensity appears in the
reciprocal space positions that are given by

Q=G +k (2.62)

Obviously, for k # 0 nuclear and magnetic reflections do not overlap and for the mag-
netic reflection described with 2.62 relation, the magnetic structure factor of the crystal
unit cell is

Ne
M(Q=G+k) =pY £;(Q)Si;eap(i(G + K)r;) (2.63)
J
where the sum is taken over the unit cell having n. magnetic atoms.
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2.2.2.5 Neutron diffraction techniques

As mentioned previously, diffraction techniques are exploiting the elastic scattering chan-
nel and they are mainly used for an accurate structure characterization at atomic level.
Since the discovery of X-rays, monochromatic beam diffraction has become one of the
most widely used methods recovering the structure factor F'(G) amplitudes for a series of
reflections hkl with scattering vector G. Technical implementation of this seemingly sim-
ple task, however, is strictly dependent on the type of sample: a structural determination
of solids could be carried out for both single crystal and powder forms. In this paragraph
the basic principles and examples of used instruments for both cases will be given.

Neutron powder diffraction

For several reasons powder diffraction is one of the most common technique used for
phase analysis and structural characterization of crystalline materials. This is mainly due
to the fact that this method is fairly straightforward, it provides not only the structural
information but also helps to investigate crystalline texture and microstructure. On top
of that powder diffraction patterns are unique for each single material which makes this
method an ideal tool for phase identification. It is also worth mentioning that some mate-
rials like catalysts, zeolites, fast-ion conductors etc. are hardly achievable in single crystal
forms, so the powder diffraction is the only method study structures of this compounds.

To obtain good averaging the powder should contain a large number of randomly
oriented crystallites of a small size preferably tens of microns. Coarse grain sizes could
lead to problems like extinction, microabsorption and particle statistics. Another typical
issue encountered in powders is preferred orientation which should be also taken into
account during the sample preparation.

From the Bragg equation 2.34 it is obvious that there could be two types of diffraction
experiments. In the first one, the sample is illuminated with a monochromatic radiation
and reflections associated with different d-spacing are collected at different angular de-
tector positions. The second type uses a white beam and fixed scattering angle, so the
diffracted radiation is discriminated by energy. In the current work only instruments of
the first type have been used, so below details of neutron powder diffraction with a fixed
incident wavelength are given.

The intensity of a diffraction line G is given by the following expression:

Za = S jo Lyc |F(G)? (2.64)

where S is the scale factor depending on technical specifications of each particular
setup, wavelength and sample density, jg is the multiplicity of the reflection G.

A perfect sample would give narrow diffraction lines, however the real powder diffrac-
tion peaks are of a finite width, meaning fact that the diffraction signal is the convolution of
the instrumental resolution, determined by the initial wavelength distribution, monochro-
mator mosaicity and scattering effects related to a sample’s morphology.

The first type of effects are related to the particle size distribution. A finite number
of scattering planes leads to the fact that for particles of a small size the incident beam
is not fully scattered coherently, in other words the reciprocal lattice points are no longer
d-functions but smeared around their centers according to the particle size. To describe
the most simple isotropic case one can use the Scherrer formula [165]:

KA
~ Bcosh’

where D is the volume-averaged apparent size of crystallites in the direction normal

(2.65)
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to the scattering planes, (8 is the integral breadth of the diffraction line at the position G
and K is a dimensionless numerical constant with a typical value around 0.9.

Another mechanism of a peak shape broadening are microstrains, which emerge as the
result of local fluctuations of interatomic distances due to lattice strains distributed within
crystallines in a non-uniform way. The apparent strain is defined as [166]:

n=pcot (2.66)

Equations 2.65 and 2.66 describe isotropic size and strain broadening effects and there
is no need to say that some more complicated microstructures can be encountered within
the real materials [167]. It should be also mentioned that both types of effects can occur
in the same sample simultaneously [168].

Every single diffraction pattern can be decomposed in four sets of observables that
carry an information about the scattering system, namely the peak positions and their
intensities, the intensity of the background and the profile shapes.

Peak positions obviously characterize the lattice and provide a finger-print information
for the phase identification. This is already fairly informative for phase diagram investiga-
tions, measurements of thermal expansion coeflicients and residual stresses in materials.

Since the integrated intensities are proportional to the structure factors, a careful
integration of diffraction profile is essential for obtaining an accurate description of an
atomic arrangement. Moreover intensities are proportional to the amount of corresponding
phase in a sample. Usually peak integration is straightforward if there is no severe peak
overlapping, nevertheless peak intensities can be affected by preferential orientation, thus
powder experiment requires an accurate sample preparation. On the other hand, grain
orientation itself can be an object of interest for metallurgic or geophysical studies.

As mentioned above, peak shape can provide an insight on the microstructure char-
acteristics of a sample: crystalline size distribution and strains. Peak shape parameters
of powder diffraction profiles §2(20) are usually described in terms of their full widths at
half maximum (FWHM). The most common mathematical function to describe powder
diffraction line is the pseudo-Voigt function:

PV (20) = nL(20) + (1 — 1)G(26) (2.67)

where L and G stand for Lorentzian and Gaussian components and 7 is the mixing
coefficient:

n 1/2 —4ln
G(20) = % (l:) exp < ;4;2 2(29 - 290)2> (2.68)
-1
L(26) = % (1 + 4(@;1)(29 - 200)2> (2.69)

and Hj, and Hg are their respective full-width at half maximum. Hg and Hj them-
selves have angular dependence:

1/2
Hg = <U + (1 —&)2D% (ap)tan® 6+ Vtanf + W + COISC; 0) (2.70)
Hy, = (X + £2D%;(ap)) tanf + YJFCOIZ(GQZ). (2.71)
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Considering non-negligible microstructure, V and W are put to zero, while there rest of
parameters have a physical meaning and can be split in two groups: U, ap and X describe
strains, while Y, I and az characterize. The functions 2D%,.(ap) and F(a.) may have
different explicit forms depending on the particular microstructure model, describing strain
and size contribution to diffraction peaks broadening.

Experimental setups are usually designed in a way to minimize the signal-to-background
ratio since it is the least informative part of a pattern. Nevertheless, there are some cases
in which the background is enhanced due to the incoherent scattering arising from local
ordering. This case deserves a special attention because the modulation of the background
may shed light on the nature of the short-range ordering[168].

Several neutron powder diffractometers were used in the framework of the current
work, namely a high-resolution two-axis diffractometer D2B, two-axis diffractometer D1B
and high intensity two-axis diffractometer D20 located at the ILL, high-resolution diffrac-
tometer 3T2 and cold neutron two-axis diffractometer G4-1 located at the Orphee reactor
(Laboratoire Léon Brillouin, Saclay, France). Conceptually every single neutron powder
diffractometer consists of the same principal parts, so for the sake of brevity lets focus on
the layout of D1B.

A narrow spectral line is selected from the white beam of the thermal guide H22
by the focusing monochromator represented by the assembly of seven pyrolitic graphite
(002) crystals. Higher harmonic wavelengths are then cut by the graphite filter and the
beam arrives to the sample position throughout an evacuated flight tube to reduce the
scattering on air. The instrument allows one to use various sample environment to cover
the temperature range from 1.5K to 1200K. A radial oscillating collimator is placed
between the sample position and the detector to eliminate the parasitic scattering signal
coming from the sample environment devices. Diffracted neutrons are detected by a *He
multidetector containing 1280 cells that covers an angular range of 128°.

2.2.2.6 Small angle neutron diffraction

Considering that the wavelength X is constant in the Bragg equation 2.34, if one wants to
study systems with large d-spacing, the scattering will appear at low scattering angles 6.
For objects with d values in between tens to thousands of Angstroms small angle scattering
becomes a perfect probe for structural studies. It is obvious that the small angle scattering
probes distances that are significantly larger than interatomic ones, so in this case neutrons
are sensitive to inhomogeneities of the scattering length density. Typical samples for small
angle scattering are proteins, colloids, polymers and glasses, amorphous solids and particle
solutions i.e. objects which do not possess any long-range ordering.

With the lack of long-range ordering there is no need of detailed description of atomic
arrangement within the studied system. To understand its properties only the most general
features investigated. In the case of a single-phase monodisperse system one can write the
so-called Patterson function:

P(r) = ZI(Q) cos Qr (2.72)
Q

where 7 is the distance in the real space. This formula provides information about
typical distances between atoms in gases and liquids, particle dimensions in solutions,
dimensions of clusters or pores in solids [170]. This approach is of course oversimplified
and the small angle scattering from disordered media is more complex and requires a
special consideration. However, small angle scattering could be also on ordered objects as
flux line lattices in superconductors [171], skyrmions and helical orders [172]. In this case

43



CHAPTER 2. METHODS

l Neutron Guide
Gt 1o T Mnnuchrg::::::
= Graphite filter

Slit

e Evacuated flight tube

Monitor
Radial oscillating

Adjustable slits collimator
Sample A 2
Y Beam stop

3He
multidetector

Figure 2.9: Scheme of the high intensity two-axis powder diffractometer D1B [169].

one can say that diffraction at small angles takes place and all the considerations applied
for the wide-angle diffraction are also valid here.

D33 - a massive dynamic g-range small-angle diffractometer installed at the H14 cold
neutron guide was used to perform small angle diffraction studies for the present project.
The layout of the instrument is represented in figure 2.10. The instrument works in two
modes: (1) monochromatic, using velocity selector that provides neutrons with wavelength
between 4.5 and 40 A with a wavelength spread of 10% and (2) time-of-flight mode exploit-
ing the chopper system which consists of four choppers and a wavelength filter that cuts
off long wavelengths to avoid frame overlaps. Then the beam goes through the collimation
system that defines the angular divergence of the beam at the sample position. Then that
the beam scattered by the sample is detected by detectors located at the detector tank.
There are two “He detectors, front and rear. The first is constituted by four monoblock
panels mounted horizontally and vertically, the second one is a single monoblock panel,
covering together sample-detector distance between 1.2 and 12.8 meters in order to cover
a wide Q range.

2.2.2.7 XYZ neutron polarization analysis

As already mentioned the total scattering consist of several contributions and contains
a certain degree of disorder which comes form nuclear isotopes, nuclear spin-incoherent
scattering and local structural disorder like atomic irregularities, structural defects and
internal strains. Moreover, magnetic compounds, diffuse scattering arises from disordered
magnetic moments in paramagnetic state as well as from magnetic defects perturbing long-
range spin ordering. Magnetic diffuse scattering is usually drowned out by the nuclear
diffuse scattering and thermal diffuse scattering. However there is a powerful tool, using
neutron polarization, capable of unambiguous separation of nuclear, magnetic and spin-
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Figure 2.10: Layout of D33. Top: neutron selection either with a neutron velocity selector
(monochromatic mode) or with choppers (time-of-flight mode); middle: collimation part; bottom:
front and rear detector moving in the vacuum tube from 1.2 m to 12.8 m after the sample
position.[173].

incoherent scattering. It is called XYZ-polarization analysis [174].

One can apply a magnetic field over a neutron beam, so that Zeeman level splitting
aligns neutron spin either parallel or anti-parallel to the quantization axis set by the
direction of the magnetic field. The polarization of a neutron beam can be defined as

P = (o), (2.73)

where o is Pauli spin operator, given by

0 1 0 —i 1 0
Oy = , Oy = , 0z = . (2.74)
10 i 0 0 -1
The scattering of thermal neutrons by a nucleus can be described with the Fermi
pseudo-potential

V:<%#>wm. (2.75)

In the absence of external fields the angular momentum of a combined neutron -nucleus
system J = I+ S is a conserved quantity, so J = I +1/2 is a good quantum number.
There are 21 + 2 scattering channels for the neutron spin co-aligned with the nuclear spin
I and 21 for the antiparrallel orientation. Lets denote the scattering channel 21 4+ 2 as
by and the scattering channel 21 as b_, so in the general case one can describe the spin
dependent nuclear scattering via scattering length operator [159]
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b=A+Bo-1 (2.76)
where

(I+1)by + Ib_

A= o+ 1 and B = ST (2.77)
So the spin dependent scattering amplitudes will be given by
U = (+|b|+) = A+ BL, (2.78)
U,~ ={-[bl-) = A~ BL,
Uy~ = (+lb|=) = B(L; + i),
U, ™ = (=|b|+) = B(I, — il,).

Here the first two scattering amplitudes conserve the neutron state so they are called
the non-spin-flip amplitudes (NSF), whereas the last two involve a change of the spin state
so they the spin-flip amplitudes (SF).

Taking into account that the magnetic scattering potential is

Vnl@ = - () o mu(@), (279)

where rg is the classical electron radius and the m is given by the equation 2.57, one
can obtain nuclear and magnetic scattering amplitudes together

Utt =A—pM,, + BI, (2.80)
U~ =A+pM,,— BI,

Ut™ = —p(My, +iMy,) + B(I; +il,),

U™ =—p(Mi, —iMi,) + B(I; —ily),

where p is the magnetic prefactor yrp/2. This equations are also known as Moon-
Riste-Koeller equations for the spin-dependent amplitudes [175]. Remembering that the
neutron polarization is aligned along the z direction, it is easy to notice that the NSF
scattering is only sensitive to magnetization components parallel to the neutron spin,
while SF scattering - to those which are perpendicular.

Considering the case of a paramagnet magnetic-only, the NSF and SF cross sections
are given by

do 1 do A A
(Cl“(zjc)nsf B § (dgf>mag (1 ) (P | Q)2) 7 (2‘81)
<ddgf> ) _ % <ddgf>mag (1 + (13 . Q)2> (2.82)
where
do 2 (7\?
<cmf>m =2(2) r@ass (283)
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and an incident beam polarization P alternately aligned along the z, x and y direc-
tions, one can deduce the spin dependent scattering cross sections for an XYZ-polarization
measurements done on a paramagnetic sample:

). =zte(ig)  v5 (),
= s1n Q -
df2) mag 3
2
(d”)x eotasn () 5 (@),
(@), =32 (i@).., *3 (). + (7)
7005 « + ,
ds? Yy mag nuc
(), =t (i) <3 (7).
sin? o -
ds? 2 mag 3
"=3(@).., 3 ).+ (75)
2 \df? mag S \d§2/ df2 ) e
CANEYEANE YA
d2),  2\d),., 3\d2)’
where x, v and z subscripts stand for the direction of the incident polarization, sf
and nsf superscripts stand for spin-flip and non-spin-flip cross sections respectively and
nuc subscript refers to nuclear and isotope-incoherent, si - spin-incoherent contribution.

Then, the nuclear, spin-incoherent and magnetic cross sections can be calculated as linear
combinations of equations 2.84. There are two independent ways to calculate the magnetic

( )m (2.84)

cross section:

do do\ 5! do\ 5! do \ !

R 2 (22} 4 (%2 2.
<d())ma9 <d0)x * (d(2>y (d())z ’ (2:85)
(45),. =+ (@) (@) (@)

A2) oy \df2) . ie), \ag), -

Nuclear and spin incoherent scattering are expressed in the following way:

=b%s(Q) + b2 — (b)? (2.86)
(@), ~3(),~ (#),..,~
= B?I(I +1), (2.87)

where Tysr and Tgp stand for the total non-spin-flip and spin-flip cross sections
respectively. In order to separate nuclear coherent and spin-incoherent scattering in the
absence of magnetic scattering only z components of the spin-dependent and cross sections
should be measured [176].

This method was applied in the D7 diffuse scattering spectrometer located at H15
cold neutron guide of the ILL. A monochromatic neutron beam of A = 3.1A,4.8A or
5.7A is prepared by vertically and horizontally focusing (002) pyrolitic graphite crystals
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Figure 2.11: D7 diffuse scattering spectrometer layout [177].

and then polarized with the focusing (Co/Ti, m = 2.8) Schéarpf bender-type supermirror
polarizer. A magnetic guide field of around 10 to 20 G exists everywhere within D7 to
preserve the neutron polarization during the experiment. The neutron polarization is
manipulated with a Mezei flipper [178], which is switched off during non-spin-flip cross-
sections measurements, and on when measuring spin-flip cross-sections. The spin-flipper
is followed by by a set of orthogonal Helmotz coils that adiabatically rotate an incoming
beam polarization into x, y or z directions. Scattered neutrons are analyzed by 66 Scharpf-
type bender supermirrors (Co/Ti, m = 2.8) and, after that, arrive to the detector system
of three banks, each containing forty four *He tubes, covering the total angular range
between 10° and 155°.

2.2.2.8 X-ray diffraction

Phase analysis and basic structural characterization of a material are the primary steps
towards understanding its properties. X-ray diffraction is the most straightforward tech-
nique for a basic material description.

X-rays are attractive for structural applications mainly because of two reasons:

o First, they can be relatively easy produced to have a wavelength that has the same
order of magnitude as interatomic distances in solids, which is essential for interfer-
ence effects responsible for diffraction to occur.

e Second, photons are scattered by electron density, so it makes possible to localize
atomic positions of scattering systems. On the other hand that also means that
the scattering magnitude is highly dependent on the atomic number Z. Thus light
elements have less contrast in the presence of elements of high atomic numbers.

Mathematical description as well as the technical realization are pretty close to that
used for neutron scattering, as discussed in details in 2.2.2.3 and 2.2.2.5. Within the
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current project X-ray diffraction was used as a supporting technique, thereby there is no
need to elaborate a detailed description of the method.

Conventional commercially produced Panalytical X’PERT Pro MPD x-ray powder
diffractometer with Co tube (A = 1.7892 A) was used for structural characterization of
studied compounds.

2.3 Data analysis

2.3.1 Rietveld refinement

Introduced in 1969 by Hugo Rietveld the method originally worked with neutron powder
data and later extended for X-ray radiation as well [179]. Since then it has become the
most widely used tool for structural refinement. The Rietveld method itself is essentially
a fitting algorithm that fits the experimental powder diffraction pattern by minimizing
the function:

X =) wilyi — yei)® (2.88)
=1

where y; is the observed intensity at the i** step of the pattern, y.; is the calculated
intensity at the i*" step of the pattern, w; = 1/ o2 is th weight of the individual step y;
and 01-2 is is the variance of the y; observation. The sum is taken over all data points of
the pattern. The calculated intensity is given by the following expression:

Yie = Yoi + 96 > Joc Lec A Ogc |Fo(G)? Qiga (2.89)
s C

where 1p; is the background intensity at the angular position 26;, S is the scale factor,
proportional to the volume fraction of the phase ¢, jo is the multiplicity factor of the
reflection appearing at G, L is the Lorentz polarization factor, A is the absorption cor-
rection, O is the preferred orientation correction and §2;s is the peak shape function that
includes both instrumental resolution and the microstructure parameters of the sample.

The first sum is taken over all contributing phases ¢ and the second one over neigh-
bouring reflections contributing to a given data step i. The calculation of the peak profile
for a given reflection G is done over a limited angular range around the peak centre posi-
tion 20 due to a rapid fall of peak tails defined by the peak shape function. Background
intensity is usually calculated by a linear interpolation between the data points where no
peaks are observed or estimated by polynomial functions.

Minimization of x? is done with least-squares procedures exploiting variation of New-
ton’s method such as the Newton-Raphson algorithm [180] or Gauss-Newton method [181].
To estimate the goodness of fit several residual measures are introduced and defined as
follows.

Profile factor:
R, = 100M (2.90)
> Yi

shows the agreement between calculated profile and the data.
Weighted Profile Factor:

1/2
S wi(Yi — Yei)?
Rup = 100 < R (2.91)
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is rather a more straightforward agreement factor as it derived directly from the square
root of the minimized quantity, scaled by the weighted intensities.
Expected Weighted Profile Factor:
1/2
N-P+C
Rep =100 (225} (2.92)
20 Wil
where N and P are the number of data points and refined parameters respectively and C
is the number of constraints if any of them are introduced into the model. This quantity
defines the best possible R,,, value that can be obtained for the given set of data. And
the ratio between above two R-factors gives the reduced x2 of the fit:

R 2
2 wp 2
— =9 2.93
Xv <Remp) ’ ( )

where S is the goodness of fit. Obviously, x? should never be less than unity.
Bragg Factor:
20 [T — i

POV

shows the agreement between calculated Bragg peak intensities and the data.

RBragg = 100 (2.94)

It is important to mention that the Rietveld method does not solve structures, thus a
reasonably good starting model is required to perform the structure analysis. All structural
refinements done within the present work were carried out using the FullProf program
[152].

2.3.2 Reverse Monte Carlo technique in application for powder mag-
netic diffuse scattering

When it comes to description of disordered materials the reverse Monte Carlo (RMC)
method becomes a perfect instrument to characterise local structural features [182, 183].
In some particular cases RMC has proven itself a valuable technique to describe magnetic
materials in ordered states [184, 185]. However, the method can be extended to obtain
an information about three-dimensional spin correlations of magnetic materials in para-
magnetic state from powder diffuse magnetic scattering data [186]. The RMC method
is model-independent, it means that it has nothing to do with a spin Hamiltonian. like
it is done in the direct Monte Carlo simulations. In comparison to that, RMC method,
instead of some energy term, minimizes the sum of square residuals that characterizes the
disagreement between the experimental data and the fit.

In case of the magnetic RMC a large configuration of spins is initially defined in such
a way as their positions are fixed to their crystallographic sites while a three-dimensional
orientations are refined in order to fit the data. On the first step a supercell containing
several thousands atoms with an appropriate boundary conditions is generated. Each
atom is assigned with a classical spin vector with a random orientation, and the sum of
square residuals is calculated:

2 _ IcaZC(Q) - Ieaﬁp(Q) ?
=y () (2:95)

where I.qic and Ic), are calculated and experimental powder-averaged magnetic scat-
tering intensies respectively, o(Q) is an experimental uncertainty. Next a random spin
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]

Figure 2.12: Local spherical coordinate system used for calculation of the powder-averaged
magnetic neutron scattering intensity [188]

from the supercell is chosen and rotated by a small amount. A new spin vector is defined
as

gew _ SitAs (2.96)
where s is a unit vector with a random orientation and 0 < A < 1 is the maximum spin
move length. After a move is proposed, the change in y? is calculated and the proposed
move is either accepted or rejected according to the Metropolis criterion [187]. This process
is iteratively repeated until x? is reduced to its limit. The final spin configuration represent
correlations that are in agreement with experimental data.
In order to fit the data, the scale factor s is also being refined, which best value can
be calculated after each step by minimizing y? with respect to s which yields

5= ZQ(Icalc(Q)Iobs(Q))/(U(Q)Q), (297)

ZQ(IcaZC)/(U(Q)Z)

and if the data is placed on an absolute scale, the effective magnetic moment is then

given by

p?=g*S(S+1)=s, (2.98)

where g is the g-factor [188].
Scattering cross-section in this case can be written in terms of correlations between
pairs of spins:

2
1@ = () (uru(@)? (§ b st st ) . e

where r;; = r; —r;. The double sum in 2.99 excludes terms in which 7 = j. Self
correlations are taken into account as the additive term 2/3.
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The exact expression for I(Q) implemented in SPINVERT program that was used for
D7 data treatment was originally introduced in [189] and derived as follows. First, one
should define a local coordinate system for each pair of spins S; and S; in the way as it is
illustrated in figure 2.12. The z axis matches with the vector connecting S; and S;; x axis
is perpendicular to z and lies in the plane of S;; and the y axis is the remaining vector in
the right-handed set. The new coordinate system is then

Ty
Tij

|[: - E ;j (2.100)

y =12 X X.

With the local coordinates one can put down

1 1 « QaQﬁ a B
S; - Sj = % (5 p_ o >SZ- S5 (2.101)

where the components «, 8 € [z,y, z] of Q are given in spherical coordinates:

Q = [@sinf cos ¢, Q sin b sin ¢, Q cos 0. (2.102)

Combining equations 2.99, 2.3.2 and 2.101 one arrives to the final expression for the
scattered intensity

1 sin Qri; sin Qr;;  sin Qry;
NZ (Azer”J + Byj <(an)§ - (Qw)g>> } (2.103)

where

Aij = SESE, (2.104)
Bij = 25757 — 5757, (2.105)

The sum in the equation 2.103 is taken over all pairs of spins in the range of 0 < r;; <
Tmaz- Lhe maximum radial distance 7,4, is defined as the half length of the shortest side
of the supercell.

Once the global spin configuration is obtained after minimization of residual between
calculated and observed profile intensities, one can plot a radial spin correlation function
that represents the average scalar product of pairs of spins at a distance r:

Zij(r)

i >8-S, (2.106)

7

1

- n(r)

(S(0) - S(r

where
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N
n(r) = ZZU(T), (2.107)

with Z;;(r) representing the number of spins j coordinating a central spin i at a distance
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Chapter 3

Ordered and disordered
cobalt-based spinel

In this chapter CosTeOg is considered in details. Indeed, this material belongs to a
spinel family and the common notation is (Co)[Co; 5Tey5]O4. Depending on a synthesis
routine this material could be obtained in two structural forms: disordered and ordered.
Structural variance between these polymorph give rise to different magnetic behaviour
that was thoroughly studied using bulk characterization methods and the neutron powder
diffraction. To examine a possible tenability of magnetism and physical properties related
to it, A—site magnetic dilution was introduced to the system. This eventually let us to plot
a magnetic phase diagram of (Co;_y /9Zn, /5)[Coy 5Teq 5]O4 ordered spinel series. Magnetic
field response of the ordered CosTeOg and Co,Zn; TeOg was studied with the small angle
neutron scattering. All scattering techniques showed non-negligible diffuse scattering in
the wide temperature range for all studied samples, which have become a reason to study
short-range ordering in the system using XYZ-polarization analysis. Altogether, neutron
scattering experiments carried out in the framework of the current research provided an
exhaustive characterization of magnetism in the system, which was then compared to the
results of the dielectric spectroscopy.

3.1 Synthesis and structural characterization

All studied samples of pure CosTeOg and Cos_Zn, TeOg family are available only in pow-
der form and were prepared by solid-state reactions method. There are two synthesis
routines to prepare pure Cos;TeOg compound (Fig. 3.1). The first one lays in preparing
a stoichiometric mixture of Co(OH)y (Aldrich 99%) and TeO5 (Cerac 99.9%) with 5 to
1 ratio. These precursors are thoroughly ground in an agate mortar and then heated
in platinum crucible at 750°C for 20 hours under nitrogen flux with a heating rate of
2°C' /min followed up by a rapid cooling following the furnace inertia. After initial synthe-
sis the sample is regrinded and heated for a second time at 750°C for 10 hours with the
same heating and cooling protocol. Another way is to mix Co(OH), (Aldrich 99%) with
Te(OH)g (Alfa Aesar 99%) with a ratio of 5:1.1. A slight excess of Te(OH)g is necessary
to prevent unnecessary Co oxidation due to a tendency of Te to volatilize at high tem-
peratures. This precursors are also ground in an agate mortar, and heated at 940°C' for
20 hours under nitrogen flux with a heating rate of 2°C/min, after the sample is slowly
cooled down to the temperature in 24 hours.

To study the magnetic behaviour of the system upon magnetic dilution a series of
Cos_Zn, TeOg with 0 < x < 1 powder samples were synthesized via solid-state reactions.
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For this purposes Co(OH), (Aldrich 99%), ZnO (Alfa Aesar 99%), Te(OH); (Alfa Aesar
99%) with the respective ratio of 5-x:x:1.1. After grinding in an agate mortar, precursors
were heated at 740°C' in platinum crucibles for 20 hours under a constant flux of nitrogen
gas, with a heating rate of 2°C'/min. Then samples were cooled in two ways: first, rapid
cooling following the furnace inertia, second slow cooling to the room temperature in 24
hours.

800°C /N, N 910°C /N,

30h - : 30 h o

g R\
S [2) %‘
» 5 \o

© 3

5Co(OH). + 1.1Te(OH) Disordered  5¢0(0H). + 1.1Te(OH) Ordered
2 6 Co,TeO, 2 6 Co.TeQ,

Figure 3.1: A schematic representation of synthesis routine of the disordered (left) and ordered
(right) Co;TeOg phases.

Rietveld refinement of the NPD data recorded at the 3T2 diffractometer on the sample
prepared with the first routine (Fig. 3.2) revealed the nuclear structure to be of Fd3m
(#227) space group with the unit-cell parameter a = 8.5572(2)A. The model used for
the refinement assumed mixed occupancy of Co?T and Te®" at the octahedral site with
a ratio 0.75/0.25 respectively in agreement with the nominal chemical composition and
no mixing at the A-site since Te%" cannot adopt tetrahedral environment. Atomic posi-
tions and isotropic thermal parameters were refined for all sites as well as the occupancy
parameters of the mixed octahedral 16d site. No significant deviation from the nominal
values 0.75/0.25 for Co/Te ratio was observed. Since the cationic distribution at the B-site
is random, later in the text this polymorph will be referred as the disordered Cos;TeOg.
Besides peaks of the main Co;TeOg phase several impurity reflections were observed. The
phase analysis revealed presence of three phases within the sample: CozTeOg, Co3TeOgq
and Co40, with a respective mass concentration of 92.21(81)%, 0.33(71)% and 7.45(24)%.
Details of the Rietveld refinement of Co5TeOg polymorphs are provided in the table A.1
in the appendix A.

Combined X-ray and Neutron powder diffraction studies at room temperature revealed
that the sample prepared with the second routine is impurity-free. In addition to main
spinel peaks both XRPD and NPD patterns show the existence of additional reflections
at low 20 angles typical for ordered spinel phases [190]. These patterns were indexed
and refined with the non-centrosymmetric P4332 (#212) space group with the unit cell
parameter a = 8.5531(1)A (Fig. 3.3). A significant anisotropic peak broadening breaking
the F-centring of the cubic structure is observed. This is a well-known phenomenon
within ordered spinel materials that indicates the presence of antiphase domains [191].
Considering this effect required the use of anisotropic size-model-function "-2" in FullProf
that allows an independent fitting of broadened peaks widths with a certain set of (hkl)
indices, h + k =2n+ 1 and k + [ = 2n + 1 particularly in this case. In this structure the
B-site corresponds to two crystallographic sites with 4b and 12d Wyckoff positions. For
the initial model it was assumed that the 4b and 12d positions are fully occupied with
Te" and Co?* respectively. Rietveld refinement does not show any disorder between 4b
and 12d sites, so this particular cationic arrangement as well as the polymorph adopting
this structure will be further referred as the ordered CosTeOg.

The atomic coordinates and thermal displacement parameters of both CosTeOg poly-
morphs are summarized in the table 3.1. Selected interatomic distances are given in the
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Figure 3.2: Rietveld refinement results performed on a room temperature NPD pattern of the
disordered Co;TeOg. Red dots - experimental data, black line - calculated intensity, blue line -
difference between the experimental data and the calculated intensity, vertical green ticks
represent position of Bragg reflections of (top row) CosTeOg (Fd3m), (middle) CosTeOg and
(bottom) Co30,4. Reliability factors: R, = 2.42, Ry, = 2.99, Reyp = 2.29, X% = 1.71.
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Figure 3.3: Results of the combined X-ray and neutron Rietveld refinement performed on room
temperature NPD patterns of the ordered Co;TeOg. Red dots - experimental data, black line -
calculated intensity, blue line - difference between the experimental data and the calculated
intensity, vertical green ticks represent position of Bragg reflections. Reliability factors: XRD) R,
= 2.93, Ryp = 3.10, Reyp = 2.98; NPD) R, = 2.71, Ry, = 3.37, Reyp = 4.57; x* = 2.54.

table A.2 in the appendix A. The bond valence sums (BVS) calculated with parameters
given in the reference [192] together with polyhedra distortions for the ordered Cos;TeOg
were determined with the use of BondStr program of the FullProf Suite and are presented
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in the table A.3 in the appendix A as well.
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Figure 3.4: Kagome layers of a) the ordered and b) the disordered polymorph of Co;TeOg

Within the ordered CosTeOg structure two types of octahedral sites are identified: B
and B’ (Fig 3.4a). Hexagonal cavities found in Kagome layers are alternately surrounded
by three B and three B’ octahedra and then five B octahedra and one B’ octahedron. Like-
wise the original spinel structure, two out-of-Kagome-plane tetrahedrons corresponding to
the A-site are adjacent to hexagonal cavities. The disordered polymorph structure is built
of regular polyhedra, all pairs of Co,/Te;-O; and Co,-O, distances are of 2.0577(5) A
and 2.0000(4) A for octahedral and tetrahedral environments respectively. Considering
ionic radii [193] of Co?" at the high-spin state (r; = 0.58A for coordination number 4,
r; = 0.745A for coordination number 6) one can get Co—O distances for octahedral and
tetrahedral coordination to be of 2.125 A and 1.96 A respectively; Te—O bonds for Te®*
in octahedral oxygen environment is 1.94 A. The observed bond distance of an octahedral
site lies in between the calculated values for Co?T and Te cations and the size and the
charge difference between these two cations, occupying the same octahedral site, 7 = 0.65A
for Co?* and r = 0.56A for Te®", must be the reason of the disordered Co;TeOg phase
metastability. Distortions of cobalt polyhedra are involved in the transformation from the
disordered cubic F' to the ordered cubic P structure. In ordered CosTeOyg, the distor-
tions of 12.522 x 10~* and 3.98 x 10~ for [CoOg] and [CoO,] respectively while the no
distortion is observed for [TeOg] octahedra. These distortions also cause a shortening of
Co—Co distances between neighbouring octahedra, reducing them from 3.0254(1)A in the
disordered phase to 2.9528(18) and 2.9532(24)A in the ordered phase. As a consequence,
the Jpp magnetic exchange should be also modified, which can result in a variation of
magnetic properties of the ordered polymorph.

All samples of the Cos ,Zn, TeOg family were found to be impurity-free. XRD and
NPD displayed a presence of superstructure reflections similar to those observed for the
ordered polymorph and a subsequent combined X-ray and neutron Rietveld refinement
at room temperature revealed that regardless to the way samples were cooled down dur-
ing the synthesis routine, all Cos_, Zn TeOg adopt ordered P4332 structure. Remarkably,
up to z = 1, Zn?* occupies exclusively A-site 8¢ position, which allows both: a release
of magnetic frustration at tetrahedral site and a fine tuning of the Jap exchange in-
teraction crucial for the stabilization of spiral-spin ordering. All studied samples of the
Cos_Zn, TeOg are listed in the table 3.2, atomic positions are listed in tables A.4 - A.9 in
the appendix A.
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Table 3.1: Atomic positions and U;,, parameters for both Co;TeOg polymorphs.

Atom  Wyckoff pos. Occ. X y Z Usiso (Az)
Disordered, space group Fd3m, a = 8.5541(1) A V= 625.94(1) A3,

Co, 8a 1 1/8 1/8 1/8 0.0113(9)
Co, 16d 0.772(7) 1/2 1/2 1/2 0.0070(5)
Tey 16d 0.228(7) 1/2 1/2 1/2 0.0070(5)
0, 32e 1 0.25984(6)  0.25984(6) 0.25984(6) 0.01106(20)

Ordered, space group P4332, a = 8.5531(1) A, V = 625.43(1) A3,

Co, 8¢ 1 0.5008(3)  0.4992(3)  -0.0008(3) 0.0047(3)
Co, 12d 1 0.3871(2)  0.8629(2) 1/8 0.0042(5)
Tes 4b 1 1/8 7/8 3/8 0.0035(4)
0, 8¢ 1 0.3707(3)  0.6293(3)  0.1293(3)  0.0061(8)
0, 24e 1 0.35193(17) 0.8658(3)  0.3733(2)  0.0048(4)

Table 3.2: Cell parameters and the A-site zinc content of the Cos_ Zn, TeOg family.

X a, A A-site Zn?t
content, %

0.04 8.5543(2) 2.04

021 8.5533(1) 11.5

0.38 85527(2) 19

0.58 8.5524(1) 29

0.76 8.5512(2) 39.9

1.0l 8.5514(2) 50.6

3.2 Magnetic behaviour

The magnetic behaviour of both CosTeOg polymorphs was firstly characterized by mag-
netic susceptibility measurements at low temperature (Fig. 3.5 left). Comparing both
1/x curves as a function of temperature and despite structural differences, both sam-
ples seem to present rather similar behaviour: high temperature paramagnetic parts of
X(T) for the ordered and disordered CosTeOg match and nicely follow a Curie-Weiss be-
haviour and a linear fitting of an inverse susceptibility in both cases gives the same results:
pefr = 10.6up per formula unit, i.e 4.7up per Co?* ion, and a strongly negative Weiss
temperature ©® = —148 K revealing predominance of antiferromagnetic interactions. The
resulting value of the p.sy is in agreement with a calculated value for Co*" cation (3d7) in
high spin state with a largely unquenched orbital moment. Remarkably, 1/ temperature
evolution deviates from the Curie-Weiss law below T' < 140K. This, in fact, may have
several explanations: first, a magnetic clustering can take place at temperatures well above
the temperature of the long-range ordering [194]; second, it can be a characteristic feature
of a ferrimagnetic structure with different sublattices [127]. Strong increase of the mag-
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Figure 3.5: Temperature evolution of the inverse magnetic DC susceptibility (left) and magnetic
DC susceptibility (right) measured at B = 0.01 T.

netic response is observed below 50 K as well as thermal hysteresis after field and cooling
(FC) and zero field cooling procedure (Fig. 3.5 right). Regardless to all similarities, the
ordered polymorph demonstrate lower magnitude of y as well as some difference in the
shape of x(T') can be spotted.

Figure 3.6 illustrates magnetization loops measured at T' = 4K. Again, both poly-
morphs share the same ferrimagnetic magnetization Mg = 2.5up per formula unit for
B = 5 T. However, M(B) dependence reveal a certain difference in behaviour of these
two polymorphs. The disordered CozTeOg shows a typical hysteresis loop shape of a
long-range ordered ferro- or ferrimagnet, with a coercivity B, = 0.387 and remnant mag-
netization M, = 1.4up/f.u.. Contrary to that, the ordered CosTeOg shows features of a
rather soft magnetic material with small coercivity B, = 0.06 T and remnant magnetiza-
tion M, = 0.7up/f.u. that resembles the M (B) behaviour of CoCry0y, spinel [62, 144].
Remarkably, the magnetization is far from the expected value for the fully ordered sys-
tem, which may also imply two scenarios. A mnon-collinear ferrimagnetic ground state
with Yafet-Kittel triangular spin arrangement [195] is possible in this case as well as a

presence of some sort of short-range magnetic ordering that is persisted down to the low
temperatures.
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Figure 3.6: Magnetization hysteresis loops of both CosTeOg polymorphs measured at 4 K.
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For a more accurate characterization of the magnetic transitions appeared on DC sus-
ceptibility curves, the AC magnetic susceptibilities were measured on the ordered poly-
morph. The advantage of this measurement is that it is more sensitive to subtle changes
in magnetization and happens to be a perfect tool for determining the temperatures of
the magnetic phase transitions. Figure 3.7 illustrates the temperature evolution of the
AC magnetic susceptibility of the ordered CosTeOg. The x/(T) curve shows two distinct
maxima at 40 K and 27 K pointing out a possible presence of two magnetic phase tran-
sitions in the compound. The imaginary component of the magnetic susceptibility x(7),
representing dissipative processes, is fairly small, however it coincides with the shape of
the x/(T), which is consistent with the presence of two consecutive magnetic transitions
at 40 and 27 K at B = 0.01 T for the ordered CosTeOxg.

5x10%[B=0.01T, =578 Hz |
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Figure 3.7: The AC magnetic susceptibility of the ordered CosTeOg polymorph measured with an
applied field B= 0.01 T and operating frequency f = 578 Hz; x’ and x” are the real and
imaginary components of the AC susceptibility.

Eventually, field-dependent AC susceptibility measurements were able to provide first
insights on B(T") magnetic phase diagram of both polymorphs (Fig. 3.8). The disordered
Co5TeOg exhibits a single magnetic phase transition up to B = 0.2 T with a probable
phase of a long-range ferro- or ferrimagnetic ordering. The ordered polymorph, in turn,
shows two different ordered magnetic phases named FM/FI-1 and FM/FI-2 (Fig. 3.8
right). The first phase only exists between 38 and 27 K and is suppressed by applying
a magnetic field B = 0.08 T. It is clear that the COZJF/Te6Jr ordering on the B and B’
octahedral sites induces an intricate magnetic behaviour. Nevertheless, the true nature
of the ordered magnetic phases at low temperature for both polymorphs can only be
determined by neutron scattering.
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Figure 3.8: Magnetic phase diagrams for the disordered (left) and the ordered (right) CosTeOg
polymorphs. PM stands for paramagnetic, FM - ferromagnetic, FI - ferrimagnetic.

3.3 Magnetic structures of Co;TeOg

3.3.1 Disordered Co;TeOg

Let us first consider the disordered CozTeOg. Temperature evolution of NPD patterns,
obtained at G4-1 diffractometer, shows two important characteristic features: first, a
significant background enhancement at low diffraction angles appearing below 195 K,
followed by a large increase of (111) and (220) diffraction peaks intensity below 40 K
(Fig. 3.9 left). The diffuse scattering development at high temperatures corresponds to
the emergence of short-range-ordered magnetic clusters as previously observed in various
magnetic spinels [196, 197, 198]. The right graph on the figure 3.9 displays the variations
of the integrated intensity of the magnetic diffuse halo and the (111) Bragg reflection,
as a function of the temperature. Diffuse scattering arises well above the temperature of
the long-range ordering, reaching its maximum intensity at 50 K. Below 50 K, the diffuse
scattering loses part of the intensity and below 40 K the intensity of (111) reflection
increases significantly, pointing out the development of the long-range magnetic ordering.
Remarkably, at the lowest temperature of 1.7 K the intensity of the diffuse scattering is
not reduced to zero.
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Figure 3.9: Disordered CosTeOg. Evolutions as a function of the temperature of; - left, a set of
NPD diagrams; -right, integrated intensities of the diffuse scattering and the Bragg peak (111).
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Since Neutron Powder Diffraction (NPD) exhibits no additional Bragg reflections be-
low Ty =40 K, but only the increase of some nuclear peaks intensity, the magnetic unit
cell matches with the nuclear one and the propagation vector of the magnetic structure
is therefore k =0. A list of ten (four cubic, four tetragonal and two orthorhombic) max-
imal magnetic symmetries for the given k-vector and the parent Fd3ml’ paramagnetic
space group was determined with the MAXMAGN program of the Bilbao Crystallographic
server [199]. Rietveld refinement revealed that only one magnetic space group, tetrago-
nal 14y /am/d" (#144.557), provides a model that fits NPD patterns with an acceptable
agreement (Fig. 3.10).
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Figure 3.10: Results of the Rietveld refinements of the magnetic structure of disordered CosTeOg
polymorph.

The magnetic structure of the disordered CosTeOg at T = 1.7 K was found to be
collinear ferrimagnetic with magnitudes of magnetic moments for Co?" cations at tetra-
hedral and octahedral sites of o1 = 2.39(7)up and peee = —1.96(6)up respectively at
T = 1.7 K. Magnetic structure and the evolution of magnetic moments as the function
of the temperature are presented in the figure 3.11, parameters of the magnetic structure
are given in the table A.10 in the appendix A. Reduced value of magnetic moments (Spin-
only magnetic moment p = 3.88up for Co®" at a high-spin state) at both sites together
with the presence of the magnetic diffuse scattering at low-temperature indicate that the
magnetic subsystem is not perfectly ordered even at low temperatures. Explanations of
such behaviour might be as follows: the random distribution of non-magnetic Te®™ cations
on B-sites breaks the regularity in Jap and Jgp exchange pathways, which, in turn, pre-
vents the system from complete ordering. Short-range-ordered clusters, responsible for the
magnetic diffuse scattering, however, should have magnetic correlations resembling those
of the ferrimagnetic structure of the long-range ordered state, since the diffuse magnetic
halo is centered around the (111) Bragg peak.
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Figure 3.11: The magnetic structure at T = 1.7 K (left) and the evolution of the magnitude of
magnetic moments as the function of the temperature of the disordered CosTeOg polymorph.

3.3.2 Ordered Co5TeOg

While the magnetic behaviour of the disordered polymorph stays relatively simple, the
behaviour of the ordered CosTeOy is rather complex. The evolution of NPD patterns with
the temperature is illustrated in the figure 3.12 (left). As observed for the disordered poly-
morph, the diffuse magnetic scattering is centered around the fundamental (111) Bragg
peak, it emerges below 200 K and its intensity increases until 50 K. Again, this feature
points out an appearance of short-range magnetic correlations. At Top = 45 K satellite
reflections appears on NPD patterns. The sharper ones are located on either side of fun-
damental reflections with (hhh) and (hh0) indices. These satellite reflections are indexed
with a propagation vector k; = (0,0, d) with 6 = 0.126 at Tr;. Therefore the long-range
magnetic ordering that sets in, corresponds to an incommensurate magnetic structure.
Between 45 K and 30 K a considerable decrease of magnetic diffuse scattering intensity
is counterbalanced with the increase of the satellites intensities. The k, component of
the propagation vector also decreases to 6 = 0.086. Thus, in this temperature interval,
the increase of the incommensurate modulation period follows the extension of long-range
magnetically ordered domains.

At Teo = 27 K some substantial changes on NPD patterns take place. Magnetic
satellites abruptly drift away from fundamental reflections, acquiring the position corre-
sponding to the k, =~ 0.14 that remain stable down to 1.7 K (Fig. 3.12 right). A change
of the value of propagation vector occurs simultaneously with the enhancement of the
intensity of the main (111) reflection and the decrease of the intensity of the satellite
reflections. This behaviour looks like the case of CoCryO, spinel, implying that below
Teo two magnetic components, an incommensurate modulated and ferrimagnetic one, de-
scribed with kg = 0, coexist. Furthermore, below T9 no diffuse scattering is observed
anymore, meaning that long-range magnetic domains are completely ordered.

Incommensurate magnetic structure of the ordered CoszTeOg was solved, using the
NPD pattern collected at 30 K, as satellite reflections are most pronounced at these tem-
peratures. On the first step, integrated intensities of magnetic peaks were retrieved using
profile matching fit (Jbt = 2 option in FullProf). Next step was to deduce possible sym-
metry constraints. For that a simulated annealing search was done for a triclinic P1 unit
cell with 20 Co*" atoms (8 at tetrahedral and 12 at octahedral sites) respecting cell trans-
lation. Intensities of magnetic reflections were calculated, considering conical magnetic
structure in real space (Jbt = 5 option in FullProf). In this routine each Co** cation
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Figure 3.12: Evolution as a function of the temperature of the low-angle part of the NPD
patterns (left) and k, component of the propagation vector (right) of the ordered CosTeOg
polymorph. In the temperature region between 71 and T2 only incommensurate k;
contribution is present on NPD patterns, whereas below T2, the magnetic structure is described
with a sum of incommensurate k; and commensurate ko components.

was assigned with three parameters, describing magnetic moments: M - magnitude of
the magnetic moment in Bohr magnetons, @. - half of a cone angle in degrees, and P -
magnetic phase in fractions of 2r. At first, all parameters of each Co?" cation were set
free, however several independent simulated annealing runs revealed that atoms within
the same oxygen environment tend to adopt close values of M, &, and P parameters. So
Co*" cations sharing same positions in P4332 structure were restrained to have the same
M, &, and P. Simulated annealing search and a subsequent Rietveld refinement using
this model provided good agreement with the results of powder diffraction, giving final
parameters jico = 2.49(5) g, P = 62.33°(1.96°), Poo1 = 0 for Coy and picee = 3.05(4),
P92 = 124.51°(1.47°), Pogy = 0.57(1) for Co, (the phase of Co, was fixed to zero to to
take an origin of the arbitrary global phase that is lost a diffraction experiment). This
results in ferrimagnetic spiral spin structure with magnetic moments of Co; and Coq (COZJr
cations at A- and B-sites respectively) coupled antiferromagnetically along c-axis.
Possible magnetic space groups were sought using ISODISTORT tool [200, 201]. The
notations for the irreducible representations and the number of superspace groups used be-
low are adopted from ISODISTORT. Since there are two magnetic contributions to NPD
patterns, a commensurate ko, providing strong enhancement of the fundamental (111)
reflection at low temperatures and an incommensurate modulation, giving rise to satellite
reflections with the propagation vector k; = (0,0, d), the combination of these two vectors
was used to build a magnetic superspace groups. Together k; and kg provide a super-
position of the corresponding magnetic irreducible representations, that, in turn provided
72 possible magnetic superspace group models. All these models obtained with ISODIS-
TORT were then tested with simulated annealing search using the superspace formalism in
spherical coordinates implemented in FullProf (jbt = -7). The best agreement factors were
found for the P43(00v)0 (#78.1.19.1.m19.1) magnetic superspace group, which is given
independently by three combinations of magnetic irreducible representations: mil}+mAs,
mly + mAs, mly + mAs. The Rietveld refinement using the obtained model revealed
that magnetic structure of the ordered CosTeOg is described with P45(00v)0 magnetic
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Figure 3.13: Results of Rietveld refinement of CosTeOg NPD patterns with P43(007)0
(#78.1.19.1.m19.1) magnetic superspace group: top) 30 K, bottom) 1.7 K . Red dots -
experimental data, black line - calculated intensity, blue line - difference between the experimental
data and the calculated intensity, vertical green ticks represent position of Bragg reflections.

superspace group in both high (Tc1 < T < Te) and low (Tee < T < 1.7K) temperature
regions (Fig. 3.13).

Symmetry reduction from the original paramagnetic P43321" cubic space group to
tetragonal P43(00+)0 implies position splitting. Both Co*" positions, A-site 8¢ and B-
site 12d are split in two and three 4a positions respectively. No symmetry constraints are
imposed on magnitudes and orientation of modulation functions of any Co?* site within the
obtained P43(00v)0 superspace group and the total number of free parameters describing
magnetic structure within this model is 45 (three parameters to describe the direction of
a magnetic moment in polar coordinates and six parameters describing magnetic moment
modulation, all together (3 4+ 6) x 5 = 45). At this moment, to reduce the number of
refined parameters, symmetry constraints deduced from simulated annealing in P1 space
group mentioned above were applied: magnetic moments of Co with the same oxygen
environment were forced to have the same parameters; A- and B- site spins were set to
have antiparallel directions along crystallographic c-axis.

The magnetic structure itself is represented by the conical spin arrangement with
Co*" magnetic moments at tetrahedral and octahedral sites coupled antiferromagnetically
along the crystallographic c-axis on the entire temperature range where the long-range
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Figure 3.14: Magnetic structure of the ordered CosTeOg polymorph at 30 K.

ordering exists (Fig. 3.14). Remarkably, the same magnetic superspace group describes the
magnetic structure of the ordered CosTeOg polymorph in both high temperature (T¢1 <
T < Tc2) and low temperature (Tce < T < 1.7K) regions, so the second phase transition
indicates a spin reorientation represented by an abrupt change in the magnetic moments
cone angles. Magnetic moments of A- and B- site spins also reach saturation below 1o
with peer = 2.68(7)up and peoe = 3.36(7)up at 1.7 K (Fig. 3.15). Large non-zero values
of magnetic moments at both tetrahedral and octahedral sites at T indicate that above
45 K the system is not purely paramagnetic but contains short-range ordered domains.
Eventually, one can think about the magnetic structure of the ordered polymorph as the
ferrimagnet with a modulated distortion perpendicular to the c-axis. An incommensurate
spin modulation is obviously originated from the cationic arrangement, however at 7o
the periodicity of the modulation decreases together with the tilt of the spins from the c
-axis, so the low-temperature phase is less distorted. The latter means that even though
the magnetic structure is incommensurate ferrimagnetic at the temperatures below T 1
down to 1.7 K, the spin configuration of the low temperature phase is closer to be a
conventional ferrimagnet in comparison to the high temperature one. Parameters of the
ordered CozTeOg polymorph magnetic structure at 30 K and 1.7 K are given in the table
A.11 in the appendix A. Section A.2 in the appendix contains .mcif files for disordered
CosTeOg at T = 1.7 K and ordered CosTeOg at T = 1.7 K and 30 K.
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Figure 3.15: Temperature variation of the magnetic moment (left) and the cone angle (right) of
the ordered CosTeOg polymorph.

3.4 A-site magnetic dilution

This paragraph discusses the evolution of magnetism in the ordered CosTeOg polymorph
upon increase of Zn?" in the system. For readers’ convenience, it’s better to remind that
Cos_Zn,TeOg notation that will be used frequently down below may be rewritten in the
common spinel notation as (Coy_y/oZny/5)[Coy 5Teg 5|04, which explicitly shows that the
magnetic dilution takes place exclusively at the tetrahedral position.

Influence of the A-site magnetic dilution were first studied by SQUID magnetometry
technique. Temperature evolution of the magnetic susceptibility (Fig. 3.16) revealed that
upon increase of the Zn?* content in Cox_Zn, TeOg, the system exhibits a decrease of the
magnetic response together with a shift of the x(7") maxima towards lower temperatures.
However, even large magnetic dilution in case of x = 1, where the half of the 8c site is
occupied with the non-magnetic cation, does not eliminate magnetic signal entirely.

0.025 —

0.020

T

o

o

—

o
T

0.010

1, emu/g/Oe

0.005

0.000

0 10 20 30 40 50 60 70
T, K

Figure 3.16: Temperature evolution of magnetic susceptibility of the Cos_,Zn,TeOg family. For
each = value a top curve represents a FC scan, a bottom curve is a ZFC scan.

Some important insights on the evolution of magnetism in Cos_,Zn,TeOg series are
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evidenced from magnetization measurements (Fig. 3.17 left). All diluted compounds
shows almost zero coercivity, which relates them to the parent system, however increasing
of the magneto-diluting agent leads to noticeable alterations in M (B) curves. Low values of
Zn?**, up to z = 0.38, just increase the saturated magnetization, the shape of magnetization
loops is preserved. At x = 0.56 the magnetization curve gains a tilt, that increases at z =
0.76. At the same time magnetization of Cos_,Zn, TeOg compounds with = < 0.56 doesn’t
reach saturation at B = 5 T reaching M ~ 4 up/f.u. At x = 1.01 the M (B) curve adopts
a Brillouin function-like shape, pointing out that heavy A—site magnetic dilution drives
system towards a paramagnetic behavior. At the same time, for z > 0.38 coercivity was
found to be almost zero, thus magnetic dilution decreases the average size of magnetic
domains in the system.

Figure 3.17: Left: Magnetization loops of studied compounds with various Zn** content
measured at T = 4 K; Right: Variation of magnetization at B = 5 T and remanent
magnetization of Coy Zn,TeOg family.

NPD patterns of Cos ,Zn,TeOg family confirms the corresponding behaviour (Fig.
3.18). First, it has to be said that as well as the parent compound, CosTeOg, samples
diluted with Zn?" exhibits distinct emergence of a magnetic diffuse scattering centered
around (111) reflection at relatively high temperatures. On cooling all studied samples
except the one with x = 1.01, undergo an incommensurate long-range ordering transition
with propagation vector k = (0,0,). For Cos g9Zn; g;TeOg only the diffuse scattering is
observed down to 1.7 K indicating that system is diluted enough to possess only a short-
range ordering. Small Zn?T content, 2 = 0.04 in particular, does not have any substantial
effect on the behaviour of the neutron diffraction patterns and the temperature evolution of
the propagation vector of Coy ggZng g4 TeOg coincides with the one of the parent compound.
However, for larger values of x some notable changes were observed. Increasing the amount
of Zn?" in the system diminishes both the temperature of the magnetic diffuse scattering
emergence and the long-range ordering transition temperature. Together with a lower T¢
NPD patterns reveal a significant satellite reflections broadening for larger z, indicating
that the magnetic dilution reduces the average domain size of the modulated magnetic
phase. At x = 0.21 the second magnetic phase transition present in Cos_.Zn,TeOg with
x = 0,0.04 is entirely eliminated and, instead of a sharp increase, the propagation vector
of Coy 79Zng 21 TeOg continues decreasing and stabilizes below 15 K. Propagation vectors
of compounds with x = 0.38 and 0.58 follow the same trend. Remarkably, for z = 0.21
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and 0.38 the magnitude of the propagation vector at T = 1.7 K is considerably lower than
the one of the non-diluted compound, k, = 0.065 and 0.091 for Co, 79Zng+;TeOg and
Coy gaZng 35TeOg respectively against 0.134 in case of CozZnTeOg, thus, the intermediate
dilution favours raise of the Zn*" content only increases the magnitude of k..
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Figure 3.18: NPD patterns at T = 1.7 K (left) and the temperature evolution of the k,
component of the propagation vector (right) of the Cos_,Zn,TeOg family (0 < z < 1.01).

The magnetic structure of the Cos_,Zn, TeOg family is described with the same P43(007)
(#78.1.19.1.m19.1) superspace group on the entire x range where the long-range ordering
is observed. For the magnetic structure refinement the same assumptions discussed in the
paragraph 3.3 were exploited, so the evolution of long-range spin correlations with the Zn*
content in the system can be described in terms of four parameters: magnetic moments
and cone angles of Co*" cations at A- and B-sites (Fig. 3.19). Regardless to the identical
behaviour of propagation vectors, the magnetic moment magnitudes of Coy ggZng g4TeOg
are significantly lower than those shown by the parent compound. Further increase of
x diminishes both (uco1) and (uce2) leading them to be around 1.5up at both sites for
z < 0.38. As for the cone angles, the A-site dilution affects mainly Co®" spins occupying
B-sites. While ¢¢,1 remains stable, ¢c,e is increasing from approximately ten degrees
for low Zn%" concentration corresponding to almost antiparallel orientation of Co; and
Co, spins, to values close to 90° for x = 0.58 and 0.76, implying B-site magnetic moments
rotating almost within the crystallographic a —b plane. Thus, the A-site magnetic dilution
leads to a weakening of the antiferromagnetic coupling along the c-axis. The results of
NPD experiments for Cos_Zn, TeOg family are presented in the appendix (Tables A.12 -
A.16).

The magnetic phase diagram of the Cos_.7Zn, TeOg family with 0 < z < 1.01 is illus-
trated in the figure 3.20. From the NPD data it follows that there is a narrow region of
Zn" concentration where the phase transition taking place at To is preserved, so the
almost-collinear modulated phase in the system requires a high level of regularity of the
cationic arrangement.
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Figure 3.19: Variation of magnetic moments (left) and cone angles (right) at A- and B-sites of
the modulated spin structure of the Cos_,Zn,TeOg family at T = 1.7 K
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Figure 3.20: Magnetic phase diagram of the Cos_,Zn,TeOg family.

3.5 SANS studies and field dependent behaviour

For the further analysis of the magnetic ordering in Cos ,Zn,TeOg family, Small-Angle
Neutron Scattering (SANS) experiments were carried out for the ordered polymorph of
CosTeOg and Co,Zn;TeOg with the use of D33 small angle diffractometer. This technique
may shed light on the nature of the magnetic phase transition at T¢o in the ordered
polymorph and also allows one to study a magnetic-field induced behaviour of the system.
Both polycrystalline samples were sintered as pellets by Spark Plasma Sintering (SPS).
All measurements were performed with the acquisition time of five minutes.

3.5.1 Zero field Co;TeOg SANS

Let us first consider the zero-field SANS of the ordered CosTeOg compound. Above T
SANS patterns show smooth featureless signal, however as soon as the temperature goes
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Figure 3.21: The comparison of SANS pattern for the ordered CosTeOg at 50 K and 40 K.

down to T¢1 a homogeneous ring corresponding to (006) Bragg peak of the ferrimagnetic
spiral structure is observed (Fig. 3.21).

To obtain characteristic features, SANS patterns were treated via the GRASP program
[202]: the integration was done over the entire detector area excluding the area covered
by the beamstop and, then obtained 2D plots were refined with the use of the following
expression:

m 2 /In2\ Y2 4ln?2
Y = Y, = (== 20 — Q)2 1
0+Q_n+ HG(?T) exp( H(2;(Q Q)>7 (3)

where the first term describes the background intensity; the second term describes the
low-Q part of SANS patterns, here m is the multiplier and n defines the slope of the
SANS curve; and the third term is a Gaussian function where H¢ is its full width on half
maximum and . is the peak centre position. The typical notation for the diffraction
peak position in SANS measurements is the Q-vector, below it will be used to describe
features of SANS patterns corresponding to ferrimagnetic spiral ordering of the ordered
CosTeOg. In principle, absolute values of k-vector and Q-vector should be equal, however
the Q-vector has dimensions of A~! while the k-vector is dimensionless. Temperature
evolution of the Q-vector of the observed magnetic reflection follows the same trend as
the k, component of the propagation vector observed in NPD. Appearing at 45 K with
|Q| = 0.091A~! | the ring first moves towards the direct beam reaching |Q| = 0.065A~1,
and then spreads out to reach a stable magnitude of |Q| =~ 0.11A71 below T (Fig.
3.22). However, the magnitude of the Q-vector observed in SANS experiment is lower
than the one observed in the wide-angle diffraction by &~ 20%. This may be due to general
drawbacks of SANS technique such as a low resolution as well as the diffraction peak shift
at low angles. It should be also mentioned that one diffraction peak is not enough for a
precise wave vector determination.

To retrieve SANS intensity as a function of the momentum transfer SANS patterns
were averaged over a radial sector of 360° with the radius equal to the half of the 2D
detector dimensions excluding the area close to the primary beam. Left graph in the
figure 3.23 illustrates the temperature evolution of the SANS intensity for the ordered
polymorph in log-log scale. An important characteristic of any SANS pattern is the slope
of its low-Q part defined by the second term in the equation 3.1, which is defined by the
morphology of the sample. If the intensity of small-angle scattering is proportional to
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Figure 3.22: The temperature evolution of the (000) diffraction peak position of the ordered
CosTeOg polymorph.

Q 4, a system exhibits so-called Porod behaviour [203]: typical scattering picture caused
by inhomogeneous systems as a result of scattering on interfaces and, in case of magnetic
systems, represents the scattering on domain walls [204]. As the right graph in the figure
3.23 shows, on cooling, n is decreasing from n ~ 3.59 at T = 95 Kton ~ 3.55 at T =
46 K. Below T1 n(T) undergoes a rapid increase, reaching n ~ 3.78 at T = 5 K. Thus,
below the temperature of the long-range ordering the ordered CozTeOg starts developing a
domain structure that is well-defined at low temperatures, however the difference from the

ideal Porod behaviour indicates the presence of a slight degree of the magnetic disorder
in the system.
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Figure 3.23: Temperature evolution of the SANS intensity (left) and n from the equation 3.1 for
the ordered CosTeOg.

Magnetic SANS is typically Q-selective as different contributions manifest themselves
at different Q-range [205]. In case of magnetic scattering, the intensity varies with the
order parameter and, in fact, is proportional to the square of magnetization M?2. Since
the magnetic form factor decreases significantly with Q, the low-Q part of SANS patterns
contains information on static magnetic correlations. Left part of the figure 3.24 illustrates
an increase of the scattering signal below T as the long-range magnetic ordering sets
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in. The intensity at |Q| = 0.027A~! grows gradually and reaches its saturation at low
temperatures without any remarkable feature at T = 27K. High-Q part, in turn,
contains contributions due to dynamical correlations. In the case of the ordered CoyTeOy,
the temperature dependence of the high-Q part of SANS signal demonstrates a critical
scattering behaviour associated with the second-order paramagnetic to long-range order
transition. The additional scattering intensity at T' > Tz arises with spin correlations
and reaches its maximum at the transition temperature. For T° < T the intensity at
Q| = 0.125A71 is due to quasielastic scattering from spin waves. Such a behaviour is
similar to that present in the pyrochlore compound T1,Mn,O; described in [206].
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Figure 3.24: Temperature evolution of the low-Q (|Q| = 0.027A~') and high-Q (|Q| = 0.125A~1)
SANS intensity of the ordered CosTeOy.

3.5.2 In-field CozTeOg SANS

To study the evolution of magnetic scattering density the ordered CozTeOg under an ap-
plied magnetic field, three temperatures, covering different areas of interest, were selected
according to the magnetic phase diagram obtained by magnetic susceptibility (Fig. 3.8
right) and the low temperature NPD (Fig. 3.20, x = 0). The first is 20 K, where the
low-temperature ferrimagnetic spiral spin structure (spiral 2) undergoes no field-induced
magnetic phase transition, the second is 32 K, as the field induces a phase transition from
spiral 2 to spiral 1 phase. And the last, but not least, is 36 K; when the applied magnetic
field suppresses the long-range spiral 1 ordering in favour of a paramagnetic state. The
applied magnetic field direction was set to be perpendicular to the neutron beam along
the g, direction as shown on a figure 3.28.

Let us first consider the in-field SANS at 20 K. A set of SANS patterns of the system
under an applied magnetic field up to 1 T with the step of 0.2 T was collected. As soon
as the magnetic field is applied, the scattering pattern is no more homogeneous and the
(000) reflection splits into two distinct arc-like peaks on both sides of the direct beam
along the @,-direction of the detector. On increase of the magnetic field, these features
shrink along the @,-direction and at B = 1 T almost merge into spots (Fig. 3.25).

Q-vector corresponding to the (006) Bragg peak is stable with magnitude |Q| =~
0.105A~! on the entire field range and changes slightly to |Q| ~ 0.106A~! at B = 1 T,
indicating almost no field effect on the periodicity of the spin modulation for the studied
magnetic field range (Fig. 3.26 left).

Considering Ry = 0 A~! the centre of the direct beam, one can define a circle of
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Figure 3.25: Evolution of SANS patterns for the ordered CosTeOg polymorph under applied
magnetic field (B || ¢;) at T = 20 K.
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Figure 3.26: Evolution of the Q-vector, describing (000) Bragg peak position for the CosTeOg
polymorph under applied magnetic field (B || ¢.) at 20 K.

the radius R = 0.066 A~1 as the area of the detector containing mainly the direct
beam signal and for all R > Ry where R = 0.14 A~ the intensity is given by
the background scattering. To follow the evolution of diffraction peaks intensity a circle
area between R, and R,., was selected (Fig. 3.27 left). To exclude the non-magnetic
contribution, data collected at 155 K was subtracted from each SANS pattern. The
scattering intensity within the circle area defined by Rpin > R > Ry first increases
abruptly from zero field to B = 0.2 T and then decreases gradually reaching its lowest
value at B =1 T (Fig. 3.27 right).

Such a behaviour can be described as follows. With no field applied each magnetic
domain of the polycrystalline sample, oriented randomly with respect to each other, par-
ticipates in scattering resulting in homogeneous SANS pattern with the Bragg peak in a
form of Debye-Scherrer ring. As soon as the magnetic field is applied, only those magnetic
domains for which the k || B contribute to the scattering pattern. Neutron scattering
with H perpendicular to the neutron beam on single crystal with a conical spin arrange-
ment will produce a SANS pattern with two Bragg peaks in the @), direction on either
sides of the direct beam [172] as illustrated on the figure 3.28. But in a polycrystalline
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Figure 3.27: Left: SANS pattern for the ordered CosTeOg polymorph collected at 20 K and H =
0.2 T || ¢». Small and large rings represent R,,;, and R, respectively. Right: the evolution of
detector counts in the area of interest (Rpin > R > Rpmaz) as the function of the applied
magnetic field (B || ¢;) at 20 K.
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Figure 3.28: Schematic representation of a small-angle neutron diffraction pattern produced by a
conical spin arrangement in the geometry where neutron beam is perpendicular to the applied
magnetic field B

conical magnet, some domains that are slightly misoriented with respect to the applied
magnetic field are still involved in scattering events. So the Bragg peaks are smeared into
arc-like features illustrated in figure 3.25. The increase of the scattering intensity at B =
0.2 T indicates that in some domains the propagation vector of the ferrimagnetic spiral
modulation rotates to fulfill the k || B condition (Fig. 3.27 right). The subsequent loss of
the intensity in the area of interest corresponds to a decrease of the number of domains
involved in the scattering process as the field increases. Thus, the applied magnetic field
suppresses the ferrimagnetic spiral in favour of a field-induced ferromagnetic state.

Field scans at 32 K show rather complex behaviour (Fig. 3.29). Starting with the (000)
Bragg peak with |Q;| = 0.07A=1 at H = 0.01 T, the Q-vector increases gradually up to
Q| = 0.072A-! at at H = 0.05 T with the scattering preserving the same homogeneous
SANS patterns. However, as the magnitude of the applied magnetic field reaches Bop =
0.06 T two arc-shaped peaks with |Qq| ~ 0.097A~1 appear on left and right sides with
respect to the direct beam while Q; ring is still partially observed. This coexisting state

76



CHAPTER 3. ORDERED AND DISORDERED COBALT-BASED
SPINEL

B=001T B=0.08T

Intensity, arb. units Intensity, arb. units

0.1000

0.01000
015 010 -005 000 005 010 045 -015 010 -005 000 005 010 015

Qx. A‘1 Qx, A_1

Intensity, arb. units Intensity, arb. units
o

-015 010 005 000 005 010 015

Qx. A‘1 Qx, Ad

B=0.1T B=3T

Figure 3.29: Evolution of SANS patterns for the ordered CosTeOg polymorph under applied

magnetic field (B || ¢;) at T = 32 K.

remains up to Boe = 0.09 T at which the Q, feature is suppressed entirely. Above Bco
only arc-shaped Q, Bragg peaks are preserved with the Q-vector |Qy| ~ 0.1A~! up to
1 T. With the further increase of H the magnitude of the Q, grow finally reaching the
value of ~ 0.124A~1 at B = 7 T. However, at high applied fields the intensity of the Q.
peak drops significantly almost to 0. Figure 3.30 illustrates field evolution of Q-vectors

and integrated intensity of diffraction peaks at 32 K for ()1 and Q)2 phases.
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Figure 3.30: Evolution of Q-vectors (left) and integrated intensity of diffraction peaks of @; and
Q)2 phases of the ordered CosTeOg polymorph under applied magnetic field (B || ¢,) at T = 32 K.
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To unveil domain behaviour under the applied magnetic field, detector counts were
integrated within the circle with Ry, = 0.054 A and Ryq. = 0.13 A (Fig. 3.31). Below
B the ordered polymorph of CoszTeOyg is in a single domain state that is stable at low
fields. Up to 0.03 T both the integrated intensity of the ()1 diffraction peak and detector
counts for R, > R > Riner changes insignificantly. At Boq = 0.06 T the system enters a
field-induced multidomain state which represent itself with two separate sets of diffraction
peaks on SANS patterns. Critical field Boy drives a part of magnetic domains, co-aligned
with the direction of the applied magnetic field, to undergo a magnetic phase transition
characterized with a sharp decrease of the spin modulation periodicity. At the same time
the part of magnetic domains, close enough to provide diffraction but misaligned with
respect to the field direction, stays at the Q1 state, as it requires a larger magnetic field to
induce the transition in this fraction of domains. Finally at Bgo = 0.09 T the low-Q @1
feature merges into the Qo feature, thus the system enters a field-induced single-domain
state. Remarkably, the intensity evolution under applied magnetic field within the ring
area Rpin > R > Rpe. shows a peak at Beog, indicating a rotation of propagation vector
in some domains. At fields B > 1T the system shows a rapid decrease of the scattering
intensity, representing the increase of the sample fraction in the field-induced ferromagnetic
state. And finally at B > 7 T there is no scattering intensity observed at the Q positions
of Bragg reflections, thus the system enters a fully field-polarized ferromagnetic state.
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Figure 3.31: Left: SANS pattern for the ordered CosTeOg polymorph collected at 32 K and B =
0.08 T. Small and large rings represent R,,;, and R, respectively. Right: the evolution of
detector counts in the area of interest (R > R > Rinaz) as the function of the applied
magnetic field (B || ¢;) at 32 K.

The behaviour of the ordered CogTeOg polymorph under applied magnetic field at 36
K resembles that exhibited by the system at 20 K (Fig. 3.32). Already at B = 0.024 T
powder-averaged ring of (008) reflection splits in two arc-shaped peaks. At B = 0.2 T
they are distinct and well-shaped, and upon further increase of the applied magnetic field
they loose their intensity. The diffraction peaks are suppressed entirely above Bo = 5 T.

Increasing B, the Q-vector magnitude, describing the position of the (004) diffraction
peaks, first remains stable with a magnitude of |Q| ~ 0.081A~! up to B = 0.032 T and
then grows rapidly with further increase of the applied field, reaching its highest magnitude
of |Q| ~ 0.199A~" at 5 T (Fig. 3.33).

SANS patterns of the ordered CosTeOg polymorph under applied magnetic field at 36
K were also integrated within the same circle area as those of 32 K: R,,,;, = 0.054 A1 and
Ryuw = 0.13 A1 (Fig. 3.34). Detector counts within the selected area show a gradual
enhancement on increasing field, reaching its highest magnitude at B = 0.136 T. This again
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Figure 3.32: Evolution of SANS patterns for the ordered CosTeOg polymorph under applied
magnetic field (B || ¢;) at T = 36 K.
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Figure 3.33: Evolution of the Q-vector, describing the position of the (00§) Bragg peak for the
Co5TeOg polymorph under applied magnetic field (B || ¢.) at 36 K.

represents the rotation of the propagation vector in some domains that were not involved
in scattering events at the zero field. At the high field region (B > 1 T) the intensity
of the integrated area decreases rapidly as the applied field polarises spins, bringing the
system into a field-induced ferromagnetic state above B = 5 T.
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Figure 3.34: Left: SANS pattern for the ordered CosTeOg polymorph collected at 32 K and H =
0.2 T. Small and large rings represent R, and R, respectively. Right: the evolution of
detector counts in the area of interest (Rpin > R > Rpmaz) as the function of the applied
magnetic field (B || ¢;) at 36 K.

3.5.3 Zero field Co,Zn;TeOg SANS

As discussed in the paragraph 3.4, Co,Zn;TeOg doesn’t possess any long-range order down
to T = 1.7 K and small angle neutron scattering data lies in agreement with NPD mea-
surements. No Bragg peak is observed at 2 K for Co,sZn;TeOg. Instead the corresponding
SANS pattern, illustrated in the figure 3.35 (left), exhibits a homogeneous scattering, that
looses intensity rapidly with increase of momentum transfer. SANS curves of Co,Zn; TeOg,
obtained with the same averaging procedure as those of CosTeQOyg, reveal a slight intensity
enhancement at |Q| ~ 0.12 A with decreasing temperature. This behaviour is caused by
the formation of short-range spin correlations (Fig. 3.35 right).
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Figure 3.35: SANS pattern collected at 2 K (left) and temperature evolution of SANS curves
(right) for Co,Zn;TeOg

As for the ordered CozTeQOg, the scattering intensity at the high-@Q) region of SANS
patterns of the highly-diluted Co,Zn;TeOg increases on cooling. But in comparison to the
parent compound, the temperature evolution of the I(Q) curve (Q = 0.152 A) doesn’t
have a peak, instead it increases its magnitude down to lowest measured temperatures,
reaching a plateau at T = 6 K (Fig. 3.36). This illustrates an increase in contribution of
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dynamic spin-correlations to the scattering, which, in turn, indicates the tendency of the
system to acquire a long-range ordering. However, large amount of Zn?t, disrupting Jap
and Jpp exchange pathways, prevents Co,Zn;TeOg from ordering.
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Figure 3.36: Temperature evolution of the high-Q (|Q| = 0.152 A~1) SANS intensity for
Co47Zn;TeOg.

3.5.4 In-field CosZn;TeOg SANS

To study the response of Co,Zn;TeOg to the applied magnetic field, SANS patterns at 2,
10 and 20 K were collected with B =1, 4 and 7 T (B L beam). For each temperature, the
system doesn’t show any field-induced magnetic phase transition, moreover the magnetic
diffuse scattering observed around |Q| =~ 0.12 A is getting suppressed on increase of H (Fig.
3.37). One can assume that the in-field behaviour of Co,Zn;TeOg resembles the parent
compound: with an increase of the applied magnetic field, Co*" magnetic moments co-
align with the field, so the system becomes a field-polarized ferromagnet.
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Figure 3.37: Variation of SANS patterns of Co,Zn;TeOg under applied magnetic field collected
(B ] ¢.) at 2 K, 10 K and 20 K.

81



CHAPTER 3. ORDERED AND DISORDERED COBALT-BASED
SPINEL

3.6 Short range ordering

3.6.1 Short range ordering in CozTeOg

As shown by NPD and SANS experiments and summarized in the phase diagram (Fig.
3.20), the Cos_Zn,TeOg spinel family shows the presence of short-range ordering (SRO)
in a wide range of temperatures for 0 < x < 1.01. Noticeable diffuse magnetic scattering
indicates the tendency of the system to form spin correlations far above long-range order
transition temperatures. Since XYZ polarization analysis is capable of distinguishing a
purely magnetic scattering and reverse Monte Carlo modeling suits well as a mathematical
tool to describe disordered materials, a combination of these two techniques becomes an
ideal approach to study SRO in Cos_,Zn, TeOg and shed light on mechanisms of ferrimag-
netic spiral long-range ordering formation. For that two samples with x = 0 and x = 1.01
were studied on the D7 diffuse scattering spectrometer.
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Figure 3.38: Scattering contributions discriminated with XYZ neutron polarization analysis for
the ordered CosTeOg at T = 50 K

First, let us consider the behaviour of non-diluted CozTeOg. Neutron XYZ polarization
analysis for this compound was carried out in a range of temperatures between 50 K and
260 K. In a typical XYZ polarization analysis experiment six cross sections are measured:
spin-flip (SF) and non-spin-flip (NSF) channels for primary beam polarization along x, y
and z directions in the laboratory coordinate system. To improve statistics, for all con-
ducted experiments NFS:SF ratio was set to be 1:4. Then using the approach described in
section 2.2.2.7, one can distinguish nuclear spin incoherent, nuclear coherent and magnetic
contributions from total scattering. Figure 3.38 illustrates a typical dataset, collected dur-
ing a measurement at a single temperature. A slight intensity drop of a nuclear scattering
at Q ~ 3A~1 present for all scattering patterns is due to data correction: quartz crystal,
used for the normalization, produced a strong Bragg peak around that Q position. So
the reduction algorithm implemented at D7 overestimates this region. However in case of
magnetic scattering this may be neglected.

The temperature evolution of the diffuse magnetic scattering of the ordered CoxTeOg
demonstrates a couple of important characteristics (Fig. 3.39 left). First, for tempera-
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Figure 3.39: Left) Temperature evolution of the diffuse magnetic scattering obtained with XYZ
neutron polarization analysis of the ordered CosTeOyg; right) Comparison of the diffuse magnetic
scattering pattern at T = 260 K and the magnetic form factor f(Q) of Co*" jon.

tures close to T, the diffuse magnetic scattering patterns shows the presence of distinct
features, centered at around 1.25A and 2.07A corresponding to Bragg positions of (111)
and (220) nuclear reflections, which have the strongest satellite reflections in the ordered
phase. With the temperature rise these features undergo a significant intensity decrease
together with an increase of width, which, in turn, indicates shortening of SRO domains.
Second, in the case of neutron scattering on a purely paramagnetic system, XYZ polar-
ization analysis will provide a magnetic scattering pattern that follows the shape of the
magnetic form factor of the cation involved in scattering. Figure 3.39 (right) shows the
magnetic diffuse scattering pattern at T = 260 K and the magnetic form factor f(Q) of
the Co?" ion is given by:

F(Q) =< jo(Q) > + -t < 0a(Q) >, (3.2)

(2S + L

where L is the orbital angular momentum operator, S is the spin operator, < jo(Q) >
and < j2(Q) > are integrals, representing the radial distribution of unpaired electrons.
An analytical approximation for the d electrons in 3d and 4d series is given by:

< jn(Q) >= Aexp(—aQ?) + Bexp(—bQ?) + C’exp(—cQQ) + D, (3.3)

where A, a, B, b, C and C are numerical coefficients listed in [207]. Nevertheless diffuse
magnetic scattering pattern obtained at T = 260 K follows the trend of f(Q) for Co*",
it still shows features at 1.25A and 2.07A. Thus the short-range spin correlations are
present in the ordered CosTeOg polymorph up to temperatures significantly higher then
the temperature of the long-range ordering.

For the RMC fit a cubic unit cell with a = 8.553A with P1 symmetry, containing 20
Co?* atoms corresponding to cationic arrangement of the ordered Co5TeOyg, described in
the table 3.1, was selected. A box with 7 x 7 x 7 dimensions, having in total 6860 spins was
used for the RMC fit in order to contain at least one modulation with the k = 0.126(1)
corresponding to the Top. RMC fit was performed for the @ region between Q = 0.21A
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Figure 3.40: Left: RMC fit of the diffuse magnetic scattering pattern of the ordered CosTeOg
polymorph at T = 50 K. Red dots - experimental data, black line - RMC fit, blue line - difference
curve. Right: Radial spin-spin correlation function calculated with the results of RMC fit for T =

50 K.

and Q = 3.80A. During the refinement a maximum of 3000 moves per spin was proposed.
In order to check the stability, for each temperature five independent refinements were
done and a radial spin-spin correlation function < S;S; > was calculated as an average
between the results of these independent runs. Figure 3.40 (left) shows an example of
RMC fit for T = 50 K. R-factors of each fit are listed in tables A.17 - A.19 in the appendix
A.

Table 3.3: The sign of a radial spin-spin correlation function at T = 50 K for the first ten pairs of
Cos' cations of CozTeOg

r, A < S;S; > sign Coy' pair

2.957(6) positive Coy — Cos
3.427(7) negative Co; — Coy
3.549(7) negative Co; — Coa
3.666(7) negative Co; — Cogy
3.684(8) positive Co; — Coy
3.707(5) positive Coy — Coy
5.158(4) positive Cogy — Coz
5.161(6) positive Coy — Coy
5.404(5) positive Coga — Coy
5.481(7) negative Co; — Coy

Co; = A—site (tetrahedral)
Coy = B—site (octahedral)

Radial spin-spin correlation may shed light on an average spin arrangement in param-
agnetic state. Each point on the z-axis represents a distance at which one can find a spin
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J remote from spin ¢, and a sign of < S;S; > indicates at a relative orientation of a given
spin pair: positive values indicate predominantly parallel correlation, negative - antiparal-
lel. At T = 50 K all spin pairs, corresponding to the positive magnitudes of < S;S; > are
of Co®" cations sharing the same oxygen environment (two octahedra or two tetrahedra)
whereas the negative values of < S;S; > are provided by Co®" spins of different sites:
octahedra and tetrahedra. Those spin correlations correspond to those observed in the
inverse spinels magnetic structures. (Fig. 3.40 right). The table 3.3 summarizes spin
orientations for 10 pairs of spins with the lowest distances between them. The r-distance
of 2.957 A between two Co, atoms is in accord with the Co-Co distance between two
[CoOg] octahedra; the r-distance of 3.666 A between two Co; atoms is also in agreement
with distances between two Co®T cations in tetrahedral environments. Thus, the anti-
ferromagnetic coupling between Co; and Co, spins, deduced from NPD is conserved in a
state slightly above T, lacking long range ordering.
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Figure 3.41: Temperature evolution of the radial spin-spin correlation function < S;S; > of the
ordered CosTeOg.

Temperature evolution of the < S;S; > function (Fig. 3.40) shows that relative spin
orientation is conserved at T = 60 K. First noticeable changes take place at T = 80
K: < S;S; > for r = 6.732(1)A and r = 6.862(2)A, corresponding to Co;-Co; pairs, is
changing sign from positive to negative; radial spin-spin correlation function for Co?*
pairs at larger r takes values close to zero, so thermal fluctuations are significant enough
to break correlations in the next nearest unit cells. The more the temperature increases
the more the short-range spin correlations are suppressed. However, even at T = 260 K

85



CHAPTER 3. ORDERED AND DISORDERED COBALT-BASED
SPINEL

within 7 < 3.707(5)A Co*" cations maintain correlations and the relative orientations of
their magnetic moments observed at lower temperatures.

For further analysis of the magnetic diffuse scattering of CozTeQOg, single crystal neu-
tron diffraction patterns were calculated with the using the SPINDIFF program dis-
tributed with SPINVERT. The calculation was performed for (hhl) reciprocal lattice plane
with h and [ indices in between -5 and 5; figure 3.45 shows calculated neutron scattering in-
tensity for all measured temperatures. First, at high temperatures, no distinct distribution
of the diffuse scattering is observed, all the intensity is distributed almost homogeneously
across the pattern. At T = 200 K, points arise from the magnetic diffuse scattering, that
correspond to the k and k satellite reflections, typical for incommensurate spiral struc-
tures, observed for the ordered CosTeOg by NPD. The most intense satellites form four-fold
patterns around (hhh) ((111) and (222)) and (hh0) ((220) and (440)) positions, which is
consistent with NPD observation for the ordered state. First Diffuse scattering surrounds
all those (hhh) and (hh0) satellite positions, indicating a lack of coherence in the magnetic
scattering. On further cooling all the magnetic diffuse scattering getting more and more
located on satellite positions and coincides with the decrease of background scattering
between reciprocal space points, corresponding to magnetic Bragg peak positions in the
ordered phase. Approaching T, the main features shrink into well-defined Bragg peaks
and eventually, at T = 60 K all the remaining neutron intensity is left at (111), (222)
and (440) peaks and their satellites. It has to be pointed out, taht there are two types of
short-range magnetic domains by which these four-fold patterns may be produced: k;1 =
(006) and k;2 = (666). While both are providing exactly the same scattering patterns, the
latter one is more likely to take place. First of all, the magnetic structure in the ordered
state is described with k; = (004), which naturally makes k;1 more probable. Second,
in the D7 experiment the raw data was obtained as the powder average of all possible
orientations of ordered CosTeOg crystallites, thus these four-folded patterns may arise as
the result of a combination of misoriented k;1 domains, that effectively provide patterns
similar to those of k;2. Finally, bringing together the results of RMC fit in the direct and
reciprocal space, one can conclude that the short-range ordering in the ordered CosTeOg
polymorph possess the same ferrimagnetic spiral nature as the spin arrangement in the
ordered phase.

—— 15K —— Co,TeO,
i — Co0,Zn,TeO; |
T=50K |

Intensity, arb. units
Intensity, arb. units

05 10 15 20 25 30 35 05 10 15 20 25 30 35
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Figure 3.42: Left) Temperature evolution of the diffuse magnetic scattering obtained with XYZ
neutron polarization analysis of the Cog g9Zn; g;TeOyg; right) Comparison of the diffuse magnetic
scattering patterns of the ordered CosTeOg and Cos g9Zn; g TeOg at T = 50 K.
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3.6.2 Short range ordering in Co;.99Zn; o TeOg

As it was discussed earlier, the large amount of magneto-diluting agent introduced into
Co5TeOg suppresses the long-range magnetic ordering in the system. However, NPD and
SANS data taken for Cosg9Zn; g;TeOg shows the presence of a strong magnetic diffuse
scattering at low temperatures. This behaviour was studied with the XYZ polarization
analysis in the temperature range between 1.5 K and 70 K (Fig. 3.42 left). All collected
diffuse magnetic scattering patterns show a broad feature centered at Q ~ 1.2A and some
additional intensity in the low-Q part, which loose intensity on temperature increase.
However, at T = 70 K the diffuse scattering peak is still well-pronounced, indicating
relative stability of short-range spin correlations at a given temperature. Comparing the
pattern of Cogg9Zn; ¢ TeOg to that of parent compound one can see that, regardless to
the obvious intensity loss and broadening, diffuse scattering features of these compounds
overlap. So one can expect the diluted sample to have a rather similar behaviour (Fig.
3.42 right).

Reverse Monte Carlo fit was performed using a cubic cell with a lattice parameter
a = 8.5514A; 20 Co®" atoms in the cell with P1 symmetry were set with respect to the
cationic arrangement in P4332 group, obtained with the Rietveld refinement (table A.9).
RMC fit was performed for the Q region between Q = 0.37A and Q = 3.82A; a7 x 7 x 7
box was used; maximum 3000 moves per spin was proposed; five independent refinements
were carried out to check the stability for each temperature point. Agreement factors for
each RMC fit performed for Cosg9Zn; ¢;TeOg are listed in tables A.20 and A.21 in the
appendix A. Figure 3.43 displays the results of a single RMC fit of data, taken at T = 1.5
K. Radial spin-spin correlation function at T = 1.5 K gives the same relative orientation
for spin pairs as that, obtained for the parent compound at T = 50 K. However < S;S; >
of the diluted sample damp faster with increasing distance, indicating a shrinking of SRO
domains driven by Zn?" substitution (Fig. 3.43).
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Figure 3.43: Left: RMC fit of the diffuse magnetic scattering pattern of the ordered
Co3.99Zn; 91 TeOg polymorph at T = 1.5 K. Red dots - experimental data, black line - RMC fit,
blue line - difference curve. Right: Radial spin-spin correlation function calculated with the
results of RMC fit for T = 1.5 K

On heating, short-range correlations first display a certain stability, as radial spin-spin

correlation functions for T = 1.5 K and T = 10 K show close magnitudes for equidistant
spin pairs. Nevertheless with further temperature increase < S;S; > collapses to zero at
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distances r > 5.4A, indicating short-range correlations present on a scale within the next
nearest unit cell.

To conclude on the magnetic behaviour of Cog g9Zn; ;TeOg, neutron scattering maps
for (hhl) reciprocal lattice plane, the same as for the parent compound, were calculated
(Fig. 3.46). At T = 70 K the scattering intensity is concentrated in the ring-shaped
features around (hhl) and (hhh) points, indicating magnetic diffusion as a result of lacking
long-range ordering. These features are surrounded by satellites forming four-fold patterns,
nevertheless some intensity is distributed across the pattern in the form of a background
scattering. On cooling, incoherent background intensity is getting suppressed while the
main features together with their satellites are getting more intense. In comparison to
the ordered CosTeOg, main features at (hhl) and (hhh) preserve their shape down to 1.5
K. Indeed this is another sign of the dilution with Zn** in Cos_,Zn,TeOg to break the
magnetic coherence in the system. However, as in the non-diluted compound, satellite
features together with the behaviour of < S;S; > function point out the ferrimagnetic
spiral nature of short-range spin correlation of Cog g9Zn; ;TeOg 3.44.

b R0

3 4 5 6 7 8 9 10 11 12
Q, A

Figure 3.44: Temperature evolution of the radial spin-spin correlation function < S;S; > of
CO3.99ZH1_01TGOS.

Results of the XYZ polarization analysis allow us to conclude that the formation of
a SRO domains with ferrimagnetic spiral-like spin correlations is an inherent feature of
the Cos Zn, TeOg family with x € [0,1.01]. Still for x = 1, the half of A—site cations in
(Coy_x/2Zmy 9)[Coy 5Teg 5]04 is occupied by the non-magnetic agent, thus magnetic dilu-
tion of A-site, within the given range of Zn?* concentrations, is not enough to modify J4p
for suppressing this behaviour.
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Figure 3.45: Single-crystal magnetic diffuse scattering patterns calculated from RMC refimenent
in the (hhl) plane for the ordered CosTeOg polymorph at all studied temperatures
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Figure 3.46: Single-crystal magnetic diffuse scattering patterns calculated from RMC refimenent
in the (hhl) plane for Cos g9Zn; g;TeOg at all studied temperatures
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3.7 Electric behaviour and magnetoelectric coupling

First, the results of dielectric spectroscopy for the disordered CozTeOg polymorph are
going to be highlighted. In order to shed light on the charge subsystem of the compound,
the method was used to measure the temperature evolution of capacitance at fixed applied
magnetic field.
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Figure 3.47: Temperature evolution of the zero-field permittivity (dark blue) and permittivity at
B =9 T (violet curve) of the disordered CosTeOg polymorph and an interpolation of the
high-temperature region (red dashed curve).

For the disordered polymorph two €(T) curves were obtained for B=0 T and B =9
T in temperature regions between 10 K and 125 K and 8 K and 125 K respectively (fig.
3.47). On cooling, a zero-field curve decreases smoothly at a temperature region far above
the transition temperature Ty = 40 K. First noticeable changes appear at 7' ~ 60 K.
So, for better distinguishing of features of €¢(7") curves, the high temperature part of the
temperature evolution of the zero-field dielectric constant (T' > 60K) was interpolated to
low temperatures with the following expression:

C(T) = A+ BTV, (3.4)

where A, B and V are refinable parameters. The equation 3.4 is only used as a guide for
the eyes. It is seen that at T ~ 60 K the zero-field €(T") curve shows a hump, and on further
cooling the curve deviates from the high-temperature interpolation, and then undergoes
a decrease at the temperature close to T. This slight increase below 60 K overlaps with
the maximum intensity of the diffuse scattering observed with NPD (3.9 right). Thus
both short-range and long-range magnetic orderings affect the charge subsystem of the
disordered polymorph.

Applying a 9 T magnetic field leads to substantial changes in the behaviour of the ¢(7T')
curve. While a bump below 60 K, related to the emergence of SRO domains, overlaps with
the one observed for B = 0 T, the low-temperature part is significantly increased. More
important, there is a sharp peak growing at T = 70 K, indicating a clear magneto-electric
coupling in the system.

To analyse of the field-dependent electronic behaviour, one may calculate the variation
of the dielectric constant between the zero-field and the finite field state. The so-called
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magnetoelectric factor, which may be defined as

B) — B) —
pe_ B =) _ ()~ o) 55)
€(0) c(0)
where C' is capacitance. For the disordered polymorph Ae(T') curve at B = 9 T reaches
the maximum value of 0.2% at T (Fig. 3.48), however the larger deviation of Ae occurs
at low temperatures, for T' < Tyn. From the Ginzboug-Landau approximation of the

thermodynamic potential (equation 1.1) of a multiferroic material follows that [208]:

e oc yM?2. (3.6)

Thus, the change of the dielectric constant of a magnetoelectric material is expected
to be proportional to the square of its magnetization.
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Figure 3.48: Temperature evolution of the magnetoelectric factor at B = 9 T (violet curve) and
the square of magnetization obtained with the Rietveld refinement of the low temperature NPD
data (blue curve) of the disordered CosTeOg polymorph.

The figure 3.48 clearly shows that the expression 3.6 is fulfilled since two curves, M?(T')
and Ae(T') overlap, the presence of magnetoelectric coupling in the disordered CozTeOg
is ascertained. However, considering the magnetoelectric behaviour of a certain material,
its magnetic symmetry, namely the actions of operations of its magnetic point group,
should be taken into account. It allows to calculate symmetry-adapted tensors describing
various properties of this material [209]. The form of these tensors may be calculated using
MTENSOR program hosted at Bilbao Crystallographic Server [210]. Unfortunately, the
magnetic symmetry of the disordered polymorph forbids the effect of electric polarization
in the system, thus the compound is magnetoelectric but not multiferroic.

To study the electrical properties of the ordered CosTeOg polymorph, two independent
approaches were used, the first one is the thermal variation of the capacitance at a fixed
magnetic field, the second one is the isothermal capacitance measurement as a function of
the applied field.

Let us first consider capacitance measurements as a function of temperature at a fixed
applied field. All measurements in this regime were taken in the temperature region
between 7 K and 145 K. On cooling a zero-field capacitance of the ordered polymorph
(Fig. 3.49) shows a decrease and at the high temperature region (7' < T1) the C(T') curve
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Figure 3.49: Temperature evolution of the zero-field capacitance (dark blue) and capacitance at
B =1 T (violet curve) of the ordered CosTeOg polymorph and an interpolation of the
high-temperature region (red dashed curve).

clearly follows a trend that may be interpolated to low temperatures with the equation
3.4. However, approaching T¢1, at 17 ~ 50 K, the capacitance curve decreases faster
than the high-temperature interpolation. Below To, at Th ~ 15 K, C(T') exhibits a small
feature. This behaviour indicates that both magnetic phase transitions in ordered CosTeOg
are correlated with the behaviour of the electronic subsystem. To trace the evolution
of dielectric properties under applied magnetic field, the same C(T') measurement was
taken at 1 T. It is seen that, regardless of an increase of capacitance magnitude at low
temperatures, C'(T') at B = 1 T curve deviates from the high-temperature interpolation
and shows the same features at 77 and 75 as the zero-field capacitance. Thus applying a
magnetic field changes the dielectric properties of ordered CosTeOyg.
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Figure 3.50: Field dependence of the magnetoelectric factor, obtained from the isothermal C(H)
variation for the ordered CosTeOg polymorph taken at T = 10 K.
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Another way to observe the impact of the applied magnetic field over an electronic
properties is measuring the capacitance field-evolution at fixed temperatures. This was
done for a set of temperatures between 80 K and 10 K in the applied magnetic field region
between -10 T and 10 T along the z—axis in the laboratory frame. Figure 3.50 illustrates
C(H) variation measured for the ordered CosTeOg at T = 10 K. The ordinate axis is the
magnetoelectric factor which is defined by the equation 3.5. The C(H) measurement for
T = 10 K shows the behaviour inherent to all measured temperatures: with an increase
of the applied field Ae grows rapidly reaching its highest value at B ~ 2 T, then a further
increase of B does not effect the magnetoelectric factor. The temperature evolution of Ae
at B =1 T is plotted in figure 3.51 in red dots.
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Figure 3.51: Temperature evolution the magnetoelectric factor at 1 T obtained from C(T') (blue
line) and C(H) (red dots) measurements and low-Q SANS intensity at |Q| = 0.027 A~ for the
ordered CozTeOg polymorph.

The same equation 3.5 can be applied to C'(T") measurements, shown on figure 3.49 to
obtain the temperature evolution of Ae. The result is shown in figure 3.51 as a blue line.
Remarkably, the results provided by two independent methods overlap, confirming that
there was no spurious effect from temperature drift. Both Ae temperature dependences
exhibit a noticeable increase below Tr. On further cooling Ae(T) grows, reaching a
plateau below 20 K. This indicates the onset of major changes in the charge subsystem with
the emergence of the ferrimagnetic conical spin ordering. This is clearly seen by plotting
the temperature evolution of the low-Q SANS intensity, discussed in details in paragraph
3.5. This small angle scattering signal is proportional to the square of magnetization, so
its overlap with Ae(T') curves demonstrates the direct interplay between charge and spin
subsystems in the ordered CozTeOg polymorph. It should be also pointed out, although
there is a clear magnetoelectric coupling in the ordered CosTeQOyg, that the effect is rather
subtle: both methods provide a top magnitude of ~ 0.06%.

In the ordered CoyTeOyg, the point group deduced from the magnetic superspace group
is 4, the symmetry-adapted tensor for electric polarization is of the form:
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0
P=1o0]|. (3.7)
Py

So the magnetic symmetry of the compound allows the polarization occurrence along
the crystallographic c-axis. The magnetoelectric tensor «;;, is a second rank tensor relating
the induced magnetization M; to the applied electric field E;

Mi = OzijEj (3.8)

that for CosTeOg is of the form:

a1 a0
Q5 = | —age a0 |- (3.9)

0 0 Q33

Dielectric spectroscopy measurements were also performed on the highly diluted com-
pound Cos g9Zn; o; TeOg. This may allow to establish correlations between the lack of the
long-range magnetic ordering and the electric behaviour of the system. Capacitance as a
function of temperature for Cog g9Zn; g;TeOg was measured at B =1 T and 5 T in the
temperature region between 8 K and 120 K (Fig. 3.52 left). The high-temperature part
of the zero-field C(T") curve was interpolated with the same 3.4 equation. Below 50 K the
zero-field capacitance increases, separating from the high-temperature trend, which is op-
posite for the compounds with long-range magnetic ordering, discussed previously in this
paragraph. Low-temperature NPD measurements of Cozg9Zn; g TeOg has revealed that
around 50 K a diffuse magnetic scattering unambiguously appears on diffraction patterns,
thus the short-range magnetic ordering provokes changes within the charge subsystem of
the compound. A closer look at the low-temperature part of zero-field C(T') dependence
may be taken on the right part of the figure 3.52: after reaching its minimum, the capac-
itance exhibits two distinct features at 77 = 40 K and 75 = 15 K. These temperatures
are close to the long-range ordering transition temperatures shown by Cos_.Zn, TeOg with
x < 0.76. This may indicate the presence of magnetic phase transitions on a short-range
scale which were not detected by other techniques. As soon as the magnetic field of 5 T is
applied, all features below 50 K are suppressed, and the capacitance curve almost match
with the high temperature interpolation of the zero-field data. This behavior implies a
negative magnetoelectric effect.

The negative magnetoelectric effect was also confirmed by the field variation of the
capacitance at a set of fixed temperatures. To obtain the field dependence of Ae the
equation 3.5 was applied to all measured C'(H) curves (3.53). Below 15 K no difference
is observed for magnetoelectric factors: smoothly declining bell-shaped curves match,
reaching a minimum magnitude of Ae(H) ~ -0.15. Upon temperature increase Ae(H)
curves flatten up with a simultaneous increase of their magnitudes, however at the highest
measured temperature of 60 K some effect is still present. As D7 results demonstrate
the presence of a short-range ordering at least up to 70 K, one can expect noticeable
field-driven changes in C'(H) up to this temperature.

It has to be said that several attempts were made to measure an electric polarization
in ordered CosTeOg and Cog g9Zn; o;TeOg using piezoelectric current technique. Unfor-
tunately, the signal to noise ratio was not sufficient to detect any non-negligible effect in
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Figure 3.52: Left: Temperature evolution of the zero-field capacitance (purple curve), capacitance
at B =15 T (blue curve) and the high-temperature interpolation of the zero-field capacitance of
Co3. g9Zn g1 TeOg; Right: Low-temperature region of the zero-field capacitance of
Cos.99Zn; g1 TeOg.

Figure 3.53: Magnetic field variation of the dielectric constant increment at constant
temperatures obtained for Cog g9Zn; g1 TeOg polymorph.

both samples. However, one can not conclude about the total absence of electric polariza-
tion for both compounds since the measurement was done on polycrystalline pellets. For
precise measurements single crystals are required.

3.8 Discussion

The case of CosTeOg polymorphs provides an excellent possibility to examine the rela-
tionship between the structure and the properties of materials with identical chemical
composition, yet contrasting physical behaviour. To some extend these two materials
exhibit similar characteristics, however, it is remarkable how slight structural alteration
such as of B-site subordering between Co*" and Te®" induces different scenarios for the
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disordered and ordered CozTeOg.

First, it has to be said that these two polymorphs have nearly identical cell param-
eters and relatively close magnetic phase transition temperatures.The inverse magnetic
susceptibility are also similar: both polymorphs show short-range magnetic ordering for
temperatures below 260 K and long-range ordering at T = 40 K for the disordered poly-
morph and T = 45 K for the ordered one. NPD revealed a rather common magnetic
behaviour in the disordered CosTeOg. Indeed ferrimagnetic ground state is typical for the
major part of spinel compounds with both A- and B-sites occupied by magnetic cations.
In the long-range magnetic ordering state, the ordered polymorph shows a different be-
haviour with an incommensurate ferrimagnetic spiral spin ordering. Thus, in the case
of the CozTeOg polymorphs, the transformation from B-sites with disordered Co**/Te®"
occupancy (Fd3m structure) to B-sites with an ordered occupancy (P4332 structure) has
large incidence on the long-range magnetic state. To our knowledge, the presence of these
two distinct magnetic behaviour for these two CosTeOg polymorphs is unique in spinels.
One other spinel compound LiFe;Og can also crystallise in both disordered (Fd3m) and
ordered polymorph (P4332) with exactly the same cationic order on the B-sites than or-
dered CoyzTeOg. Nevertheless, there are no differences in their magnetic properties, i.e.
ferrimagnetic with high T value above 900K [211]. So one can wonder why such distinct
behaviours are observed for CosTeOg polymorphs, and mostly why an incommensurate
ferrimagnetic spiral spin ordering arises in the ordered polymorph. As already mentioned
in the introduction part, with the u parameter introduced in LKDM theory:

_ 4 JpB |ps|

_ , 3.10
3 JaB |pal (3.10)

one can quantify the magnitude of the Magnetic Geometrical Frustration (MGF) by
comparing Jap and Jpp interactions. Maximal MGF correspond to u = oo when Jap
= 0 and pua = 0 while weak MGF occurs up to u = 1.298. Thus, for u > 1.298, at the
ground state, the ferrimagnetic spiral long-range configuration is not stable. Weak MGF
are preserved and ferrimagnetic spiral short-range order arises below the re-entrant spin
glass transition Tp. This is the case for both spinel compounds CoCr,O, and MnCryOy
with respective u parameters of 2 and 1.5. In these compounds, re-entrant spin glass like
behaviour is observed with the presence of ferrimagnetic spiral short-range orders that
coexist with ferrimagnetic spiral long-range order below Tr (=~ 13 K for CoCr,0, and ~ 14
K for MnCr,0,). For 8/9 < u < 1.298 the ferrimagnetic spiral long-range order is stable
at the ground state, then for u < 8/9 the spinel magnetic behaviour corresponds to the
Néel long-range configuration with a classic ferrimagnetic state. In CosTeOyg, the magnetic
dilution of the B-sites must lower the J4p interaction. Since the observed ground state
is colliear ferrimagnetic for the disordered CosTeOg polymorph and a ferrimagnetic spiral
long-range order for the ordered polymorph, one can suppose that for both polymorphs,
the u parameter should be close to 8/9, but the structural differences are sufficient to affect
slightly the Jpp/Jap ratio. Moreover, comparing ratio pup/pua for the two polymorphs,
one can see they are relatively close: 1.22 for the disordered Co;TeOg and 1.25 for the
ordered one. Thus, one can suppose u slightly lower than 8/9 for the disordered polymorph
and u slightly bigger than 8/9 for the ordered polymorph. Another way of estimating the
degree of frustration is the ratio between © and T (f = |©/Ty|) that is commonly used
in quantum and frustrated magnetism. In the ordered CozTeOg polymorph f = 2.88
which is not weak, one can conclude the combination of magnetic frustration and the
DM interaction are responsible for stabilization of the long-range spin modulation in the
system. Indeed, the magnetic structure of the ordered CozTeOg can be considered as a
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distorted ferrimagnet. While the disordered CosTeOg with a random distribution of Co*"
and Te®" may be taken as a common representative of spinel magnetic spinel compounds,
the B—site subordering of the P4332 structure, moderates the magnetic structure with a
long periodic conical spin modulation.

A combination of the NPD and the zero-field SANS measurements have helped to
shed light on the nature of the phase transition at T = 27 K for the ordered Co5TeOg
compound. As observed by the NPD, short-range correlations set in far above the long-
range ordering transition temperature T = 45 K, which appears as a magnetic diffuse
scattering on NPD patterns. Below Ty, NPD patterns shows the presence of both:
magnetic reflections (ko and k; = (006) and the diffuse magnetic halo, indicating the
co-existence of long- and short-range magnetic ordering. Upon cooling below Txo the
intensity of the magnetic diffuse scattering decreases, until it is entirely suppressed at
Tno. At the same time the temperature evolution of the n-index, defining the slope of the
low-Q part of the SANS intensity (ox @~"), shows a rapid growth below T, coinciding
with the development of the magnetic order; whereas below 19 it reaches a plateau with
n = 3.78, being close to Porod scattering regime. The latter points out a well-defined
domain structure below Tjo. Summarising, one can conclude that magnetic ordering is
reaching a stable configuration with a transition at Txo. This lies in agreement with
u < 1.298 for the ordered polymorph as supposed previously. The ferrimagnetic spiral
long-range order corresponds to the stable ground state.

The SANS under applied magnetic field has extended the magnetic phase diagram of
the ordered CozTeOg, obtained with the magnetic susceptibility measurements. The bulk
characterization technique remained insensitive to an in-field domain reorientation at 32
K. One can expect a field-induced magnetic phase transition at Ho; = 0.06 T, however
SANS performed on a polycrystalline sample is cannot ascertain of defining a magnetic
structure at the atomic level.

As for the magnetic dilution, let us first mention the B—site dilution as it is inher-
ently present in the CoyzTeOg as the quarter of octahedral sites are occupied with the
non-magnetic Te®". For clarity, the chemical formula of a studied system may be written
in the generalized spinel notation as (Coy_y/9Zny/s)[Coy 5Tey 5]O4. Here the studied sys-
tem can be compared to a couple of series based on the CoCryO, compound. The first
one is Co(Cry_Al,),0, series [212]. Upon the increase of an AI*™ content the magnetic
behaviour of the system is similar to the parent compound up to z = 0.2: first a ferrimag-
netic order appears at T which is then followed by a ferrimagnetic spin-spiral transition
at Tg. For the 0.2 < x < 0.5 the long-range ferrimagnetic spiral state is suppressed in
favour of the re-entrant spin glass behaviour. Regardless to the stability of the long-range
ferrimagnetic ordering in the Co(Cry_Al,)Oy, it turns out that the ordered CosTeOg poly-
morph sustains the incommensurate spin modulation under a greater B—site dilution. The
second series is the Co(Cry_,Co, )50, for which it was shown that the substitution of Cr>*
with Co®" enhances both saturated electric polarization and magnetization. However,
in the studied case, the magnetic dilution on the B—site does not boost up ferroelectric
performance, since the magnetoelectric effect is very weak in the case of both CosTeOg
polymorphs. Unfortunately, ordered phases of either CoyCrzAlOg and CoyCrsCoQOg with
a P4332 crystal structure do not exist, so it is hard to prove if the cations ordering on the
B-sites is indeed the driving force to recover a ferrimagnetic spiral configuration. Let us
discuss the introduction of Zn®" in the system, which happens exclusively at tetrahedral
A—sites for the studied series. Remarkably, it leaves no chance to obtain a disordered
polymorph, and the crystal structure adopts only the P4332 space group. Another sur-
prising feature exhibited by the (Coy_y/o7Zny5)[Coy 5Teg 5|0, family is the stability of the

98



CHAPTER 3. ORDERED AND DISORDERED COBALT-BASED
SPINEL

long-range magnetic ordering. While the second magnetic phase transition appearing at
Tno in the parent compound endures only a small dilution with x = 0.04 and it is is
completely suppressed at a higher Zn** content, the long-range magnetic ordering itself is
preserved up to a rather high x = 0.76. Known literature does not provide a wide num-
ber of studies on the influence of the A—site dilution over magnetic behaviour in spinels
where both A— and B— sites are occupied with magnetic ions. The studied case may be
only compared to Ni;_,Zn Fe,0, [213] or M; ,Zn FeCrO, family, where M is Cu®" [197],
Ni*T [214] or Co?* [215]. The most stable magnetic behaviour is shown by Ni; . Zn Fe,0,
(0 < x <0.5), where the long-range ordering transition temperature is reduced from T ~
860 K for x = 0 to T¢ = 620 K for z = 1. For the Co;_,Zn, FeCrO, a transition from
the uniaxial to canted ferromagnetic structure was observed using NPD technique, how-
ever the Mossbauer spectroscopy confirms the presence of a spin-glass component at low
temperatures for 0 < < 1. Large amount of Zn®" breaks the ferrimagnetic ordering in
Ni;_Zn,FeCrQ, in favour of a semi-spin-glass transition appearing for x < 0.6. Another
series from the same family with Cu?" is also ferrimagnetic for < 0.6. Compounds
with higher values of = display cluster spin-glass like behaviour. However, most impor-
tantly, discussing the A—site dilution, the studied series should be compared to another
CoCry0, series with the Zn?' substitution at the tetrahedral positions [150]. It was shown
that Zn; ,Co,Cr,0, with 1 < x < 0.6 adopts the behaviour of the CoCryO, while for a
larger amount of diluting agent (0.6 < x < 1), the system has a spin-glass ground state
preceded by a frustrated long-range antiferromagnetic ordering. Hereby Zn; ,Co,Cr,0,
and (Coy_y/9Zny5)[Coy 5Teg 5|0, are showing similar behaviour: long-range ferrimagnetic
spin-spiral ordering is suppressed when more than 40% of the tetrahedral positions are
occupied with a non-magnetic cation. With above said, it is clear that for such systems
the cationic composition at both sites is of a high importance for the stability of the long-
range magnetic ordering against the magnetic dilution. It is also clear that with z = 0.76
the system endures a massive magnetic dilution on both tetrahedral and octahedral posi-
tions. Remarkably, on the entire range of Zn** content, the spin structure remains conical,
nevertheless in the high dilution region (z = 0.58, 0.76) the antiferromagnetic coupling
between A— and B—sites is sufficiently weakened. This indirectly indicates the presence
of an additional contribution, which stabilizes the spin modulation, which may be the
Dzyaloshinskii-Moriya interaction in this case. Upon further increase of the non-magnetic
cation in the A—site, the system reaches a percolation threshold and the long-range mag-
netic ordering is suppressed entirely in favour of a short-range ordering similar to those
described above for some other spinel compounds.

As for the short-range ordering, the neutron XYZ polarization analysis demonstrates
the stability of magnetism in Cos Zn, TeOg from another point of view. Observations
made with the NPD exhibited a magnetic diffuse halo around the fundamental (111)
reflection up to T' =~ 125 K for the parent compound. However, the XYZ polarization
analysis was sensitive enough to discover non-negligible spin correlations up to 260 K,
which is being closer to room temperature rather than to T¢p. Noitice that, short-range
spin correlations in the ordered CosTeOg are of the same ferrimagnetic conical nature as
the spin configuration at the ordered state. Moreover, the highly diluted Cog g9Zn; ¢ TeOg
shows the same type of behaviour. These pinpoint the fact that magnetism in the ordered
Cos_Zn,TeOg spinel series is robust and dictated by the cationic arrangement within
P4332 structure. Unfortunately, there was no possibility to carry out the XYZ polarization
analysis on the disordered CozTeOg polymorph, nevertheless the NPD can provide some
important insights on a short-range ordering in this compound. Similar to the ordered
polymorph the disordered one shows the presence of a strong magnetic diffuse scattering
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at relatively high temperatures: at 100 K it already reaches =~ 44% of its maximum
value. Thus, one can assume the temperature region of short-range ordering existence
in the disordered polymorph extends far above the ferrimagnetic transition temperature.
However there is also a noticeable dissimilarity between two polymorphs: in the case of
the disordered polymorph the magnetic halo is preserved down to 1.7 K, so the spin-glass
component is present even at the ground state of the compound. This arise as follows:
for the disordered Fd3m structure Te®" acts as a magneto-diluting agent, perturbing the
ferrimagnetic order.

Having a complete neutron diffraction study of the Cos_Zn,TeOg series, one may
provide first rough estimations of Jap and Jpp exchanges in the system. Those are
superexchange interactions since next nearest Co*" cations are coupled via intermediary
non-magnetic O, thus according to Goodenough-Kanamori rules, Co?"-0? -Co®" bonds
forming angles close to straight should favour an antiferromagnetic interaction [216, 217,
79]. And this is the case of the intersite J4p interaction. Right angle bonds, in turn, should
host a coupling of a ferromagnetic nature, which takes place for Co?" cations at the B—site.
However, the LKDM model implies that both interactions to be of the same nature, thus
Jap and Jpp should be both antiferromagnetic. This consideration is indirectly prooved
by a deeply negative Weiss temperature (@ = -130 K). Placing an exact value of pup/ua
ratio in the equation B.4, one may see that Jgp/Jap > 0.54 for the ordered CosTeOg, thus
Jpp is twice smaller then J4p, however the A—site magnetic dilution weakens the latter
significantly since for large x values in Cos_,Zn, TeOg the long-range magnetic ordering is
suppressed. At this point the system acquires a similar behaviour to ZnFe,O, for which
u = 00[139]. The real difficulty behind building up a magnetic ground state model of the
Co5TeOyg is a large number of magnetic cations in the unit cell: both polymorphs contain
20 atoms the magnetic unit cell. Moreover, the local environment of B—site Co*" cations
in the case of the ordered polymorph implies a complex scheme of exchange pathways, in a
way that requires introduction of additional superexchange Jp/, Jgp/, etc. This of course
is a subject of a future work. It should be also said, that the LKDM model requires only
next-nearest exchange interactions between A— and B—site spins, one should consider
a possible contribution of Dzyaloshinskii-Moriya interaction to the ground state of the
ordered CosTeOg as the P4332 space group is lacking a centre of inversion.

Dielectric properties were studied for three compounds: both disordered and ordered
CosTeOg and Cos g9Zny g; TeOg. All three compound exhibit features corresponding to
magnetoelectric coupling, however each of them in a different manner. Without application
of a magnetic field, the disordered polymorph shows a significant drop in capacitance at T .
So, changes on the charge subsystem are clearly related to the magnetic ordering. At a high
magnetic field this change in the capacitance is wiped out; however, another sharp feature
is observed at T' ~ 60 K. This may be due to field-induced magnetic phase transition.
Unfortunately the magnetic spacegroup I4;/am’d’ is non-polar, so the compound is not
multiferroic. The ordered polymorph, in turn, displays two features coinciding with the
magnetic phase transitions at To1 and Too. Both of them are tuneable with the magnetic
field. Moreover, contrary to the disordered polymorph, the superspace magnetic group
P43(007)0 allows an electric polarization P along the c-axis, yet one should not expect
a high value of P because the capacitance variation if lower than 0.1%. An attempt
to quantify electric polarization on the ordered Co5TeO8 was made. The measurements
were always perturbed by too high leakage currents and we didn’t succeed in measuring
any polarisation current, which must be very weak or even null. The most remarkable
results are achieved for the highly-diluted Cos g9Zn; ¢;TeOg compound, which, as it was
discussed above, does not possess long-range magnetic order. Nevertheless, zero-field
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dielectric spectroscopy provides two distinct features at 77 = 40 K and 75 = 13 K. The
first temperature corresponds to the clear emergence of the magnetic diffuse scattering halo
on NPD patterns, so it may be concluded that the conical short-range spin ordering, found
with XYZ polarization analysis somehow triggers the changes in the electronic subsystem.
Although the short-range ordering in Cosg9Zn; ;TeOg exists at least up to 70 K, the
critical concentration of short-range ordered domains, enough to provoke the electronic
subsystem response, is reached only at 40 K. The second temperature may indicate some
kind of short-range ordering transition, analogous to the transitions occurring at To
for samples with x < 0.76. So one can expect a spin reorientation within short-range
ordered domains. For both ordered CosTeOg and Cosg9Zn; g TeOg electric polarization
measurements have not revealed any significant effect, however to prove or disprove a
possible multiferroic behaviour measurements should be carried out on single crystals.

As it was already mentioned, there are only few spinel oxides of formula M5AQOg that
present a P4332 cubic structure with a cationic ordering A/M on the B-sites. Ordered
FesLiOg exist but without any ferrimagnetic spiral spin ordering. We can thus wonder if
the ordered CoyTeOg is a unique case or if other ordered spinel may present the same long-
range and short-range ferrimagnetic spiral spin structures. We also know that among 3d
magnetic cations, Co** is known for its peculiar behavior. Indeed, the magnetic moment
of Co®T reveals a high orbital contribution. Thus we can wonder if the other cobalt-
based oxide spinels with an ordered P4332 structure could also favor the emergence of
ferrimagnetic spiral spin structures. For these reasons, a few syntheses of ordered spinels
for different chemical system were tried, with both methods: solid-state synthesis and hy-
drothermal synthesis. First, there was an attempt to substitute Te®" by another chalcogen
cation Se®" or other cations with a valence of VI (M06+, W6+), that has never succeeded
to obtain a spinel phase. There was also an attempt to use non-magnetic cation of valence
V, IV and III: Sb>F, Sn," or Ga3*. These cations have the abilities in the first hand, to
form spinel phases with cobalt and on the other hand to preferentially occupy octahedral
environments in oxides. In all cases, despite the long ramps of cooling, only Fd3m disor-
dered spinel phases were obtained. All these phases present ferrimagnetic behavior at low
temperature. It should be also said that numerous attempts were made to obtain single
crystals of CosTeOg phases. The synthesis was done by vapour transport technique in
different conditions such as temperature regime in both "hot" and "cold" zones and with
different transport agents (PtCly, I,). However, single crystals were not available: Te is
volatile at high temperatures which prevents CosTeOg from nucleation.
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Conclusions

Within the current research a comprehensive study of CosTeOg spinel was carried out.
First of all, it has to be said that there is no other spinel system so widely studied with
neutron scattering techniques. The long-range and the short range magnetic ordering is
exhaustively described with the help of neutrons in addition to the classical bulk char-
acterization techniques. Such a complex approach made it possible to unambiguously
relate the structure of studied compounds to exhibited properties and unveil microscopic
mechanisms of magnetism in CogTeOyg.

It was found that the compound could be obtained in two structural forms: a cen-
trosymmetric disordered Fd3m and non-centrosymmetric ordered P4332 structures. The
main difference between two polymorphs is a octahedral B—site subordering. In the disor-
dered polymorph, Co®" and Te®" are randomly distributed within the octahedral positions
whereas in the ordered one there is a particular positioning of B—site cations in the crys-
tal structure. Such an arrangement is possible due to the charge and the size difference
between Co" and Te®" cations.

The combination of bulk magnetic measurements and the neutron powder diffraction
has revealed that the disordered polymorph orders in ferrimagnetic structure at Tn = 40
K described with the I4;/am’d’ space group. The ordered CosTeOg polymorph undergoes
an incommensurate ferrimagnetic spiral spin ordering below T = 45 K followed by a
second magnetic phase transition at Too = 27 K. This last transition is associated with
the emergence of an additional ferrimagnetic component and an abrupt change in the
magnitude of the magnetic propagation vector k = (007) from v = 0.086 at T = 30 K to
v = 0.14 on the range between 27 K and 1.7 K. The magnetic symmetry of the ordered
polymorph is described with P435(00)0 magnetic superspace group. The incommensurate
spin modulation in the ordered polymorph is stabilized via the combination of magnetic
frustration and Dzyaloshinskii-Moriya interaction, which takes place due to the lack of
inversion centre in the crystal structure.

The influence of the magnetic dilution was studied for the Cos ,Zn TeOg family. It
was found that with the introduction of Zn?* the crystal structure adopts only the P4332
space group. For the studied range of 0 < z < 1.01, Zn®" occupies tetrahedral A—sites
exclusively, so preserving the Co?r-Teb* ordering in the octahedral sites. For the entire
studied range a strong magnetic diffuse scattering was observed on neutron diffraction
patterns. A small magnetic dilution, x = 0.04, does not affect the magnetic structure
significantly, while for 0.21 < x < 0.76 the second magnetic phase transition is suppressed.
In the range of Zn?* content of 0.04 < z < 0.76, the long-range spin ordering is described
with the same magnetic symmetry as the parent compound. Between z = 0.76 and = =
1.01 a percolation threshold is reached and for Cosg9Zn; 5;TeOg only a diffuse magnetic
scattering is observed.

With the small-angle neutron scattering technique under applied magnetic field, it was
observed that in the field region 0.06 T < x < 0.09 T the ordered CosTeOg enters into a

103



CONCLUSIONS ET PERSPECTIVES

multi-domain state.

NPD measurements pointed out the presence of magnetic diffuse scattering for all
studied samples, so it was decided to use the XYZ neutron polarization analysis for char-
acterization of the short-range ordering in the ordered CosTeOg and Cog g9Zn; ¢; TeOg
compounds. It was found that the short-range ordering in both samples has the same
ferrimagnetic conical nature as the long-range magnetic ordering in the studied family.
Surprisingly, the short-range ordering exists up to relatively high temperatures.

The dielectric spectroscopy demonstrated that both ordered and disordered CoxTeOg
polymorphs and Cos g9Zn; 5;TeOg are magnetoelectric, however the electric polarisation
is allowed only for the P43(00v)0 magnetic structure. Surprisingly, the highly-diluted
Co3 g9Zny ; TeOg, which does not possess the long-range ordering, exhibits two features
in the temperature variation of capacitance: the first on at 77 = 40 K is related to the
critical concentration of short-range conical domains, whereas the second one at T ~ 13
K may be due to spin reorientation within short-range domains.

As for perspectives and future work we have to emphasize that all samples were avail-
able only in the powder form, thus it may be interesting to obtain single crystals of the
ordered CozTeOg compound. That will allow to precise the description of the complex
magnetic ordering as well as to examine the magnetic dynamics of the compound with
the neutron triple-axis technique. The latter may shed light on the microscopic nature
of magnetism in the studied system and build up a complete model describing exchange
interactions beyond the Lyons, Kaplan, Dwight, Menyuk approach. The discussion on
magnetic structure of CosTeOg was held in terms on LKDM theory, however, the u pa-
rameter and exchange constants J44 and Jgp remain unknown. Using inelastic neutron
scattering one could elaborate a precise model of magnetic interactions in the system. Be-
sides that, availability of single crystals will also open a window of possibilities to extend
the variety of neutron scattering experiments with application of magnetic field. It may
be interesting to study the evolution of magnetism under applied electric field, for this
purposes small-angle neutron scattering may be beneficial as one could follow the evolu-
tion of the (000) diffraction peak as a fucntion of E. The nature of the magnetic transition
at T in the ordered CosTeOg remains unknown. Thus, various spectroscopic techniques
may be useful to shed light on it. Also the dynamics of the Cog g9Zn; 5;TeOg may be
of a particular interest. Multiferroic behaviour of the Cos ,Zn, TeOg remains uncertain
and again single crystals are needed for careful characterization of electric properties of
the family. Seemingly, B—site ordered spinel compounds with the non-centrosymmetric
P4332 structure could host diverse unconventional magnetic behaviour. So search and
study of novel spinel materials with a such structure should be also considered as a future
activity.
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Table A.1: Details of the XRPD and NPD data acquisition and Rietveld refinement for both

Co5TeO8 polymorphs at room temperature

Compound Disordered Ordered
PANalytical

Diffractometer 312 D2b
X’Pert-Pro

Radiation, A Neutron X-ray Co-Ka Neutron

A =1.225 A=1.78 A = 1.59476

20 range/step, ° 10 - 122/0.05 10 - 150/0.016 2 -160/0.05

Temperature, C° 20 20

Space group Fd3m P4332

a, A 8.5541(1) 8.5531(1)

vV, A3 625.94(1) 625.43(1)

Rietveld refinement:

Combined X-ray and Neutron data

Peak shape function

Pseudo-Voigt

Pseudo-Voigt

Background

Chebychev Polynomial 13 9

number

Asymmetry Finger, Cox & Jephcoat Finger, Cox, Jephcoat

Anisotropic reflection

broadening condition

h+k=2n+1;k+1=2n+1

Phases/mass

concentration, %

CosTeOg / 82.21( 0.81)
CoTeOg / 10.33( 0.71)
Co304 / 7.45(0.24)

CosTeOg / 100

Agreement factors

2.42
2.99
2.29
1.71

2.93 2.71
3.10 3.37
2.98 4.57
10.0 11.0
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Table A.2: Selected interatomic distances for both Co;TeOg polymorphs.

Disordered CosTeOg Ordered Co5TeOg
Atom 1 Atom 2 Distance (A) Atom 1 Atom 2 Distance (A)
Cor/Te; Oy 2.0577(5) (x6) | Coy O 1.9270(36)
Cop 3.0254(1) 0, 2.0190(32) (x3)
Cos O 2.0000(4) (x4) | Cos O 2.0030(31) (x2)
0, 2.1445(17)
0, 2.1450(17)
O, 2.1735(31) (x2)
Cos 2.9532(18)
Cop  2.9532(24) (x2)
Te O 1.9421(26) (x3)
O, 1.9425(15) (x3)

Table A.3: Individual bond valence sums for ordered CosTeOg.

Atom BVS(v.u.) | Coordination number Polyhedra distortion (z10~%)
Cop  1.769(8) | 4 3.98

Cop  1.996(6) |6 12.552

Te 5.603(12) | 6 0.002

O 1.824(8)

0,  1.913(6)

Bond valence parameters: Te—O: Ry = 1.917 A, B =0.37 A,
Co—0: Ry = 1.692 A, B = 0.37 A.
Bond Valence = exp((Ry — R)/B)

107



APPENDIX A. COMPLEMENTARY MATERIALS FOR THE

CHAPTER 3
Table A.4: Atomic positions and U;s, for Cos_Zn,TeOg x = 0.04

Space group P4332; a = 8.5543(2)A

Atom Wykoff pos.  Occ. x y z Uiso(A)

Coy 8c 0.98(8) 0.4995(6) 0.5005(6) 0.0005(6) 0.0071(8)

Zny 8c 0.20(8)  0.4995(6) 0.5005(6) 0.0005(6) 0.0071(8)

Coo 12d 1 0.6120(4) 0.3620(4) 0.37500 0.0061(8)

Tey 4b 1 0.87500 0.37500 0.12500 0.0035(8)

O 8¢ 1 0.6298(2) 0.1298(2) 0.3702(2) 0.0076(6)

O, 24e 1 0.64852(15) 0.36623(19) 0.12648(15) 0.0060(3)

Reliability factors

NPD: R, = 2.86, Ryp = 3.82, Rexp = 1.87 x? = 4.18

Table A.5: Atomic positions and Uy, for Cos_Zn, TeOg x = 0.21 at room temperature

Space group P4332; a = 8.5533(1)A

Atom  Wykoff pos. Ocec. X y zZ Uiso(A)

Coy 8¢ 0.894(7) 0.5003(3) 0.4997(3) -0.0003(3)  0.0047(5)
Zni 8¢ 0.106(7) 0.5003(3)  0.4997(3)  -0.0003(3)  0.0047(5)
Cos 12d 1 0.6120(4)  0.3620(4)  0.37500 0.0061(8)
Tey 4b 1 0.87500 0.37500 0.12500 0.0034(6)
0, 8¢ 1 0.62897(19) 0.12896(19) 0.37103(19) 0.0035(5)
Oy 24e 1 0.64906(13) 0.36594(17) 0.12692(15) 0.0034(3)

Reliability factors

NPD: R, = 2.77, Ryp = 3.73, Regp = 1.87 x? = 3.97
XRPD: R, = 2.27, Ry, = 3.45, Regp = 2.29 X% = 2.27

Global user-weighted y? = 3.48
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Table A.6: Atomic positions and Uy, for Cos_Zn, TeOg x = 0.38 at room temperature

Space group P4332; a = 8.5527(2)A

Atom  Wykoff pos. Ocec. X y z Uiso(A)

Cop 8¢ 0.813(9) 0.4993(6)  0.5007(6) 0.0007(6)  0.0053(7)
Zni 8¢ 0.187(9) 0.4993(6)  0.5007(6) 0.0007(6)  0.0053(7)
Coo 12d 1 0.6124(4) 0.3624(4) 0.37500 0.0035(8)
Tey 4b 1 0.87500 0.37500 0.12500 0.0005(3)
0, 8¢ 1 0.6297(3) 0.1296(3) 0.3703(3) 0.0068(6)
Oy 24e 1 0.64830(18) 0.3663(2) 0.12637(16) 0.0050(3)

Reliability factors

NPD: R, = 2.90, Ryp = 3.91, Reyp = 1.89 x? = 4.24
XRPD: R, = 2.14, Ry, = 2.85, Regp = 2.31 x* = 1.53

Global user-weighted y? = 3.45

Table A.7: Atomic positions and Uy, for Cos_Zn, TeOg x = 0.58 at room temperature

Space group P4332; a = 8.5524(2)A

Atom  Wykoff pos. Occ. X y z Uiso(A)

Cor 8c 0.876(7) 0.5002(3)  0.4998(3)  -0.0002(3)  0.0042(4)
Zn, 8¢ 0.124(7) 0.5002(3)  0.4998(3)  -0.0002(3)  0.0042(4)
Coy 12d 1 0.6125(2) 0.3625(2) 0.37500 0.0030(5)
Tey 4b 1 0.87500 0.37500 0.12500 0.0005(3)
O1 8¢ 1 0.62926(17) 0.12925(17) 0.37074(17) 0.0037(4)
O 24e 1 0.64877(11)  0.36602(16) 0.12701(14) 0.0037(2)

Reliability factors

NPD: R, = 3.26, Ryp = 4.40, Reyp = 1.91 x* = 5.34
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Table A.8: Atomic positions and Uy, for Cos_Zn, TeOg x = 0.89 at room temperature

Space group P4332; a = 8.5512(2)A

Atom  Wykoff pos. Occ. X y Z UiSO(A)

Co 8¢ 0.565(8) 0.5011(3)  0.4989(3) -0.0011(3)  0.0059(4)
Znq 8¢ 0.435(8) 0.5011(3) 0.4989(3) -0.0011(3)  0.0059(4)
Cos 12d 1 0.6121(2)  0.3621(2) 0.37500 0.0034(5)
Tey 4b 1 0.87500 0.37500 0.12500 0.0023(6)
O 8¢ 1 0.6292(2)  0.1292(2) 0.3708(2)  0.0080(6)
09 24e 1 0.64804(15) 0.3667(2) 0.12654(16) 0.0078(3)

Reliability factors

NPD: R, = 3.31, Ryp = 4.32, Regp = 1.90 x? = 5.19
XRPD: R, = 2.79, Ryp = 4.03, Reyp = 2.28 x* = 3.12

Global user-weighted y? = 4.58

Table A.9: Atomic positions and Uy, for Cos_Zn, TeOg x = 1.01 at room temperature

Space group P4332; a = 8.5514(2)A

Atom  Wykoff pos. Ocec. X y z Uiso(A)

Cor 8c 0.493(8) 0.5004(2)  0.4996(2)  -0.0004(2)  0.0042(4)
Zny 8c 0.507(8) 0.5004(2)  0.4996(2)  -0.0004(2)  0.0042(4)
Cosy 12d 1 0.6124(2) 0.3624(2) 0.37500 0.0030(5)
Teq 4b 1 0.87500 0.37500 0.12500 0.0014(4)
O1 8¢ 1 0.62910(19) 0.12909(19) 0.37090(19) 0.0032(5)
O 24e 1 0.64870(11) 0.36618(18) 0.12689(15) 0.0047(3)

Reliability factors

NPD: R, = 3.13, Ryp = 4.20, Reyp = 1.95 x? = 4.65
XRPD: R, = 2.58, Ryp = 3.57, Regp = 2.27 X% = 2.46

Global user-weighted y? = 4.02

Table A.10: Parameters of magnetic structure of the disordered CosTeOg polymorph at T = 1.7 K

G4-1, A = 2.42A, 20 range/step: 0° — 82°/0.1°

Magnetic space group I41/am/d’

Atom M, (ug)
Col  -1.94(6)
Co2  2.39(7)

Reliability factors: R, = 1.99; Ry = 2.66; Rezp = 1.32; x? = 4.08
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Table A.11: Parameters of magnetic structure of the ordered CosTeOg polymorph at 30 K and
1.7 K

G4-1, X = 2.42A, 20 range/step: 0° — 82°/0.1°

Atom  M(up) ) Mea(in) deon®)  Oeon(’) Mun(in) dun(”) Oin(°)
T=30K

Coi_p 12481 180 -2.32(7) O 90 2.32(7) 90 90
Coj—o 12481 180  -2.32(7) 0 90 -2.32(7) 90 90
Cos_1 15601 0  257(7)  35.52(4.07) 90 2.57(7)  125.52(4.07) 90
Cosn 15601 0  257(7)  35.52(4.07) 90 2.57(7)  125.52(4.07) 90
Cos—3 1.5601 0 2.57(7) 35.52(4.07) 90 2.57(7) 125.52(4.07) 90
Resulting magnetic moments: pco1 = 1.71(9)up, pcoz = 2.02(9)up

Reliability factors: R, = 3.54; Ryp = 5.03; Rezp = 1.52; x? = 11.0

T=17TK

Coi_1 25804 180 -1.37(12) 0 90 1.37(12) 90 90
Coi_s 25804 180 -1.37(12) 0 90 1.37(12) 90 90
Coo_1 32764 O 1.46(9) 67.34(5.76) 90 1.46(9) 157.34(5.76) 90
Coss 32764 0  1.46(9)  67.34(5.76) 90 1.46(9)  157.34(5.76) 90
Cos_s 32764 0  1.46(9)  67.34(5.76) 90 1.46(9)  157.43(5.76) 90
Resulting magnetic moments: pco1 = 2.68(7)up, pcoz = 3.36(7)up

Reliability factors: R, = 3.39; Ryyp = 4.69; Reyp = 1.52; x? = 9.48

Table A.12: Parameters of magnetic structure of the ordered Coy g5Zng ¢4 TeOg at 1.7 K

G4-1, A = 2.42A, 20 range/step: 0° — 82°/0.1°

Atom  M(up) O(°) Meos(B)  Peos(®) Ocos(?)  Msin(up)  bsin(°) Osin(°)
Co_1 19316 180 -0.85(12) 0 90 -0.85(12) 90 90
Coi_p 19316 180 -0.85(12) 0 90 -0.85(12) 90 90
Corq 23134 0 078(11)  48.15(6.78) 90 0.78(11)  138(6.78) 90
Copn 23134 0  078(11)  48.15(6.78) 90 0.78(11)  138(6.78) 90
Coo_3 23134 0 0.78(11) 48.15(6.78) 90 0.78(11) 138(6.78) 90
Resulting magnetic moments: pco1 = 1.98(7)up, pcoz = 2.34(8)up

Reliability factors: R, = 3.70; Ry, = 5.05; Regp = 1.58; X2 =10.3
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Table A.13: Parameters of magnetic structure of the ordered Coy 79Zng o1 TeOg at 1.7 K

D1b, A = 2.42A, 20 range/step: 0° — 128°/0.1°

Atom  M(up) O(°) Meos(pB)  ¢eos(”) Ocos(°)  Msin(kB)  ¢sin(°) Osin(°)
Coj—1 14925 180 -1.95(06) O 90 -1.95(06) 90 90
Coj—o 14925 180 -1.95(06) O 90 -1.95(06) 90 90
Coy—1 14413 0 2.58(0.04) 23.87(4.46) 90 2.58(0.04) 133.87(4.46) 90
Cos_o 14413 0 2.58(0.04) 23.87(4.46) 90 2.58(0.04) 133.87(4.46) 90
Coy—3 14413 0 2.58(0.04) 23.87(4.46) 90 2.58(0.04) 133.87(4.46) 90
Resulting magnetic moments: pco1 = 1.78(7)up, pcoz = 1.94(7)up
Reliability factors: R, = 3.72; Ryp = 5.12; Rezp = 1.58; x? = 11.1

Table A.14: Parameters of magnetic structure of the ordered Coy g2Zng 33TeOg at 1.7 K
Dilb, A\ = 2.42A, 26 range/step: 0° — 128°/0.1°
Atom  M(up) O(°) Meos(p)  ¢eos(”) Ocos(?)  Msin(ip)  ¢sin(°®) Osin(°)
Coj—1 15030 180 -1.53(09) O 90 -1.53(09) 90 90
Coj—o 15030 180 -1.53(09) 0 90 -1.53(09) 90 90
Cos—1 09422 0 2.66(0.04) 27.90(5.51) 90 2.66(0.04) 117.90(5.51) 90
Coy—9 09422 0 2.66(0.04) 27.90(5.51) 90 2.66(0.04) 117.90(5.51) 90
Coa—3 09422 0 2.66(0.04) 27.90(5.51) 90 2.66(0.04) 117.90(5.51) 90
Resulting magnetic moments: pco1 = 1.69(9)up, pcoz = 1.63(8)up
Reliability factors: R, = 4.88; Ry = 6.09; Rezp = 2.69; x? = 5.14

Table A.15: Parameters of magnetic structure of the ordered Coy 49Zng 53TeOg at 1.7 K
Dilb, A\ = 2.42A, 26 range/step: 0° — 128°/0.1°
Atom  M(pp) O(°) Meos(uB)  ¢eos(”) Ocos(?)  Msin(uB)  ¢sin(°) Osin(°)
Coj—1 13034 180  1.25(15) 0 90 1.25(15) 90 90
Coi—2 13034 180 1.25(15) 0 90 1.25(15) 90 90
Coy—1; -0.9194 0 -2.70(0.08) 46.00(6.97) 90 -2.70(0.08) 136.00(6.97) 90
Coa_y -0.9194 0 -2.70(0.08)  46.00(6.97) 90 -2.70(0.08) 136.00(6.97) 90
Coa—3 -0.9194 0 -2.70(0.08) 46.00(6.97) 90 -2.70(0.08) 136.00(6.97) 90

Resulting magnetic moments: pco1 = 1.45(11)up, pooe = 1.63(17)up
Reliability factors: R, = 6.36; Ryp = 8.69; Regp = 2.72; x? = 10.2
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Table A.16: Parameters of magnetic structure of the ordered Coy 947Zng 74TeOg at 1.7 K

Di1b, A\ = 2.42A, 26 range/step: 0° — 128°/0.1°

Atom  M(up) O(°) Meos(pB) — Peos(?) Ocos () Msin(up)  dsin(°) Osin(°)
Coi_; 14444 180 1.26(15) 0 90 1.26(15) 90 90
Coi_9 1.4444 180 1.26(15) 0 90 1.26(15) 90 90
Cos1 -04614 0  -2.77(0.04) 37.60(9.01) 90 22.77(0.04)  127.60(9.01) 90
Cosn 04614 0  -2.77(0.04) 37.60(9.01) 90 22.77(0.04)  127.60(9.01) 90
Cos_y -0.4614 0  -2.77(0.04) 37.60(9.01) 90 -2.77(0.04)  127.60(9.01) 90

Resulting magnetic moments: uco1 = 1.58(14)up, pcoz = 1.46(13)up
Reliability factors: R, = 5.41; Ryp = 6.86; Reyp = 2.91; x* = 5.55

Table A.17: Agreement factors of the RMC fit of the ordered CosTeOg polymorph diffuse
magnetic scattering at 50, 60 and 80 K

T, K Run R-factor

T, K Run R-factor

T, K Run R-factor

50

1

2
2
4
)

3.21
3.20
3.21
3.21
3.21

60 1 3.31
2 3.31
3 3.31
4 3.31
) 3.31

80 1 3.38
2 3.38
3 3.39
4 3.38
) 3.38

Table A.18: Agreement factors of the RMC fit of the ordered CosTeOg polymorph diffuse
magnetic scattering at 90, 110 and 140 K

T, K Run R-factor

T, K Run R-factor

T, K Run R-factor

90

1

2
2
4
)

3.10
3.11
3.10
3.10
3.11

110 1 3.49
2 3.48
3 3.48
4 3.49
5 3.49

140 1 3.26
2 3.26
3 3.24
4 3.25
) 3.25
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Table A.19: Agreement factors of the RMC fit of the ordered CoszTeOg polymorph diffuse
magnetic scattering at 170, 200, 230 and 260 K

T,K Run R-factor | T, K Run R-factor | T, K Run R-factor | T, K Run R-factor

170 1 3.13 200 1 3.10 230 1 3.10 260 1 3.95

2 3.12 2 3.09 2 3.09 2 3.95
2 3.12 3 3.09 3 3.10 3 3.95
4 3.12 4 3.09 4 3.10 4 3.95
) 3.12 ) 3.09 5) 3.09 ) 3.95

Table A.20: Agreement factors of the RMC fit of the Cos g9Zn; g TeOg diffuse magnetic
scattering at 1.5, 10 and 30 K

T, K Run R-factor | T, K Run R-factor | T, K Run R-factor
1.5 1 3.12 10 1 3.67 30 1 4.46

2 3.12 2 3.67 2 4.46

2 3.12 3 3.67 3 4.46

4 3.12 4 3.67 4 4.46

5 3.12 5 3.67 5 4.46

Table A.21: Agreement factors of the RMC fit of the Cos g9Zn; ¢;TeOg diffuse magnetic
scattering at 50 and 70 K

T, K Run R-factor | T, K Run R-factor
1.5 1 5.29 10 1 5.27

2 5.29 2 9.27

2 5.29 3 5.26

4 5.29 4 5.26

5 5.29 5 5.26
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A.2 .mcif files

Below .mcif files of disordered CosTeOg polymorph at 1.7K, ordered CozTeOg polymorph
at 1.7K and ordered CosTeOg polymorph at 30K are given. All .mcif files were generated
automatically with FullProf.
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Disordered CosTeOsT = 1.7 K

HUHHH R R R
###  FullProf-generated mCIF output file (version: May 2019) Hit#

HHHEHEHEHEHEHE A

# Please notify any error or suggestion to:
# Juan Rodriguez-Carvajal (jrc@ill.eu)

# Improvements will be progressively added as needed.

# Date: 07/09/2020 Time: 12:27:57.559

H =—==== = = =

data_global
O — R

H =—==== = ===

data_
_audit_creation_date 07/09/2020
_audit_creation_method "FullProf Suite"

_citation_journal_abbrev ?
_citation_journal_volume ?
_citation_page_first ?
_citation_page_last ?
_citation_article_id ?

_citation_year ?
loop_
_citation_author_name
?

_atomic_positions_source_database_code_ ICSD ?
_atomic_positions_source_other

_Neel_temperature ?
_magn_diffrn_temperature ?
_exptl_crystal_magnetic_properties_details
_active_magnetic_irreps_details

’

_magnetic_space_group_standard_setting 'no'
_parent_space_group.name_H-M ""
_parent_space_group.IT_number 227

_space_group_magn.number_BNS 141.557
_space_group_magn.name_BNS 14_1/am'd'
_parent_space_group.transform_Pp_abc "



_parent_space_group.child_transform_Pp_abc
_magnetic_space_group.transform_BNS_Pp_abc
_space_group_magn.number_0G ?
_Space_group_magn.name_0G ?

_cell_length_a 8.5857(4)
_cell_length_b 8.5857(4)
_cell_length_c 8.5857(4)
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000

loop_
_space_group_symop_magn_operation.id
_space_group_symop_magn_operation.xyz
1 xy,z+1

X,2,¥,-1

-x+1/4,2,-y+1/4,+1

-x+1/4,y,-z+1/4,-1

x+1/4,z+1/4,-y,+1

-x+1/4,-y+1/4,2,-1

-x,z+1/4,y+1/4,-1

-X,y+1/4,2+1/4,+1

-X,-Y,-Z,+1

10 -x,-z,-y,-1

11 x+3/4,-z,y+3/4,+1

12 x+3/4,-y,z+3/4,-1

13 -x+3/4,-z43/4,y,+1

14 x+3/4,y+3/4,-2,-1

15 x,-z+3/4,-y+3/4,-1

16 x,-y+3/4,-z+3/4,+1

O 00 N O U A WN

loop_
_space_group_symop_magn_centering.id
_space_group_symop_magn_centering.xyz
1 xy,z,+1
2 x+1/2,y+1/2,2,+1
3 x+1/2,y,z+1/2,+1
4 x,y+1/2,z+41/2,+1

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site fract_z



_atom_site_U_iso_or_equiv

_atom_site_occupancy

_atom_site_adp_type
Col Co 0.50000 0.50000 0.50000 0.00555 1.00000 Uiso
Co2 Co 0.12500 0.12500 0.12500 0.00630 1.00000 Uiso

loop_
_atom_site_moment.label
_atom_site_moment.crystalaxis_x
_atom_site_moment.crystalaxis_y
_atom_site_moment.crystalaxis_z

Col -1.94(6) 0.00000 0.00000

Co2 2.39(7) 0.00000 0.00000



Ordered CosTeOg T=1.7 K

HHHEHEHEHEHEHE A
###  FullProf-generated mCIF output file (version: September 2019) ###

HHHEHEHEHEHEHE A

# Please notify any error or suggestion to:
H Juan Rodriguez-Carvajal (jrc@ill.eu)

# Improvements will be progressively added as needed.

# Date: 28/10/2020 Time: 19:52:39.366

S ——— = =

data_global

H ===== = = === =

data_

_audit_creation_date 28/10/2020
_audit_creation_method "FullProf Suite"
_chemical_name_systematic

_chemical_formula_sum '?'

_citation_journal_abbrev ?
_citation_journal_volume ?
_citation_page_first ?
_citation_page_last ?
_citation_article_id ?

_citation_year ?

_citation_DOlI ?

loop_

_citation_author_name

?

# Name Explanation Standard?

= S

' pd_proc_Is_prof chi2' 'Chi-square for all considered points in LSQ' no

' pd_proc_R-Bragg' 'Rietveld R-factor based on integrated intensities' no

' pd_proc_Magn_R-factor' 'Asthe previous item but only for magnetic reflections' no

_atomic_positions_source_database _code ICSD .
_atomic_positions_source_other

_Neel_temperature ?
_magn_diffrn_temperature ?
_exptl_crystal_magnetic_properties_details
_active_magnetic_irreps_details

’



’

# Reliability factors for the current refinement
_pd_proc_Is_prof _chi2 9.4814
_pd_proc_Magn_R-factor 4.2991

_space_group_magn.ssg_number "78.1.19.1.m19.1"
_space_group_magn.ssg_name "P4_3(0,0,g)0"
_space_group_magn.point_group_name "4"
_parent_space_group.IT_number 0

_cell_length_a 8.54979(7)
_cell_length_b 8.54979(7)
_cell_length_c 8.54979(7)
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000

_cell_modulation_dimension 1

loop_

_cell_wave_vector_seq_id
_cell_wave_vector_x
_cell_wave_vector_y
_cell_wave_vector_z

1 0.00000 0.00000 0.1345(12)

loop_
_Space_group_symop_magn_ssg_operation.id
_space_group_symop_magn_ssg_operation.algebraic
x1,x2,x3,x4,1
-x1,-x2+1/2,x3+1/2,x4+1/2,1
x2+3/4,-x1+1/4,x3+1/4,x4+3/4,1
-x2+1/4,x1+1/4,x3+3/4,x4+1/4,1

S W N

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_U_iso_or_equiv

_atom_site_occupancy

_atom_site_adp_type
Col_1 Co 0.00062 -0.00062 0.00062 0.00000 1.00000 Uiso
Col_2 Co 0.50062 0.00062 0.49938 0.00000 1.00000 Uiso



Co2_1 Co 0.12500 0.13702 0.38702 0.00000 1.00000 Uiso
Co2_2 Co 0.62500 0.86298 0.11298 0.00000 1.00000 Uiso
Co2_3 Co 0.86298 0.61298 0.12500 0.00000 1.00000 Uiso

loop_
_atom_site_moment.label
_atom_site_moment.spherical_modulus
_atom_site_moment.spherical_azimuthal
_atom_site_moment.spherical_polar

Col_1 2.59(4) 0.00000 180.000

Col_2 2.59(4) 0.00000 180.000

Co2_1 3.28(5) 0.00000 0.00000

Co2_2 3.28(5) 0.00000 0.00000

Co2_3 3.28(5) 0.00000 0.00000

loop_
_atom_site_Fourier_wave_vector.seq_id
_atom_site_Fourier_wave_vector.ql_coeff
11

loop_
_atom_site_moment_Fourier.atom_site_label
_atom_site_moment_Fourier.axis
_atom_site_moment_Fourier.wave_vector_seq_id
_atom_site_moment_Fourier_param.cos
_atom_site_moment_Fourier_param.sin

Col_1 mod 1-1.37(12)-1.37(12)

Col_1 azi 1 0.00000 90.0000

Col_1 pol 1 90.0000 90.0000

Col_2 mod 1-1.37(12)-1.37(12)

Col_2 azi 1 0.00000 90.0000

Col_2 pol 1 90.0000 90.0000

Co2_1 mod 1 1.46(10) 1.46(10)

Co2_1 azi 1 67(6) 157(6)

Co2_1 pol 1 90.0000 90.0000

Co2 2 mod 1 1.46(10) 1.46(10)

Co2 2 azi 1 67(6) 157(6)

Co2_2 pol 1 90.0000 90.0000

Co2_3 mod 1 1.46(10) 1.46(10)

Co2_3 azi 1 67(6) 157(6)

Co2_3 pol 1 90.0000 90.0000

# The refinement has been performed using spherical components for moments and amplitudes.

# Here we give the components transformed to the crystallographic unitary frame (moments in
Bohr magnetons)

# for compatibility with external programs. The standard deviations have been calculated using the
# propagation error formula without taking into account the correlations between parameters.



loop_
_atom_site_moment.label
_atom_site_moment.crystalaxis_x
_atom_site_moment.crystalaxis_y
_atom_site_moment.crystalaxis_z
Col_1 0.00000 0.00000 -2.59(4)
Col_2 0.00000 0.00000 -2.59(4)
Co2_1 0.00000 0.00000 3.28(5)
Co2_2 0.00000 0.00000 3.28(5)
Co2_3 0.00000 0.00000 3.28(5)

loop_
_atom_site_moment_Fourier.atom_site_label
_atom_site_moment_Fourier.axis
_atom_site_moment_Fourier.wave_vector_seq_id
_atom_site_moment_Fourier_param.cos
_atom_site_moment_Fourier_param.sin

Col 1 x 1-1.37(12) 0.00000
Col 1y 1 0.00000-1.37(12)
Col 1 z 1 0.00000 0.00000
Col 2 x 1-1.37(12) 0.00000
Col 2 y 1 0.00000 -1.37(12)
Col 2 z 1 0.00000 0.00000
Co2_1 x 1 0.56(4)-1.35(9)
Co2_1y 1 1.35(9) 0.56(4)
Co2_1 z 1 0.00000 0.00000
Co2_2 x 1 0.56(4)-1.35(9)
Co2_2 y 1 1.35(9) 0.56(4)
Co2_2 z 1 0.00000 0.00000
Co2_3 x 1 0.56(4)-1.35(9)
Co2 3y 1 1.35(9) 0.56(4)

Co2_3 z 1 0.00000 0.00000



Ordered CosTeOg T = 30 K

HHHEHHEHEHEHEHE A
###  FullProf-generated mCIF output file (version: September 2019) ###

HHHEHEHEHEHEHE A

# Please notify any error or suggestion to:
H Juan Rodriguez-Carvajal (jrc@ill.eu)

# Improvements will be progressively added as needed.

# Date: 14/07/2020 Time: 14:00:02.480

S —— = =

data_global
# ===== = = =

data_

_audit_creation_date 14/07/2020
_audit_creation_method "FullProf Suite"
_chemical_name_systematic

_chemical_formula_sum '?'

_citation_journal_abbrev ?
_citation_journal_volume ?
_citation_page_first ?
_citation_page_last ?
_citation_article_id ?

_citation_year ?

_citation_DOlI ?

loop_

_citation_author_name

?

# Name Explanation Standard?

= S ——

' pd_proc_Is_prof chi2' 'Chi-square for all considered points in LSQ' no

' pd_proc_R-Bragg' 'Rietveld R-factor based on integrated intensities' no

' pd_proc_Magn_R-factor' 'Asthe previous item but only for magnetic reflections' no

_atomic_positions_source_database _code_ ICSD .
_atomic_positions_source_other

_Neel_temperature ?
_magn_diffrn_temperature ?
_exptl_crystal_magnetic_properties_details
_active_magnetic_irreps_details

’



’

# Reliability factors for the current refinement
_pd_proc_Is_prof _chi2 11.0096
_pd_proc_Magn_R-factor 7.2785

_space_group_magn.ssg_number "78.1.19.1.m19.1"
_space_group_magn.ssg_name "P4_3(0,0,g)0"
_space_group_magn.point_group_name "4"
_parent_space_group.IT_number 0

_cell_length_a 8.54975(8)
_cell_length_b 8.54975(8)
_cell_length_c 8.54975(8)
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000

_cell_modulation_dimension 1

loop_
_cell_wave_vector_seq_id
_cell_wave_vector_x
_cell_wave_vector_y
_cell_wave_vector_z

1 0.00000 0.00000 0.0859(3)

loop_
_Space_group_symop_magn_ssg_operation.id
_space_group_symop_magn_ssg_operation.algebraic
x1,x2,x3,x4,1
-x1,-x2+1/2,x3+1/2,x4+1/2,1
x2+3/4,-x1+1/4,x3+1/4,x4+3/4,1
-x2+1/4,x1+1/4,x3+3/4,x4+1/4,1

S W N

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_U_iso_or_equiv

_atom_site_occupancy

_atom_site_adp_type
Col_1 Co 0.00062 -0.00062 0.00062 0.00000 1.00000 Uiso
Col_2 Co 0.50062 0.00062 0.49938 0.00000 1.00000 Uiso



Co2_1 Co 0.12500 0.13702 0.38702 0.00000 1.00000 Uiso
Co2_2 Co 0.62500 0.86298 0.11298 0.00000 1.00000 Uiso
Co2_3 Co 0.86298 0.61298 0.12500 0.00000 1.00000 Uiso

loop_
_atom_site_moment.label
_atom_site_moment.spherical_modulus
_atom_site_moment.spherical_azimuthal
_atom_site_moment.spherical_polar

Col_1 1.25(8) 0.00000 180.000

Col_2 1.25(8) 0.00000 180.000

Co2_1 1.56(8) 0.00000 0.00000

Co2_2 1.56(8) 0.00000 0.00000

Co2_3 1.56(8) 0.00000 0.00000

loop_
_atom_site_Fourier_wave_vector.seq_id
_atom_site_Fourier_wave_vector.ql_coeff
11

loop_
_atom_site_moment_Fourier.atom_site_label
_atom_site_moment_Fourier.axis
_atom_site_moment_Fourier.wave_vector_seq_id
_atom_site_moment_Fourier_param.cos
_atom_site_moment_Fourier_param.sin

Col_1 mod 1-2.32(7)-2.32(7)

Col_1 azi 1 0.00000 90.0000

Col_1 pol 1 90.0000 90.0000

Col_2 mod 1-2.32(7)-2.32(7)

Col_2 azi 1 0.00000 90.0000

Col_2 pol 1 90.0000 90.0000

Co2_1 mod 1 2.57(7) 2.57(7)

Co2_1 azi 1 36(4) 126(4)

Co2_1 pol 1 90.0000 90.0000

Co2 2 mod 1 2.57(7) 2.57(7)

Co2_2 azi 1 36(4) 126(4)

Co2_2 pol 1 90.0000 90.0000

Co2_3 mod 1 2.57(7) 2.57(7)

Co2_3 azi 1 36(4) 126(4)

Co2_3 pol 1 90.0000 90.0000

# The refinement has been performed using spherical components for moments and amplitudes.

# Here we give the components transformed to the crystallographic unitary frame (moments in
Bohr magnetons)

# for compatibility with external programs. The standard deviations have been calculated using the
# propagation error formula without taking into account the correlations between parameters.



loop_
_atom_site_moment.label
_atom_site_moment.crystalaxis_x
_atom_site_moment.crystalaxis_y
_atom_site_moment.crystalaxis_z
Col_1 0.00000 0.00000 -1.25(8)
Col_2 0.00000 0.00000 -1.25(8)
Co2_1 0.00000 0.00000 1.56(8)
Co2_2 0.00000 0.00000 1.56(8)
Co2_3 0.00000 0.00000 1.56(8)

loop_
_atom_site_moment_Fourier.atom_site_label
_atom_site_moment_Fourier.axis
_atom_site_moment_Fourier.wave_vector_seq_id
_atom_site_moment_Fourier_param.cos
_atom_site_moment_Fourier_param.sin

Col 1 x 1-2.32(7) 0.00000
Col 1y 1 0.00000-2.32(7)
Col 1 z 1 0.00000 0.00000
Col 2 x 1-2.32(7) 0.00000
Col 2 y 1 0.00000 -2.32(7)
Col 2 z 1 0.00000 0.00000
Co2_1 x 1 2.09(5)-1.49(4)
Co2 1y 1 1.49(4) 2.09(5)
Co2_1 z 1 0.00000 0.00000
Co2_2 x 1 2.09(5)-1.49(4)
Co2 2y 1 1.49(4) 2.09(5)
Co2_2 z 1 0.00000 0.00000
Co2_3 x 1 2.09(5)-1.49(4)
Co2 3y 1 1.49(4) 2.09(5)

Co2_3 z 1 0.00000 0.00000
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Appendix B

Résumé en francais

L’une des classes de matériaux les plus prometteuses pour stimuler la technologie en général
et la puissance de calcul en particulier sont les multiferroiques magnétiques - des matéri-
aux présentant un couplage mutuel entre les sous-systémes magnétiques intrinseques et
électroniques [5]. L’histoire de la magnétoélectricité est riche et s’étend désormais sur
trois siecles. Tout a commencé en 1865 avec les équations de Maxwell qui ont montré
que les interactions magnétiques et les mouvements de charges électriques sont de méme
nature [6]. A la toute fin du XIXe siecle en 1894, Pierre Curie, utilisant des considéra-
tions de symétrie, prédit la possibilité d’un couplage entre degrés de liberté électroniques
et magnétiques dans les cristaux isolants [7]. Pourtant, la premiére véritable observation
de Peffet magnétoélectrique n’a eu lieu qu’en 1960 avec la découverte de CryOj3 [8] basée
sur la prédiction faite un an plus t6t par Dzyaloshinskii [9] suivie d’une enquéte appro-
fondie sur les boracites dans lesquelles NizB-,O3l était le plus célebre pour manifester le
plus fort propriétés multiferroiques [10]. Repenser I'idée originale des solutions solides de
pérovskites ferroélectriques contenant des ions magnétiques Nicola Spaldin [16] a fourni
une prévision peu prometteuse sur les possibilités de coexistence du ferromagnétisme et
de la ferroélectricité [17]. Mais un travail intense a finalement abouti & deux ceuvres
influentes, chacune devenant un point de pivot pour tout un champ de matériaux magné-
toélectriques. La premiere a été la découverte de la multiferroicité a température ambiante
dans les films minces BiFeO3 qui a inspiré des recherches intensives sur ce composé avec
des applications potentielles [18]. La seconde était I'observation du nouveau type de mul-
tiferroicité dans ThMnOs5 [19]. Par rapport & tous les composés précédemment connus
ou la ferroélectricité et le magnétisme étaient liés indirectement, dans le cas du ThMnOsg,
I’ordre magnétique était la force motrice de la polarisation électrique, donc le couplage
entre deux sous-systemes essentiels est intrinsequement fort.

Certes, la préoccupation majeure des multiferroiques magnétiques est motivée par un
intérét fondamental pour le domaine. D’une part, méme les modeles théoriques les plus
développés sont incapables de fournir une explication exhaustive de toutes les observa-
tions expérimentales, d’autre part les propriétés démontrées par des matériaux connus
sont incompatibles avec les performances effectives du dispositif: températures de tran-
sition basses ou magnétoélectrique hebdomadaire ’accouplement rend la production et
I’exploitation technologiquement défavorables. Cependant, certains matériaux compos-
ites trouvent leurs applications dans des dispositifs prototypes tels que des capteurs et
des actionneurs [22]. Les hétérostructures en films minces de couches ferroélectriques et
ferromagnétiques alternées peuvent également étre utilisées comme transistors, jonctions
tunnel ou capteurs magnétiques [23]. De plus, deux commandes co-dépendantes rendent
ces matériaux intéressants pour le stockage de données [24]. En plus de cela, la recherche
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APPENDIX B. RESUME EN FRANCAIS

multiferroique a un impact énorme sur les domaines de connaissances qui sont indirecte-
ment liés ou méme pas pertinents aux matériaux multiferroiques eux-mémes a premiere
vue. Il a été prouvé que la transition ferroélectrique dans les composés h-RMnO3 et les
transitions de phase dans 'univers primitif obéissaient aux mémes regles, ce qui en fait un
terrain de jeu idéal pour tester des modeles cosmologiques. [30, 31]

Par conséquent, la recherche et ’étude de nouveaux composés multiferroiques sont
d’une grande importance soit pour élargir la compréhension fondamentale de la nature et
des applications techniques possibles. Ainsi, au cours de ce travail de recherche, des oxydes
de tellure (VI) & base de cobalt a structures magnétiques complexes ont été étudiés.

Parmi ces composés, une attention particuliére a été portée a la série des spinelles
Cos_Zn, TeOg pour leurs propriétés magnétiques multiferroiques potentielles. Au cours
de ces 3 années, des travaux approfondis ont été menés sur les syntheses, le raffinement des
structures cristallines, et la caractérisation de leurs propriétés magnétiques et diélectriques,
combinant plusieurs techniques: caractérisation magnétique classique (SUID, PPMS) et
diverses expériences de diffusion neutronique. Ce manuscrit fournit des informations
générales sur I’effet magnétoélectrique et les matériaux multiferroiques, les différentes tech-
niques expérimentales qui ont été utilisées pour 1’étude de la série spinelle de Cos_,Zn, TeOg
et tous les résultats expérimentaux et leur discussion.

Comme cela avait été initialement proposé par Schmid en 1994, les multiferroiques
sont une classe de matériaux combinant au moins deux ordres ferroiques primaires [32].
La liste des ferroiques contient quatre types d’ordre: ferroélectrique, ferromagnétique, fer-
roélastique et ferrotoroique. Tous sont décrits par ’émergence spontanée d’une propriété
correspondante appelée un parametre d’ordre qui est uniforme a travers les domaines, des
régions de supports géométriquement restreintes, qui peuvent étre commutées hystéré-
tiquement par un champ externe approprié. Dans le cas d’un contrdle ferroélectrique, le
parametre d’ordre est la polarisation commutable électriquement sous champ électrique,
pour les ferromagnétiques il s’agit de la magnétisation et du champ magnétique, et les
matériaux ferroélastiques sont caractérisés par une déformation spontanée sous contrainte
appliquée. L’ordre ferrotoroique est représenté par le moment toroidal généré par les
tourbillons de moments magnétiques. Il convient également de mentionner que cette clas-
sification comprend également les ordres anti-ferroiques comme ’anti-ferroélectricité et
Panti-ferromagnétisme dans lesquels les moments associés s’annulent dans un état ordonné.

La symétrie spatio-temporelle est un point clé pour la caractérisation des ordres fer-
roiques primaires. Les quatre états possedent des propriétés de transformation différentes
sous les opérateurs de parité d’inversion temporelle et d’inversion spatiale. Par exemple,
la ferroélectricité associée a la polarisation spontanée P, qui est donnée par ) ; Q;r; ou Q;
représente la charge a la position r;. Evidemment, avec I’émergence d’un dipole électrique,
I'inversion spatiale est violée tandis que la symétrie d’inversion temporelle est préservée.
Le moment magnétique M, & son tour, montre une caractéristique opposée. Etant un
vecteur axial, cette quantité peut étre représentée comme une boucle de courant, donc
est proportionnelle & (dQr/dt) x r ou ¢ est le temps. Donc le moment magnétique M
rompt la symétrie d’inversion du temps mais reste invariant sous 'inversion spatiale [35].
Puisque la polarisation P et le moment magnétique M ont des propriétés de symétrie
différentes, les ordres ferroélectrique et ferromagnétique sont généralement indépendants.
Cependant, ces deux parametres d’ordre pourraient étre combinés par couplage magné-
toélectrique: une co-dépendance mutuelle des sous-systemes électroniques et magnétiques
d’un matériau. Ainsi, dans ce cas, les multiferroiques combinant l'ordre de spin et de
charge sont asymétriques spatio-temporelles.

Aucune compréhension approfondie de ce phénomeéne ne pourrait étre obtenue sans un
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Charge Spin
[spix ]

Figure B.1: Les multiferroiques magnétiques combinent a la fois 'ordre de rotation et de charge.
Les matériaux ferroélectriques et ferromagnétiques présentent respectivement une polarisation
hystérétique et une réponse de magnétisation a un champ électrique et magnétique. Dans le cas
idéal, une interaction entre les degrés de liberté électroniques et magnétiques en multiferroiques
permet d’avoir une réponse magnétique a un champ électrique et une réponse électronique a un
champ magnétique [5].

examen attentif des mécanismes microscopiques de la multiferroicité. Dans la plupart des
matériaux ferroélectriques, la polarisation en masse provient des déplacements atomiques
de cations chargés positivement et de leur environnement anionique. En termes de liaison
covalente, de tels décalages sont énergétiquement favorables lorsque la coque d du cation
est vide. En revanche, les ordres magnétiques a longue portée proviennent d’interactions
d’échange entre des électrons non appariés dans la coque d partiellement remplie dans le
cas des ions de métaux de transition. Et voici le probleme que ces deux exigences, lors
du remplissage de la coque d, rendent le magnétisme et la ferroélectricité mutuellement
exclusifs. Néanmoins, il existe d’autres mécanismes de polarisation qui permettent d’éviter
cette limitation de d° par rapport & d". Essentiellement, il n'y a pas de mécanisme
microscopique unique de ferroélectricité et de polarisation; il résulte d’une interaction
entre la charge, ’ordre orbitale ou de spin et les distorsions structurelles.

Pour classer les multiferroiques magnétiques, il peut étre pratique d’utiliser la clas-
sification proposée par Khomskii, qui consiste & diviser les matériaux multiferroiques en
deux groupes: multiferroiques de type-I et de type-II [5]. Les multiferroiques de type-
IT sont constitués de ceux dans lesquels la ferroélectricité est induite par certains types
particuliers d’arrangements de spin a longue portée, tandis que les types-I sont tous les
autres. Les matériaux de type I présentent généralement de grandes valeurs de polarisa-
tion P et des températures de transition élevées, pour les transitions ferroélectriques et
magnétiques, qui se situent souvent au-dessus de la température ambiante. Cependant les
multiferroiques de type I possédent un couplage magnétoélectrique plutét hebdomadaire.
Parmi les mécanismes multiferroiques de type I supportant la ferroélectricité, on peut
trouver des phases mixtes de pérovskite, des aimants hébergeant des paires isolées, de la
ferroélectricité géométrique et de 'ordre de charge.

Les multiferroiques du deuxieme type sont souvent appelés multiferroiques d’origine
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de spin en raison du fait que pour ces composés, 'ordre magnétique lui-méme est une
force motrice pour qu’'une polarisation électrique se produise [61]. Ainsi, il est évident
que les composés représentant ce type de multiferroicité possedent un fort couplage entre
les sous-systemes magnétiques et électroniques, qui, a son tour, permettent une haute
accordabilité de l'aimantation sous champ électrique appliqué ainsi qu’une stimulation
magnétique provoquera un changement drastique de polarisation. Cependant, la polari-
sation montrée par les multiferroiques de type II est généralement faible par rapport aux
valeurs indiquées par les composés du premier type. Une autre caractéristique des multi-
ferroiques de type-1I est les températures d’entrainement magnétique relativement basses.
En effet, tous les matériaux de ce groupe sont des aimants frustrés: des arrangements de
spin complexes, nécessaires a I’émergence de la polarisation, sont le résultat d’interactions
magnétiques concurrentes, qui empéchent 1’établissement d’un ordre a longue portée. a
des températures élevées.

Pour ce qui concerne des mécanismes microscopiques de la ferroélectricité a com-
mande magnétique, les multiferroques d’origine de spin peuvent étre divisés en trois
grands groupes. Le premier est caractérisé par des ordres magnétiques proportionnels
les transportant pour provoquer un rétrécissement d’échange le long de directions cristal-
lographiques particulieres, le second est représenté par des aimants avec un type spécial
de structures de spin incommensurables, tandis que le troisiéme utilise la géométrie de
la configuration électronique des ions magnétiques et de leurs ligands . Quelle que soit
la maniére dont la polarisation électrique est générée, les trois groupes d’ordonnances
magnétiques rompent la symétrie d’inversion spatiale.

Le mécanisme de striction d’échange exploite exclusivement l'interaction de Heisenberg
et se déroule dans des aimants colinéaires ou presque colinéaires. Le point crucial pour la
striction d’échange est la présence de cations magnétiques voisins de différentes valences
qui pourraient subir une dimérisation a basse température. Le premier exemple pour
illustrer ce phénomene est un aimant Ising quasi-unidimensionnel Ca;CoMnOyg [62, 63].
Un tel comportement pourrait également étre trouvé dans les manganites orthorhombiques
RMn,O5.

L’interaction Dzyaloshinskii-Moriya (DM) ou échange antisymétrique [68, 69, 70, 71]
est un élément clé dans la compréhension de la ferroélectricité dans les aimants en spi-
rale. Cette interaction apparalt comme la correction relativiste des interactions d’échange
en présence d’un couplage spin-orbite. L’interaction DM, entrainée par les déplacements
d’oxygene, s’est avérée jouer un role essentiel dans la stabilisation de 1’ordre de spin in-
commensurable dans le multiferroique ThMnO3 pérovskite [72]. Ceci est souvent appelé
un mécanisme DM inverse. Cependant, dans le cas de spins inclinés, une polarisation
électrique peut survenir suite a une polarisation électronique. Ce mécanisme est souvent
appelé modele de courant de spin [73]. Et dans les deux cas, la polarisation électrique P
est:

P x €;; X (SZ X Sj) (B.l)

ou e;; est le vecteur unitaire reliant le site ¢ et le site j et S est 'opérateur de spin
correspondant. On voit donc que quel que soit le mécanisme microscopique de la fer-
roélectricité, la direction de la polarisation électrique définie par les équations B.1 est
universelle et inhérente a toute structure de spin modulée sans commune mesure. Pour
résumer les scénarios possibles dans les modeles de DM inversé et de courant de spin, la
figure B.2 illustre divers types de structures de spin incommensurables avec la polarisation
électrique qu’elles génerent. Evidemment, si le vecteur e;; est parallele au produit croisé
des opérateurs de spin aux sites i-iem et j-iem, la polarisation résultante induite par ces
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mécanismes est nulle.
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Figure B.2: Plusieurs types de structures magnétiques modulées avec la polarisation électrique
correspondante qu’elles générent via des mécanismes inverses de Dzyaloshinskii-Moriya ou de
courant de spin [61].

Concernant les exemples d’aimants spiralés présentant des propriétés multiferroiques,
on peut prendre comme exemple les manganites de type pérovskite RMnO5 (R = Tb, Dy,
Eu;_,Y,;) comme exemple: état de base magnétique de cette famille est souvent décrite
avec un ordre de spin cycloidal. Ces dernieres années, des études approfondies ont conduit
a la découverte de nombreux composés différents possédant des structures hélimagnétiques
incommensurables induisant une polarisation électrique ou la frustration magnétique est
la principale cause de stabilisation de ces structures de spin. Parmi les exemples, il peut
y avoir des composés avec des structures nucléaires centrosymétriques comme NizV,0g
(Cmeca) [75, 83] et MnWO, (P2/c) [84, 85]. 1l convient également de souligner le fait que
méme si certaines structures magnétiques modulées ne produisent pas naturellement de
polarisation électrique dans le courant de spin ou les modeles DM inverses, elles peuvent
étre manipulées de maniere externe avec le champ magnétique pour le faire comme il a
été trouvé dans BasMgoFe 509.

L’interaction spin-orbite peut également produire un dipole électrique entre les or-
bitales d d’'un ion de métal de transition et les orbitales p d’un ligand. Considérant
I’environnement local, pour chaque ion de métal de transition P peut étre exprimé sous
la forme de [96]:

P = Z(S . el-)Qei, (BQ)

1

ou la somme est prise sur toutes les liaisons et le e est le vecteur du cation du métal
de transition et des anions ligand. Le mécanisme décrit avec I’équation B.2 est appelé
hybridation p-d dépendante du spin. La principale différence entre ’hybridation p-d et le
mécanisme de striction d’échange ou de courant de spin / DM inverse décrit précédemment
est que pour les deux derniers sites magnétiques sont nécessaires alors que le mécanisme
d’hybridation p-d produit une polarisation électrique avec un seul site magnétique. Ce
modele décrit bien le comportement multiferroique de composés avec un réseau triangulaire
et des structures de rotation de vis appropriées. Cela peut étre trouvé dans deux types de
structures triangulaires typiques: delafossite [97] et Cdl, [101, 102].
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Dans tous les systemes de modeles magnétiques, les composés spinelles (A)[Bg]X,
sont I'une des familles les plus polyvalentes possédant une pléthore extraordinaire de
phénomenes magnétiques, y compris le multiferroisme [116]. Une large multitude d’états
fondamentaux magnétiques apparait avec une variabilité chimique de ces systemes: les sites
A et B sont occupés par des cations de métaux de transition de valences différentes et X
est 'oxygene ou les chalcogenes (soufre, sélénium, tellure). Le spinelle minéral MgAl,O, a
une structure Fd3m cubique de paramétre a = 8.0625(7)A. Les atomes d’oxygene forment
un réseau compact ot les cations bivalents Mg?™ occupent les sites A (positions 8a) corre-
spondant aux sites tétraédriques [MgOy] et les cations trivalents AT, occupent les sites
B (positions cristallographiques 16d) correspondant aux sites octaédriques [AlOg]. Tous
les octaedres [AlOg| sont reliés par les arétes et forment des couches de Kagome (Fig. 77)
qui sont normales a la direction <111> et ou résident des cavités d’une section hexagonale
appelée fenétre de Kagome . Chaque fenétre de Kagome est entourée de part et d’autre
de deux tétraedres [MgO,].

Figure B.3: A gauche: La structure cristalline du minéral spinelle d’origine, ce MgAl204. Les
cations de magnésium mis en cage dans un environnement oxygene octaédrique tandis que les
cations aluminium sont entourés de huit atomes d’oxygene qui forment un environnement
octaédrique. A droite: la projection de la structure selon la direction [111] représentant
larrangement polyedre. Remarquablement, les octaedres a partage de bord forment une couche
Kagome.

Puisque les composés spinelles sont constitués de deux sous-structures, A et B, le
hamiltonien magnétique le plus simple peut étre écrit comme:

A=Y 1,359, (B.3)

z,y=A,B 1,J

ou la premiére somme se référe a la nature de I'interaction d’échange: inter- ou intra-
sous-structure et la seconde est prise sur les paires de spins voisines dans la voie d’échange
donnée. Ainsi, dans la plupart des cas concernant les composés spinelles, I’état fonda-
mental magnétique est défini par I'interaction entre les interactions d’échange intra-sous-
structure J44 et Jgp et inter-sous-réseau J4p.

Pour les interactions non négligeables Ja4 et Jpp, des états fondamentaux exotiques
peuvent étre trouvés. La théorie LKDM (Lyon, Kaplan, Dwight, Menyuk) [140, 141, 142]
qui considere les interactions d’échange de Heisenberg entre les cations voisins les plus
proches que I’état fondamental des phases du spinelle cubique est entiérement décrit par
un seul parametre:

_ 4JgB |ps|

_ , B.4
3 JaB |pal (B-4)
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ou pua et up sont des moments magnétiques de cations occupant respectivement les
sites A - et B. Pour v < 8/9 la structure spin adopte la configuration Néel. Pour des
valeurs plus grandes de u, il a été montré que la configuration de spin d’énergie la plus
basse est ce que 'on appelle I'état de spirale de spin ferrimagnétique trouvé dans ce
MnCr204 (u = 1,5). Il a deux transitions de phase magnétiques: a 43K, les intensités de
réflexion fondamentale montrent une forte amélioration indiquant une transition vers un
état ferrimagnétique, et a T = 18K un ensemble de réflexions satellites apparait, qui peut
étre décrit avec une conique ferrimagnétique. structure avec un accord satisfaisant [143].
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Figure B.4: A gauche: caractéristiques macroscopiques de CoCr,O,4. Evolution de la température
a) de laimantation M et de la chaleur spécifique divisée par la température (C / T), et b) de la
constante diélectrique mesurée selon la direction y a une fréquence de 10 kHz et la polarisation
électriquement induite selon I'axe textity (|| [ Bar110]). A droite: structure magnétique de
CoCry0y [144].

Il existe un autre CoCryO, (u = 2), qui a des caractéristiques similaires. La variation
de température de 'aimantation associée a la chaleur spécifique montre trois transitions
distinctes a 93 K, 27 K et 13 K [144, 146]. Ces résultats sont en accord avec les mesures
de diffraction sur poudre de neutrons [147]. qui révelent un net gain d’intensité des réflex-
ions nucléaires fondamentales en dessous de T = 93K qui se produisent & la suite d’une
transition de phase paramagnétique-ferrimagnétique (Fig. B.4). A Ts = 27K, le dia-
gramme NPD montre I’émergence d'un ensemble de réflexions satellites résultant d’une
phase magnétique incommensurable. La structure en spirale ferrimagnétique avec modu-
lation de spin se propageant le long de la direction [110] et de I'axe du cone le long de la
direction [001] prédite par la théorie LKDM a fourni un bon accord avec les observations
expérimentales. Plus tard, ce résultat a été prouvé par une expérience de diffraction neu-
tronique monocristalline qui a confirmé la présence du vecteur de propagation k = (4, 9, 0)
avec 6 = 0,626 + 0.009 a 8K [139]. La théorie LKDM prédit également que pour u >
1.298, les configurations en spirale ferrimagnétique a longue portée sont localement insta-
bles. Dans le cas de CoCry,O, avec u = 2, cette instabilité provient d'une faible frustration
magnétique géométrique (MGF) due & une magnitude égale des moments magnétiques
aux sites tétraédrique et octaédrique provoque un ordre en spirale a courte portée qui se
traduit par un comportement de type réentrant-spin-glass en dessous de Tjock—in = 13K.

Concernant le sous-systeme électronique CoCr,O, montre également une image assez
riche. Au refroidissement, la constante diélectrique atteint son maximum & Ts ce qui
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coincide avec une émergence de polarisation électrique. Remarquablement, il n’y a pas de
transition de phase structurelle vers les températures plus basses et la structure nucléaire
reste F'd3m de sorte que la centrosymétrie est localement rompue par l'ordre de spirale
ferrimagnétique qui se traduit par la polarisation électrique le long de [110] direction, qui
est en accord avec le modele de courant de spin. Par conséquent, CoCr,0O, est un com-
posé multiferroique de type-11. La polarisation électrique est hebdomadaire, cependant, la
polarisation elle-méme montre un comportement curieux sous des stimuli externes. Il a
été montré que la grandeur et la direction de P dépendent fortement de la grandeur et
du signe du champ magnétique appliqué le long de la direction [001]. De plus, P présente
une inversion induite par champ complet signifiant un couplage magnétoélectrique ro-
buste dans le systéme [144]. De plus, le signe de polarisation dans CoCr,O, peut étre
modifié thermiquement: P flops brusquement de 2uC/m? & —2uC/m? & Tjoek—_in sans le
changement de handness ou le k vector [148].
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Figure B.5: A gauche: dépendance du champ magnétique de a) Magnétisation selon la direction
[001] b) Polarisation selon la direction [110] mesurée & T = 15 K pour Co(Cr2 — zCo,)0,. C#1,
F#1 et F#2 désignent respectivement x = 0,0, 0,14 et 0,18 [149]. A droite: diagramme de phase
magnétique d’une famille Zn,;  Co,Cr,0O,. Les acronymes suivants signifient AF -
antiferromagnétisme, FiM - ferrimagnétisme, SG - spin-glass, SRO - commande a courte portée
[150]. .

En méme temps, la polarisation dans CoCr,0, peut étre manipulée en interne, en
faisant varier la composition chimique. Il a été démontré que le mélange de cations non
magnétiques d'° dans le systéme A-sites conduit & une suppression de I'ordre de spin en
spirale. L’introduction de Zn?* modifie le magnétisme dans le systéme pour adopter un
comportement antiferromagnétique frustré qui ne donne pas lieu & une polarisation élec-
trique (B.5) [150]. Au contraire, une dilution magnétique sur le site B peut conduire &
I'effet inverse. Les cations Co®" magnétiquement inactifs au sous-réseau Cr®* sont suscep-
tibles de réduire la polarisation négative et la contribution de magnétisation des cations
au site B. Cela améliore a la fois la polarisation électrique saturée et la magnétisation de
champ appliquée avec une augmentation de la quantité d’agent magnéto-diluant [149].

On peut ainsi formuler une recette potentielle pour un composé multiferroique de
type II qui peut posséder des propriétés ferroélectriques intrigantes. Premierement, il
faudrait un spinelle cubique contenant des cations magnétiques de mémes magnitudes
ou proches de moments magnétiques aux sites A - et B - pour stabiliser une structure
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spirale ferrimagnétique a longue portée. Deuxiémement, il doit y avoir de la place pour
une dilution magnétique du site B qui peut potentiellement augmenter les performances
ferroélectriques du systéme.

Parmi les composés spinelles, Kasper a rapporté en 1967 la synthese de phases CosTeOyg,
CoZn,TeOg et NiZn,TeOg avec superstructure cubique primitive [151]. Aucune des struc-
tures nucléaires n’a été publiée mais on a supposé que les cations Te®* ne pouvaient occuper
que des sites octaédriques avec la formule suivante [(Co,)[CosTe]Og. Puisque Co®" et Te®"
ont des valences et des tailles différentes, il est possible d’obtenir des couches de Kagome
ordonnées (Fig. B.3) avec Te®" et Co®' tous deux dans un environnement octaédrique
mais occupant deux sites cristallographiques différents. Plus tard, Rodriguez-Carvajal a
publié une premiere étude sur la diffraction neuronale de CosTeOg [152]. Il rapporte la
présence d’une premiere transition en dessous de 60 K avec une forte diffusion diffuse qui
se développe autour de la réflexion (111). Puis & plus basse température, la diffusion
diffuse se condense en réflexions satellites correspondant a une structure magnétique in-
commensurable avec un vecteur de propagation k = (0,0,) avec 6 = 0,08 & 30 K Lors
du refroidissement, ¢ devient plus petit et la longueur de corrélation augmente (accentu-
ation de la réflexion). En dessous de 4,2 K, I’état fondamental magnétique se rapproche
d’un état ferrimagnétique conventionnel. Ainsi, il apparait que le comportement magné-
tique de CozTeOg ressemble a celui de la phase spinelle CoCry,O,. Comme aucune mesure
magnétique et aucune structure nucléaire ou magnétique de CosTeOg n’ont été publiées,
nous avons décidé de réexaminer ce composé et la série Cos_,Zn, TeOg, qui sont de sérieux
candidats. aux matériaux multiferroiques de type-II.
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Figure B.6: Kagome couches de a) le polymorphe ordonné et b) désordonné de Co;TeOg

Tous les échantillons étudiés de la famille des Co;TeOg et Cos  Zn, TeOg purs sont
disponibles uniquement sous forme de poudre et ont été préparés par la méthode des
réactions a 1’état solide. Il existe deux routines de synthése pour préparer le composé
Co5TeOg pur. La premiere consiste & préparer un mélange stoechiométrique de Co(OH),
et de TeO5 avec un rapport de 5 a 1 chauffé a 750°. Une autre fagon est de mélanger
Co(OH), avec Te(OH)g avec un rapport de 5:1:1. Un léger exces de Te(OH)g est nécessaire
pour éviter une oxydation inutile de Co due & une tendance de Te a se volatiliser a des
températures élevées. Ces précurseurs sont chauffés a 940°C pendant 20 heures sous flux
d’azote apres que ’échantillon est lentement refroidi a la température en 24 heures. Pour
étudier le comportement magnétique du systéme lors de la dilution magnétique, une série
d’échantillons de poudre ce Cos_,Zn,TeO8avec 0 < x < 1 ont été synthétisés. Pour
cela, Co(OH),, ZnO, Te(OH), avec le rapport respectif de 5-x:1:1,1. Les précurseurs ont
été chauffés a 740°C pendant 20 heures sous un flux constant d’azote gazeux.

Le raffinement par Rietveld des données NPD enregistrées avec le diffractometre 3T2
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(LLB, Saclay) sur I’échantillon préparé avec la premiére routine a révélé que la structure
nucléaire était Fd3m (#227) groupe d’espaces avec le parameétre de cellule unitaire a =
8.5572(2)A. Le modele utilisé pour le raffinement suppose une occupation mixte de Co%*+
et de Te®t au site octaédrique (16d) avec un rapport de 0,75/0,25 respectivement. Aucun
écart significatif par rapport au nominal de 0,75/0,25 pour le rapport Co/Te n’a été
observé. Puisque la distribution cationique au site B est aléatoire, plus tard dans le texte,
ce polymorphe sera appelé le désordonné CozTeOyg.
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Figure B.7: Evolution de la température de la susceptibilité DC magnétique inverse (& gauche) et
de la susceptibilité DC magnétique (& droite) mesurée & B = 0,01 T.

Des études combinées de diffraction des rayons X (XRPD) et de diffraction de poudre
de neutrons (NPD) a température ambiante ont révélé que 1’échantillon préparé avec
la deuxiéme routine est exempt d’impuretés. En plus des principaux pics spinelles, les
modeles XRPD et NPD montrent l’existence de réflexions supplémentaires a des angles
de 2 6 bas typiques des phases spinelles ordonnées [190]. Ces motifs ont été indexés et
affinés avec le groupe d’espace non centrosymétrique P4332 (#212) avec le parameétre
de cellule unitaire a = 8.5531(1)A. Dans cette structure, le site B correspond & deux
sites cristallographiques avec des positions Wyckoff 4 milliards et 12d. Pour le modele
initial, nous avons supposé que les positions 4b et 12d étaient entierement occupées par
TebF et Co®t respectivement. Le raffinement de Rietveld ne montre aucun désordre entre
les sites 4b et 12d, donc cet arrangement cationique particulier ainsi que le polymorphe
adoptant cette structure sera appelé le Co;TeOg ordonné plus tard. La comparaison entre
les couches de Kagome des polymorphes désordonnés et ordonnés est donnée dans la figure
B.6. Dans la structure ordonnée CoszTeOg, deux types de sites octaédriques sont identifiés:
B et B . Les cavités hexagonales trouvées dans les couches de Kagome sont alternativement
entourées de trois octaedres B et de trois octaedres B ’, puis de cinq octaedres B et d’un
octaedre B’. De méme, la structure spinelle originale, deux tétraedres hors du plan de
Kagome correspondant au site A sont adjacents aux cavités hexagonales.

Le comportement magnétique des deux polymorphes a d’abord été caractérisé par
des mesures de susceptibilité magnétique & basse température. En comparant les deux
courbes 1/x en fonction de la température et malgré les différences structurelles, les deux
échantillons semblent présenter un comportement assez similaire: parties paramagnétiques
haute température de x(T') pour la correspondance ordonnée et Désordonné CosTeOg et
bien suivant un comportement de Curie-Weiss et un ajustement linéaire d’une susceptibilité
inverse dans les deux cas donne les mémes résultats: p.rr = 10,6pp par unité de formule,
soit 4,7 up per Co?", et une température de Weiss fortement négative © = —130K révélant
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la prédominance des interactions antiferromagnétiques (Fig. B.7).

Pour une caractérisation plus précise des transitions magnétiques apparues sur les
courbes de susceptibilité DC, les susceptibilités magnétiques AC ont été mesurées sur le
polymorphe ordonné. La courbe x/(7) montre deux maxima distincts & 40 K et 27 K
indiquant la présence possible de deux transitions de phase magnétiques dans le composé.
La composante imaginaire de la susceptibilité magnétique x(7"), représentant les processus
dissipatifs, est assez petite, cependant elle coincide avec la forme du x/'(7T'), ce qui est
cohérent avec la présence de deux magnétiques transitions consécutives a 40 et 27 K a B
= 0,01 T pour le CosTeOg ordonné. Enfin, les mesures de susceptibilité AC dépendant
du champ ont permis de fournir des informations initiales sur le diagramme de phase
magnétique B(T') des deux polymorphes. Le CozTeOg désordonné présente une seule
transition de phase magnétique jusqu’a B = 0,2 T. Le polymorphe ordonné, a son tour,
montre deux domaines magnétiques ordonnés différents nommés FM/FI-1 et FM/FI-2.
Le premier domaine n’existe qu’entre 38 et 27 K et est éliminé en appliquant un champ
magnétique B = 0,08 T (Fig. B.8).
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Figure B.8: Diagrammes de phase magnétiques pour les polymorphes désordonnés (a gauche) et
ordonnés (& droite) CosTeOg. PM signifie paramagnétique, FM - ferromagnétique, FT -
ferrimagnétique.

Considérons d’abord la structure magnétique du désordonné CozTeOg. L’évolution de
la température des diagrammes NPD, obtenue avec un diffractometre G4-1, montre deux
caractéristiques importantes: d’une part, une amélioration significative du fond aux faibles
angles de diffraction apparaissant en dessous de 195 K, suivie d’une forte augmentation
de (111) et (220) intensité des pics de diffraction inférieurs & 40 K. Le développement
de la diffusion diffuse & haute température correspond a I’émergence d’amas magnétiques
ordonnés a courte distance comme précédemment observé dans divers spinelles magné-
tiques. Diffraction sur poudre neutronique (NPD) ne montrant aucune réflexion de Bragg
supplémentaire en dessous de Ty = 40K, mais seulement I’augmentation de 'intensité de
certains pics nucléaires, la cellule unitaire magnétique correspond a la cellule nucléaire et
la propagation vectorielle de la structure magnétique est donc k = 0. Le raffinement de Ri-
etveld a révélé qu'un seul groupe d’espace magnétique, tétragonal I4;/am’d (#144.557),
fournit un modele qui correspond aux modeles NPD avec un accord acceptable. La struc-
ture magnétique des désordres CosTeOg & T = 1,7 K s’est avérée étre ferrimagnétique
colinéaire avec des magnitudes de moments magnétiques pour les cations Cot™ aux sites
tétraédriques et octaédriques de pco1 = —1,96(6)up et pcoe = 2,39(7)up respective-
ment. La structure magnétique et I’évolution des moments magnétiques en fonction de la
température sont présentées dans la figure ?7?7. Valeur réduite des moments magnétiques
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(moment magnétique de spin seul u = 3.88up pour Co®" & un état de spin élevé) sur
les deux sites ainsi que la présence de la diffusion diffuse magnétique a faible La tem-
pérature indique que le sous-systeme magnétique n’est pas parfaitement ordonné méme a
basse température. Les explications d’un tel comportement pourraient étre les suivantes:
la distribution aléatoire des cations non magnétiques Te®" sur les sites B rompt la régu-
larité dans les voies d’échange Jap et Jpp , ce qui, & son tour, empéche le systeme de
terminer la commande. Les clusters ordonnés a courte portée, responsables de la diffusion
diffuse magnétique, devraient cependant avoir des corrélations magnétiques ressemblant
a celles de la structure ferrimagnétique de 1’état ordonné a longue portée, puisque le halo
magnétique diffus est centré autour du pic de Bragg (111) .
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Figure B.9: La structure magnétique & T = 1,7 K (& gauche) et I’évolution de la grandeur des
moments magnétiques en fonction de la température du polymorphe désordonné CosTeOg.

Le comportement du CosTeOg ordonné est assez complexe. Comme observé pour le
polymorphe désordonné, la diffusion magnétique diffuse est centrée autour du pic de Bragg
fondamental (111), elle émerge en dessous de 200 K et son intensité augmente jusqu’a 50 K.
Cette caractéristique souligne une apparition de courtes corrélations magnétiques. portée.
A Teo1 = 45 K, les réflexions satellites apparaissent sur les modeles NPD. Les plus nettes
sont situées de chaque coté des réflexions fondamentales (hhh) et (hh0). Ces réflexions
satellites sont indexées avec un vecteur de propagation k = (0,0,v) avec v = 0.126 a
Tco1. Par conséquent, I'ordre magnétique & longue portée qui s’installe correspond a une
structure magnétique incommensurable. A Tpo = 27 K, des changements substantiels
ont lieu dans les modeles NPD. Les satellites magnétiques s’éloignent brusquement des
réflexions fondamentales, acquérant la position correspondant a k, ~ 0,14 qui restent
stables jusqu’a 1,7 K. Un changement de la valeur du vecteur de propagation se produit.
produit simultanément avec ’augmentation de I'intensité de la réflexion principale de (111)
et la diminution de l'intensité des réflexions du satellite. Ce comportement ressemble
au cas du spinelle CoCryQy, ce qui implique qu’en dessous de T¢o deux composantes
magnétiques, une coexistence incommensurablement modulée et ferrimagnétique. De plus,
en dessous de T¢o, aucune diffusion diffuse n’est plus observée, ce qui signifie que les
domaines magnétiques a longue portée sont complétement ordonnés (Fig. B.10).

La structure magnétique incommensurable du CosTeOg ordonné a été résolue, en util-
isant le modele NPD collecté a 30 K, car les réflexions des satellites sont plus prononcées a
ces températures. Des contraintes de symétrie possibles ont été déduites de la recherche de
recuit simulé qui a abouti & une structure de spin en spirale ferrimagnétique avec des mo-
ments magnétiques de Co; et Co, couplés antiferromagnétiquement le long de ’axe ¢. Des
groupes d’espace magnétique possibles ont été recherchés a ’aide de 'outil ISODISTORT
[200, 201] qui a fourni 72 modeles de groupes de superespaces magnétiques possibles. Tous
ces modeéles obtenus avec ISODISTORT ont ensuite été testés avec une recherche de recuit
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Figure B.10: Evolution en fonction de la température de la partie bas-angle des profils NPD
(gauche) et de la composante k, du vecteur de propagation (droite) du polymorphe ordonné
CosTeOg.

simulée utilisant le formalisme du superspace en coordonnées sphériques implémenté en
FullPfor (jbt = -7). Les meilleurs facteurs d’accord ont été trouvés pour le groupe de su-
perspace magnétique P43(007)0 (#78.1.19.1.m19.1). Le raffinement de Rietveld utilisant
le modele obtenu a révélé que la structure magnétique du ch Co5TeO8 ordonné est décrite

avec P43(00 gamma)0 groupe de superespaces magnétiques dans les deux (T < T < Too
) et régions de températures basses (Too < T < 1,7K).

-

-
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Figure B.11: Variation de température du moment magnétique (& gauche) et de 'angle du céne
(& droite) du polymorphe ordonné CosTeOx.

La structure magnétique elle-méme est représentée par I’arrangement de spin conique
avec des moments magnétiques Co?t aux sites tétraédriques et octaédriques couplés de
maniere antiferromagnétique le long de 'axe cristallographique ¢ sur toute la plage de
températures ou l'ordre & longue distance existe. Les moments magnétiques des spins de
site A et B atteignent également une saturation inférieure a Too avec pcor = 2,68(7)up
et ooz = 3,36(7)up a 1,7 K. De grandes valeurs non nulles des moments magnétiques
aux sites tétraédriques et octaédriques a T indiquent qu’au-dessus de 45 K, le systeme
n’est pas purement paramagnétique mais contient des domaines ordonnés a courte portée.
Finalement, on peut penser a la structure magnétique du polymorphe ordonné comme le
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ferrimagnet avec une distorsion modulée perpendiculaire a I'axe ¢ (Fig. B.11).

L’influence de la dilution magnétique du site A a d’abord été étudiée par la technique
de magnétométrie SQUID. L’évolution de la température de la susceptibilité magnétique
a révélé que lors de Paugmentation du contenu de Zn?' dans Cos  Zn, TeOg, le systéme
présente une diminution de la réponse magnétique associée a un déplacement des maxima
X(T') vers des températures plus basses. Cependant, méme une grande dilution magné-
tique dans le cas de x = 1, ou le site 8c est occupé par le cation non magnétique, n’élimine
pas entierement le signal magnétique. Les profils NPD de la famille Cog_,Zn,TeOg con-
firment le comportement correspondant (Fig. B.12). Tout d’abord, il faut dire qu’en
plus du composé d’origine, CosTeOyg, les échantillons dilués avec Zn*" montrent une nette
émergence d’'une diffusion magnétique diffuse centrée sur la réflexion (111) a relativement
hautes températures. Lors du refroidissement, tous les échantillons étudiés a ’exception
de celui avec x = 1.01, subissent une transition de contréle longue portée qui n’est pas en
commun avec le vecteur de propagation k = (0,0, ). Nous avons trouvé que la structure
magnétique de la famille Cos_Zn, TeOg est décrite avec le méme groupe de superspace
P43(007) (#78.1.19.1.m19.1) sur toute la plage = ou la commande longue distance est
observée. On a trouvé que la dilution magnétique du site A conduit a un affaiblissement
du couplage antiferromagnétique le long de ’axe c.
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Figure B.12: Profils NPD & T = 1,7 K (& gauche) et I’évolution de la température de la
composante k, du vecteur de propagation (4 droite) de la famille Cos_,Zn, TeOg (0 < 2 < 1.01).

Finalement, le diagramme de phase magnétique de la famille Cos_,Zn, TeOg avec 0 <
x < 1.01 est illustré sur la figure B.13. D’apres les données NPD, il s’ensuit qu’il existe
une région étroite de concentration de Zn" ot la transition de phase ayant lieu a To est
préservée, de sorte que la phase modulée presque colinéaire dans le systéme nécessite un
haut niveau de régularité de I’arrangement cationique.

Pour une analyse plus approfondie de I'ordre magnétique dans la famille Cos_,Zn, TeOg,
des expériences de diffusion de neutrons aux petits angles (SANS) ont été réalisées pour le
polymorphe ordonné de CosTeOg et Co,Zn; TeOg avec 'utilisation du diffractometre petit
angle D33. Considérons d’abord le SANS de champ nul du composé ordonné CozTeOyg.
Au-dessus de Ty SANS, les profils montrent un signal lisse et sans relief, cependant dés
que la température descend & Ty un anneau homogene correspondant a (000) pic de
Bragg de la structure en spirale ferrimagnétique est observé (Fig. B.14). L’évolution de
la température du vecteur Q - de la réflexion magnétique observée suit la méme tendance
que la composante k, du vecteur de propagation observé en NPD.
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Figure B.13: Diagramme de phase magnétique de la famille Cos_,Zn, TeOg.
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Figure B.14: La comparaison du profil SANS pour le CozTeOg ordonné a 50 K et 40 K.

Une caractéristique importante de tout motif SANS est la pente de sa partie basse -
Q. qui est définie par la morphologie de I’échantillon. Si 'intensité de la diffusion aux
petits angles est proportionnelle & @4, un systéme présente un comportement dit de
Porod. Image de diffusion typique causée par des systémes non homogenes résultant de la
diffusion sur les interfaces et, dans le cas des systémes magnétiques, représente la diffusion
sur les parois du domaine [204]. Comme le montre le graphique de droite de la figure 77,
lors du refroidissement, n diminue de n ~ 3,59 a T =95 K an = 3,55 a T = 46 K. En
dessous de Ty n(T') subit une augmentation rapide, atteignant n ~ 3,78 & T = 5 K. Ainsi,
en dessous de la température du controle longue portée, le CosTeOg ordonné commence
a se développer une structure de domaine bien définie a basses températures, cependant
la différence avec le comportement idéal de Porod indique la présence d’un léger degré de
désordre magnétique dans le systéme.

Dans le cas d’'un SANS magnétique, 'intensité varie avec le parametre d’ordre et,
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Figure B.15: Temperature evolution of the SANS intensity (left) and n from the equation 3.1 for
the ordered CosTeOyg.

en fait, est proportionnelle au carré d’aimantation M? et la partie faible Q des motifs
SANS contient des informations sur les corrélations magnétiques statiques. Il y a une
augmentation du signal de dispersion en dessous de T¢; lorsque l'ordre magnétique a
longue portée prend effet. Intensité a |Q| = 0.027A~! augmente progressivement et atteint
sa saturation a basse température sans aucune particularité remarquable a Too = 27K. La
partie Q élevée, a son tour, contient des contributions dues a des corrélations dynamiques.
Dans le cas du CosTeOg ordonné, la dépendance a la température de la partie Q élevée
du signal SANS démontre un comportement de diffusion critique associé a la transition
d’ordre paramagnétique a longue portée vers le second ordre. L’intensité de diffusion
supplémentaire & T" > T se produit avec des corrélations de spin et atteint son maximum
4 la température de transition. Pour T < T¢y lintensité & |Q| = 0,125A71 est dii a la
diffusion quasi-élastique des ondes de spin (Fig. B.16).
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Figure B.16: Evolution de la température du Q bas (|Q| = 0,027A~1) et du Q haut
(|Q| = 0,125A~1) Intensité SANS du CosTeOg ordonné.

L’application d’un champ magnétique au polymorphe ordonné ch Co5TeO8 révele une
structure multi-domaine a 32 K dans la région de champ entre Boqp = 0,06 T et Boo =
0,09 T. Initialement, le Q -vector augmente progressivement jusqu’a |Q;| ~ 0, 072A-1 &
aH=0,056T. Boy = 0,06 T deux pics en forme d’arc avec |Q,| =~ 0.097A—1 apparaissent
sur les cotés gauche et droit par rapport au faisceau direct tandis que Q; ring est encore
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partiellement observé. Au-dessus de By = 0,09 T auquel la fonction Q; est entierement
supprimée (Fig. B.17). En dessous de B¢1, le polymorphe ordonné de CosTeOg est dans
un état de domaine unique qui est stable aux champs bas. A Beq, le systéme entre dans
un état multidomaine induit par le champ qui est représenté par deux ensembles séparés
de pics de diffraction sur les modeles SANS. Le champ critique B¢y fait subir & une partie
des domaines magnétiques, co-alignés avec la direction du champ magnétique appliqué,
une transition de phase magnétique caractérisée par une forte diminution de la périodicité
de la modulation de spin. Dans le méme temps, la partie des domaines magnétiques,
suffisasamment proche pour fournir la diffraction mais désalignée par rapport a la direction
du champ, reste dans ’état @Q1, car elle nécessite un champ magnétique plus important
pour induire la transition dans ce fraction de domaines. Enfin, & B¢gg, la fonction low-Q
()1 fusionne dans la fonction (o, ainsi le systéme entre dans un état de domaine unique
induit par un champ.
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Figure B.17: Evolution des profils SANS pour le polymorphe ordonné CosTeOg sous champ
magnétique appliqué a T = 32 K.

L’application d’un champ magnétique a 20 K et 36 K au CoyTeOg ordonné ne supprime
que I’état de spirale ferrimagnétique incommensurable en faveur d’un ferromagnet polarisé
par champ.

Comme cela a été discuté ci-dessus, Co,Zn;TeOg ne posséde aucun ordre a longue
portée jusqu’a T = 1,7 K et les données de diffusion des neutrons aux petits angles sont en
accord avec les mesures de NPD. Aucun pic de Bragg n’est observé a 2 K pour Co,Zn;TeOy,
a la place le motif SANS correspondant, illustré sur la figure B.18 (& gauche), présente
une diffusion homogene, qui perd rapidement de I'intensité avec I’augmentation du trans-
fert d’impulsion . Les courbes SANS de Co,Zn;TeOg, obtenues avec la méme procé-
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dure de moyennage que celles de CosTeOg, révelent une légere amélioration d’intensité
a Q| = 0,12 A avec une température décroissante. Ce comportement est provoqué par
la formation de corrélations de spin a courte portée (Fig. B.18 droite). Pour étudier la
réponse de Co,sZn;TeOg au champ magnétique appliqué, des motifs SANS a 2, 10 et 20 K
ont été collectés avec H = 1, 4 et 7 T.Pour chaque température, le systeme ne montre au-
cun champ- transition de phase magnétique induite, de plus la diffusion diffuse magnétique
observée autour de |@Q| ~ 0.12 A est supprimé lors de augmentation de H.
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Figure B.18: Profil SANS collecté & 2 K (& gauche) et évolution de la température des courbes
SANS (& droite) pour CosZn;TeOg

Comme cela a été démontré par les expériences NPD et SANS et résumé dans le
diagramme de phase (Fig. B.13), la famille spinelle Cos ,Zn, TeOg montre le contrdle de
présence (SRO) dans une large plage de température pour 0 < x < 1,01. Une diffusion
magnétique diffuse notable indique la tendance du systéme a former des corrélations de
spin bien au-dessus des températures de transition d’ordre a longue distance.

Considérons d’abord le comportement de CosTeOg non dilué. L’analyse de polarisa-
tion Neutron XYZ pour ce composé a été réalisée dans une gamme de températures entre
50 K et 260 K. Pour des températures proches de T, les diagrammes de diffusion mag-
nétique diffuse montrent la présence de lignes distinctes correspondant aux positions de
Bragg des réflexions nucléaires (111) et (220). Avec l'augmentation de la température,
ces caractéristiques subissent une diminution significative de I'intensité avec une augmen-
tation de la largeur, ce qui, a son tour, indique un raccourcissement des domaines ORS.
La corrélation spin-spin radiale obtenue avec 'ajustement de Monte Carlo inverse (RMC)
peut éclairer un arrangement de spin moyen dans un état paramagnétique. A T = 50 K,
toutes les paires de spin, correspondant aux magnitudes positives de < S;S; > sont des
cations Co?" partageant le méme environnement oxygene (deux octaedres ou deux tétrae-
dres) tandis que les valeurs négatives de < S;S; > sont fournies par spins Co*t a partir
de différents sites: octaedres et tétraedres. Ainsi, le couplage antiferromagnétique entre
les spins Co; et Coy, observé par NPD est maintenu dans un état 1égerement supérieur a
Tc1, sans ordre longue distance. (Fig. B.19).

L’évolution de la température de la fonction < S;S; > (Fig. B.19) montre que
I'orientation relative du spin est conservée a T = 60 K. a T = 80 K: < S;S; > pour
r = 6,732(1)A et r = 6,862(2)A , correspondant aux paires Co; - Co,, change le signe
du positif au négatif; La fonction de corrélation spin-spin radiale pour les paires Co®T
r plus grande prend des valeurs proches de zéro, donc les fluctuations thermiques sont
suffisamment importantes pour briser les corrélations dans les cellules unitaires les plus
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Figure B.19: Gauche: ajustement RMC du profil de diffusion magnétique diffuse du polymorphe
ordonné ch Co5TeO8 a T = 50 K. Points rouges - données expérimentales, ligne noire -
ajustement RMC, ligne bleue - courbe de différence. Droite: Fonction de corrélation spin-spin
radiale calculée avec les résultats de I’ajustement RMC pour T = 50 K.

proches. Plus la température augmente, plus les corrélations de spin a courte portée
sont supprimées. Cependant, méme & T = 260 K dans les cations r < 3.707(5)A Co2 +
maintiennent les corrélations et les orientations relatives de leurs moments magnétiques
observées a des températures plus basses. De plus, le profil de diffusion magnétique a T =
260 K montre toujours des caractéristiques distinctes, indiquant la présence de corrélations
a courte portée a des températures bien supérieures a Ty

Pour une analyse plus approfondie de la diffusion diffuse magnétique de ch Cob5TeOS,
les diagrammes de diffraction des neutrons monocristallins ont été calculés en utilisant le
programme SPINDIFF distribué avec SPINVERT. Le calcul a été effectué pour un plan
de réseau réciproque (hhl) avec des indices h et [ compris entre -5 et 5; Premiérement,
a des températures élevées, aucune distribution distincte de la diffusion diffuse n’est ob-
servée, toute I'intensité est distribuée de maniere presque homogene sur le motif. A T =
200 K, des points proviennent de la diffusion diffuse magnétique, qui correspondent aux
réflexions satellites k et k, typiques des structures spirales incommensurables, observées
pour le CosTeOg ordonné par NPD. Les satellites les plus intenses forment des modeles
quadruples autour des positions (hhh) ((111) et (222)) et (hh0) ((220) et (440)), ce qui est
cohérent avec I'observation NPD pour I’état ordonné. Diffuse scattering indicates a lack of
coherence in the magnetic scattering. En approchant ¢1, les principales caractéristiques se
réduisent & des pics de Bragg bien définis et enfin, & T = 60 K, toute I'intensité neutronique
restante est laissée a (111), (222) et (440) pics et leurs satellites. Enfin, en rassemblant les
résultats de I'ajustement RMC dans 'espace direct et réciproque, nous pouvons conclure
que l'ordre & courte portée dans le polymorphe ordonné CosTeOg a la méme nature de
spirale ferrimagnétique que I'arrangement du spin dans le phase ordonnée.

Comme discuté précédemment, la grande quantité d’agent magnéto-diluant introduite
dans CozTeOg supprime l'ordre magnétique a longue portée dans le systeme. Cependant,
les données NPD et SANS prises pour Cog g9Zn; (1 TeOg montrent la présence d'une forte
diffusion magnétique diffuse a basse température. Ce comportement a été étudié avec
une analyse de polarisation XYZ dans la plage de température entre 1,5 K et 70 K. Tous
les modeles de diffusion magnétique diffuse collectés montrent une large caractéristique
centrée sur Q ~ 1,2A et une intensité supplémentaire dans le -Q inférieur partie, qui
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Figure B.20: Diagramme de diffusion diffuse monocristallin du CosTeOg ordonné a T = 90 K
dans le plan (hhl) calculé & partir du raffinement RMC.

perd de son intensité & mesure que la température augmente. Cependant, a T = 70 K,
le pic de diffusion diffuse est encore assez prononcé, indiquant une stabilité relative des
corrélations de spin a courte portée a une température donnée. En comparant le modele
de Cog g9Zn; o1 TeOg a celui du composé parent, on peut voir que, indépendamment de la
perte évidente d’intensité et de 1’élargissement, les caractéristiques de diffusion diffuse de
ces composés se chevauchent.
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Figure B.21: Gauche: ajustement RMC du profil de diffusion magnétique diffuse du polymorphe
ordonné Cog g9Zn; o1 TeOg a T = 1.7K. Points rouges - données expérimentales, ligne noire -
ajustement RMC, ligne bleue - courbe de différence. Droite: Fonction de corrélation spin-spin
radiale calculée avec les résultats de I'ajustement RMC pour T = 1.5 K.

La fonction de corrélation spin-spin radiale a T = 1.5 K dans le cas de Cog g9Zn; ; TeOg
donne la méme orientation relative pour les paires de spin que celle obtenue pour le
composé parent a T = 50 K. Cependant < S;S; > de I’échantillon dilué mouillait plus
rapidement avec 'augmentation de la distance, indiquant un rétrécissement des domaines
ORS provoqué par la substitution Zn?* (Fig. B.21). Lors du chauffage, les corrélations a
courte portée montrent d’abord une certaine stabilité, car les fonctions de corrélation spin-
spin radiale pour T = 1,5 K et T = 10 K montrent des magnitudes proches pour les paires
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de spin équidistantes. Cependant, avec une nouvelle augmentation de la température,
< S;S; > s’effondre a zéro a des distances r > 5, 4A, indiquant des corrélations & courte
distance présentes sur une échelle dans la cellule unitaire.

Pour conclure, le comportement magnétique des cartes de diffusion neutronique Cog g9Zn; ;TeOg
pour le plan de réseau réciproque (hhl), le méme que pour le composé parent, a été cal-
culé. Pendant le refroidissement, 'intensité de fond incohérente est supprimée tandis que
les caractéristiques principales et leurs satellites deviennent plus intenses. Par rapport au
CosTeOg ordonné, les caractéristiques principales a (hhl) et (hhh) conservent leur forme
jusqu’a 1,5 K. Similaire au composé non dilué, les caractéristiques du satellite ainsi que
le comportement de < S;S; > function pointe vers une spirale ferrimagnétique de la
corrélation de spin a courte portée de Cog g9Zn; o1 TeOg (Fig. B.22)
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Figure B.22: Diagramme de diffusion diffuse monocristallin du Cog g9Zn; g1 TeOg ordonné a T =
1,5 K dans le plan (hhl) calculé & partir du raffinement RMC.

Les résultats de ’analyse de polarisation XYZ nous permettent de conclure que la for-
mation d’'un domaine SRO avec des corrélations de spin spiralées ferrimagnétiques est une
caractéristique inhérente a la famille Cos_,Zn, TeOg avec x € [0,1.01] et la dilution mag-
nétique de A-site, dans lintervalle donné de concentrations de Zn?", n’est pas suffisante
pour modifier J4p pour supprimer ce comportement.

Le comportement diélectrique des polymorphes désordonnés et Co5TeO8 et Co5TeO8
a été pris en compte. Pour le polymorphe désordonné, deux courbes €(7") ont été obtenues
pour B=0T et B=9 T. En refroidissant, une courbe de champ nul diminue doucement
a une région de température bien au-dessus de la température. transition Ty = 40 K Les
premiers changements notables apparaissent a T" ~ 60K . Cette légere augmentation en
dessous de 60 K chevauche I'intensité maximale de diffusion diffuse observée avec NPD.
Ainsi, 'ordre magnétique & courte et longue portée affecte le sous-systéme de charge
du polymorphe désordonné. L’application d’un champ magnétique de 9 T entraine des
changements substantiels dans le comportement de la courbe €(7"). Alors qu'une bosse en
dessous de 60 K, liée a I’émergence de domaines SRO, chevauche celle observée pour B =
0 T, la partie basse température est significativement élevée. Plus important encore, il y a
un pic net croissant a To = 70K, indiquant un couplage magnéto-électrique clair dans le
systeme (Fig. B.23). Le facteur magnétoélectrique du polymorphe désordonné chevauche
la courbe de magnétisation, indiquant un comportement magnétoélectrique.

Considérons d’abord les mesures de capacité en fonction de la température a un champ
appliqué fixe pour le polymorphe Co5TeO8 ordonné. Lors du refroidissement, une capacité
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Figure B.23: Evolution de la température de la permittivité en champ nul (bleu foncé) et de la
permittivité & B = 9 T (courbe violette) du polymorphe désordonné CosTeOg et une
interpolation de la région haute température (courbe en pointillé rouge).

de champ nul du polymorphe ordonné (Fig. B.24) montre une diminution et a la région
de haute température (T' < T¢1) le C(T) la courbe suit clairement une tendance. Cepen-
dant, a 'approche de T¢q, a 11 = 50K, la courbe de capacité diminue plus rapidement
que 'interpolation & haute température. En dessous de To, a Ty ~ 20K, C(T') montre un
petit pic. Ce comportement indique que les deux transitions de phase magnétiques dans
Co5TeOg ordonnées sont corrélées avec le comportement du sous-systéme électronique.
Pour tracer I’évolution des propriétés diélectriques sous un champ magnétique appliqué,
la méme mesure C(T') a été prise & 1 T.Nous voyons que, indépendamment d’une augmen-
tation de I'amplitude de la capacité a basses températures, C(T") at La courbe B =1 T
s’écarte de l'interpolation haute température et présente les mémes caractéristiques a T3
et 75 que la capacité de champ zéro. Ainsi, 'application du champ magnétique externe
modifie les propriétés diélectriques du CoszTeOg ordonné. Remarquablement, la symétrie
magnétique du Co5TeO8 ordonné permet une polarisation électrique

Des mesures de spectroscopie diélectrique ont également été effectuées sur un com-
posé Cog g9Zn; (; TeOg hautement dilué. La capacité en fonction de la température pour
Cos g9Zn; o1 TeOg a été mesurée a B = 1 T et 5 T dans la zone de température entre 8
K et 120 K (Fig. B.25). Les mesures de NPD a basse température de Cos g9Zn; 5 TeOg
ont révélé qu’environ 50 K de diffusion magnétique diffuse apparait sans ambiguité sur les
diagrammes de diffraction, ainsi ’ordre magnétique a courte portée provoque des change-
ments dans le charge systéme du composé: la capacité présente deux caractéristiques
distinctes a Th = 40K et T = 13K. Deés que le champ magnétique de 5 T est appliqué,
toutes les caractéristiques inférieures a 50 K sont supprimées et la courbe de capacité
correspond presque & l'interpolation a haute température des données de champ nul. Ce
comportement implique un effet magnétoélectrique négatif.

Lors de la discussion des résultats, nous devons considérer le parametre u introduit
dans la théorie LKDM, on peut quantifier 'ampleur de la Frustration Géométrique Mag-
nétique (MGF) en comparant les interactions Jap et Jgp. MGF maximum est u = co
quand Jap = 0 et pg = 0 alors que le MGF faible se produit jusqu’a v = 1.298. Ainsi,
pour u > 1 298, a I’état fondamental, la configuration en spirale ferrimagnétique a longue
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Figure B.24: Evolution de la température de la capacité de champ nul (bleu foncé) et de la
capacité & B =1 T (courbe violette) du polymorphe ordonné CosTeOg et une interpolation de la
région haute température (courbe en pointillés rouges).
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Figure B.25: Evolution de la température de la capacité de champ zéro (courbe violette), de la
capacité & B =5 T (courbe bleue) et de I'interpolation haute température de la capacité de
champ zéro de Cog g9Zn; g1 TeOg

portée n’est pas stable. Les FGM faibles sont préservées et ’ordre en spirale ferrimagné-
tique a courte portée apparait sous TF. C’est le cas des deux composés spinelles CoCr,0,
et MnCry,0, avec des parametres respectifs u de 2 et 1,5. Dans ces composés, un com-
portement de type spin-verre réentrant est observé avec la présence d’ordres de spirale
ferrimagnétique a courte portée qui coexistent avec un ordre de spirale ferrimagnétique
a longue portée inférieur & TF (=~ 13 K pour CoCry,0, et ~ 14K pour MnCry,0,). Pour
8/9 < uw < 1.298 l'ordre a longue portée de la spirale ferrimagnétique est stable a 1'état
fondamental, alors pour u < 8/9 le comportement magnétique du spinelle correspond a la
configuration longue portée de Néel avec un état ferrimagnétique classique. Dans CosTeOy,
la dilution magnétique des sites B doit abaisser I'interaction Jsp. Puisque I'état fonda-
mental est un comportement ferrimagnétique pour le polymorphe désordonné CosTeOg et
un ordre & longue portée en spirale ferrimagnétique pour le polymorphe ordonné, on peut
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supposer que pour les deux polymorphes le demander u devrait étre proche de 8/9, mais
les différences structurelles sont suffisantes pour affecter 1égérement le rapport Jpp/Jap.
De plus, en comparant le rapport pp/pa pour les deux polymorphes, on verra qu’ils sont
relativement proches: 1,22 pour le désordonné CozTeOg et 1,25 pour celui ordonné. Ainsi,
on peut supposer u légerement inférieur a 8/9 pour le polymorphe désordonné et u légere-
ment supérieur a 8/9 pour le polymorphe ordonné. Une autre fagon d’estimer le degré de
frustration est le rapport entre © et Ty (f = |© /Tn|) qui est couramment utilisé dans
le magnétisme quantique et frustré. Dans le cas du polymorphe ordonné CoyzTeOg f =
2,88 qui n’est pas une semaine, on peut conclure que la combinaison de la frustration
magnétique et de l'interaction DM est responsable de la stabilisation de la modulation de
spin longue portée dans le systéme.
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Abstract

The current thesis is dedicated to a complex neutron scattering study of magnetic be-
haviour Cog ,Zn,TeOg spinel series. It was found that Cos;TeOg may be obtained in two
structural forms: disordered centrosymmetric F'd3m and ordered non-centrosymmetric
P4332. While the disordered polymorph is a typical Néel-type ferrimagnet with Ty = 40
K described with 74y /am’d" magnetic space group. The ordered polymorph possesses an
incommensurate ferrimagnetic spiral spin structure with two phase transitions at To1 =
45 K and Ty = 27 K described with P43(00)0 magnetic superspace. Both magnetic
frustration and Dzyaloshinskii-Morya interaction stabilize the magnetic structure of the
ordered CozTeOg. Magnetic dilution with Zn®" in Coy_Zn, TeOg does not break the long-
range magnetic ordering up to x = 0.76, for x = 1.01 only diffuse scattering is observed in
neutron powder diffraction experiments. Both polymorphs demonstrate magnetic diffuse
scattering far above long-range transition temperatures. Neutron XYZ polarization anal-
ysis revealed that in the case of the ordered polymorph the short-range ordering has the
same ferrimagnetic spiral nature as the ordered state. Short range ordering of the highly
diluted Cog g9Zn; (; TeOyg is similar to the parent compound. Dielectric spectroscopy of the
ordered and disordered CosTeOg and Cog g9Zn; (; TeOg revealed magnetoelectric behaviour
in each case.
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