UNIVERSIDADE FEDERAL DO CEARA
CENTRO DE CIENCIAS
DEPARTAMENTO DE FISICA
PROGRAMA DE POS-GRADUACAO EM FISICA

BRUNO SOUSA ARAUJO

SPIN-PHONON COUPLING IN MULTIFERROIC COMPOUNDS OBTAINED
BY HIGH-PRESSURE/HIGH-TEMPERATURE SYNTHESIS

FORTALEZA
2019



BRUNO SOUSA ARAUJO

SPIN-PHONON COUPLING IN MULTIFERROIC COMPOUNDS OBTAINED BY
HIGH-PRESSURE/HIGH-TEMPERATURE SYNTHESIS

Tese apresentada ao Programa de Pods-
Graduagdo em Fisica da Universidade
Federal do Ceara, como requisito parcial
a obtengao do titulo de doutor em Fisica.
Area de concentracdo: Fisica da Matéria
Condensada.

Orientador: Prof. Dr. Alejandro Pedro
Ayala.

FORTALEZA
2019



Dados Internacionais de Catalogacdo na Publicacdo
Universidade Federal do Ceara
Biblioteca Universitaria
Gerada automaticamente pelo modulo Catalog, mediante os dados fornecidos pelo(a) autor(a)

AG687s Aratjo, Bruno Sousa.
Spin-phonon coupling in multiferroic compounds obtained by High-Pressure/High-Temperature
synthesis / Bruno Sousa Aratijo. — 2019.
101 f£. : il. color.

Tese (doutorado) — Universidade Federal do Ceara, Centro de Ciéncias, Programa de Pos-Graduagdo em
Fisica , Fortaleza, 2019.
Orientagdo: Prof. Dr. Alejandro Pedro Avala.

1. Sintese sob Altas-Pressoes e Altas-Temperaturas. 2. Compostos multiferroicos. 3. Acoplamento Spin-
Fonon. I. Titulo.
CDD 530




BRUNO SOUSA ARAUJO

SPIN-PHONON COUPLING IN MULTIFERROIC COMPOUNDS OBTAINED BY
HIGH-PRESSURE/HIGH-TEMPERATURE SYNTHESIS

Tese apresentada ao Programa de Pos-
Graduacdo em Fisica da Universidade
Federal do Ceard, como requisito parcial
a obtencao do titulo de doutor em Fisica.
Area de concentracdo: Fisica da Matéria
Condensada.

Aprovada em: 13/03/2019.

BANCA EXAMINADORA

Prof. Dr. Alejandro Pedro Ayala (Orientador)
Universidade Federal do Ceara (UFC)

Prof. Dr. Carlos William de Aratjo Paschoal
Universidade Federal do Ceara (UFC)

Prof. Dr. Paulo de Tarso Cavalcante Freire
Universidade Federal do Ceara (UFC)

Prof. Dr. Narcizo Marques de Souza Neto
Laboratorio Nacional de Luz Sincrotron (LNLS)

Prof. Dr. Waldeci Paraguassu Feio
Universidade Federal do Para (UFPA)



A Deus.

Aos meus pais, Hélio e Lucinha.



AGRADECIMENTOS

Agradeco a Deus pela salde, paz, paciéncia e perseveranca concebida a mim
diariamente durante os caminhos percorridos até a finalizagdo desta etapa.

Ao meu orientador professor Alejandro Pedro Ayala pela confianga e
oportunidades concedidas, além da inestimavel orientagao desde o meu ingresso na pos-
graduacao. Pelos conselhos pessoais e profissionais, bem como pelo grande exemplo de
determinagdo e empenho no desenvolvimento das atividades de pesquisa, dando sempre
o seu melhor. E principalmente pelo apoio nos momentos de maiores duvidas e
dificuldades durante este doutorado.

Ao professor Carlos William pelos conselhos sobre a vida académica e pelas
discuss@es dos assuntos abordados neste projeto.

Ao professor J. Paul Attfield por me receber e orientar durante o periodo de
doutorado sanduiche na Universidade de Edimburgo.

Aos membros da banca avaliadora, professores Paulo de Tarso, Narcizo Marques
e Waldeci Paraguassu por se disponibilizarem a participar, pela leitura e por suas valiosas
consideracOes para a melhoria deste trabalho.

Aos meus familiares Lucia Sousa, Hélio Aradjo e Hugo Aradjo pelos valiosos
ensinamentos cotidianos, motivagdo e incentivo para seguir estudando o que gosto.

A minha namorada Liana Albano pela enorme paciéncia e companheirismo,
mostrando sempre sua Vvisdo otimista do mundo e das pessoas, e pelo apoio dado diante de
desabafos e momentos de desmotivag&o.

Aos meus tios Elder Aradjo, Elaine Magalhdes e Flavio Rocha pelo apoio aos
estudos desde a graduacdo, pelos conselhos e, principalmente, pelos excepcionais
exemplos profissionais.

As minhas avos Mirian Aradjo e Neuza Rocha pelo exemplo de esfor¢o e
determinacdo pessoal mostrando-me que devemos sempre compartilhar o que temos de
melhor com todos ao nosso redor.

A Manuela Castro pelas discussdes, conversas e valioso companheirismo desde que
ingressei na pos-graduacao.

Aos colegas da sala 08, Fabio, Keilla, Mayra e Wellington pelas discussdes de
resultados e brincadeiras durante o tempo de convivio.

Aos demais membros do grupo de pesquisa, Beatriz, Georgina, Laura, Renata,

Silmara, Vasco, Wendell e Yara pela companhia e discussoes.



Aos demais professores, colegas e funcionérios do departamento de fisica da
Universidade Federal do Ceard pelo empenho em continuar mantendo o alto nivel das
pesquisas buscando sempre 0 melhor desenvolvimento da ciéncia em nosso departamento.

Finalmente, as agéncias de fomento & pesquisa que me deram o apoio financeiro para
atividades executadas neste doutorado, FUNCAP, CAPES e CNPq.

Vi



RESUMO

Os métodos de reacdo de estado solido convencional e sob altas pressdes e altas
temperaturas foram aplicados para sintetizacdo de materiais com propriedades
multiferroicas interessantes. A melanotalita CuOCI; foi sintetizada através da reacéo de
estado solido convencional em atmosfera de ar. Nos provamos o acoplamento spin-fénon
no CuOCl> por espectroscopia Raman, mostrando que sua estrutura magnética
incomensurada induz um acoplamento spin-fénon em acordo com a teoria do campo
médio e € similar aqueles observado em diversos modos de stretching de compostos
perovskitas. No caso da perovskita ortorrombica TmMnQOgz, as amostras foram obtidas
através do tratamento de Altas-Pressdes e Altas-Temperaturas na fase hexagonal do
TmMnOs. O espectro Raman do TmMnOs ortorrdmbico dependente da temperatura é
reportado mostrando o acoplamento spin-fonon em baixas temperaturas. Também
verificamos que o ordenamento incomensurado induz este acoplamento spin-fonon em
acordo com a teoria do campo médio e contrastando as suposi¢des na literatura. Além do
mais, mostramos que o acoplamento se torna nulo na fase antiferromagnética ordenada
do tipo E. A perovskita PbMn7O1> também foi sintetizada através da técnica de altas-
pressOes e altas-temperaturas, apresentando trés transi¢bes magnéticas em 83, 72 e 38 K.
Analises inicias dos espectros Raman dependentes da temperatura revelaram efeitos de
renormalizacdo nas frequéncias dos fénons abaixo de 80 K provavelmente devido ao
acoplamento spin-fonon. O comportamento dependente da pressdao da estrutura da
perovskita PbMn;O1, também revelou possiveis transi¢des de fase em 8.5 e 19.3 GPa.
Finalmente, a perovskita BiCrOs preparada por altas-pressdes e altas-temperaturas
apresentou propriedades interessantes com trés anomalias no ordenamento magnético
encontradas em torno de 40, 80 e 110K. Neste estudo reportamos um forte acoplamento
spin-fénon observado por meio de espectroscopia Raman, mostrando que 0 ordenamento
antiferromagnético do tipo G induz o acoplamento em acordo com a teoria de campo
médio similarmente aqueles observados em outros compostos de perovskitas. Em adigdo
ao acoplamento spin-fénon, foi mostrado que todos os fénons acoplados também sdo

sensiveis a reorientacdo de spins em 80 K e a anomalia magnética em torno de 40 K.

Palavras-chave: Sintese sob Altas-Pressdes e Altas-Temperaturas; Compostos

Multiferréicos; Acoplamento Spin-F6non.
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ABSTRACT

The conventional solid-state reaction and under High-Pressure and High-
Temperature methods were applied to synthesis of materials with interesting multiferroic
properties. The melanothallite Cu.OCl. was synthesized through conventional solid-state
reaction in air atmosphere. We probed the spin-phonon coupling in Cu.OCl, by Raman
spectroscopy, showing that its incommensurate magnetic structure induces a spin-phonon
coupling in accord with the mean field theory and it is similar to those observed in several
stretching modes of perovskite compounds. In case of, the orthorhombic TmMnOs
perovskite, the samples were obtained through High-Pressure and High-Temperature
treatment of the hexagonal phase of TmMnOs. The temperature-dependent Raman
spectrum of orthorhombic TmMnOs is reported showing the spin-phonon coupling at low
temperatures. We also verified that the incommensurate antiferromagnetic ordering
induces this spin-phonon coupling in according to the mean field theory and contrasting
the assumptions in literature. In addition, we show that the coupling becomes null at the
E-type antiferromagnetically ordered phase. The perovskite PbMn;O:, also was
synthesized through high-pressure and high-temperatures technique presenting three
magnetic transitions at 83, 72 and 38 K. Initial temperature dependent Raman spectrum
analysis revealed renormalization effects on phonons frequency below 80 K, probably
related to spin-phonon coupling. The pressure dependent behavior of PbMn7O1.
perovskite also revealed possible phase transitions at 8.5 and 19.03 GPa. Finally, the
High-Pressure and High-Temperature prepared monoclinic BiCrOs perovskite present
interesting properties with three anomalies of magnetic ordering founded around 40, 80
and 110 K. In this study, we report a strong spin-phonon coupling observed by Raman
spectroscopy, showing that the G-type antiferromagnetic ordering induces the coupling
in accord with the mean field theory similar to those observed in the several stretching
modes of other perovskite compounds. In addition to the spin-phonon coupling, it was
showed that all coupled phonons are also sensitive to the spin reorientation at 80 K and

the magnetic anomaly around 40 K.

Keywords: HPHT synthesis; Multiferroic compounds; Spin-phonon coupling.
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INTRODUCTION

1. INTRODUCTION

The increasing interest in multiferroic materials in the last few decades has been
driven by their fascinating physical properties and enormous technological potential. This
technological potential implies in a range of applications including data recording,
memory devices, magnetic field sensors, microwave devices and photovoltaic solar
cells[1-5].

The primary ferroic orders can be said as: ferromagnetism, which are found in
those materials presenting two opposite states of spontaneous magnetization;
ferroelectricity, found in those materials presenting two states of spontaneous polarization
and the ferroelasticity, related to those materials presenting two states of spontaneous
deformation (strain)[6]. In all cases, there are two spontaneous ordered states, which can
be alternate between themselves by application of an external field. Those ordered pairs
of states are related through a hysteresis loop as illustrated in Figure 1.1. In this model,
As is the saturation point of spontaneous ordered state (polarization, magnetization or
strain) and Fs is the external field (electric, magnetic or stress) value able to induce the
saturated state. In general, when the applied field is removed, the saturated state is reduced
to the Ar point, classified as a residual induced state. The necessary field to remove all

residual ordered state is called coercive field (Fc).
P,M, e

Figure 1.1. Characteristic hysteresis loop of ferroic amterials.

Through symmetry analysis in crystals, Pierre Curie predicted the coupling
between magnetic and electric properties in insulating materials around 1894[7].

However, the first observation of magnetization in a dielectric material moving in an
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electrical field was made by Rétgen at 1898, who also registered polarizations effects
under a variable magnetic field[8]. Later, Debye named this coupled behavior as
“magnetoelectric effect”[9]. In this way, multiferroic materials were firstly so-named by
Schmid[10], defining then as those compounds which present at least two of the primary
ferroic orders in the same phase.

However, multiferroic materials become scientific and technologically interesting
not only because of their capacity to exhibit several ferroic orders, but also due to the
possible coupling among these states of order. In Figure 1.2 are shown some of those

possible couplings between the primary ferroic orders.

Magnetoelectricity

Figure 1.2. General couplings between ferroic orders founded in materials. (Adapted from
reference [11])

In this study, we are focusing on magnetoelectric multiferroics materials which
present the coexistence of coupled magnetic and electric ferroic orders in the same phase.
At this point is important to note that some materials can present these ferroic orders at
the same phase, but not necessarily, they are coupled as illustrated by Eerenstein et al[12]

(see Figure 1.3).
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Multiferroic

Ferromagnetic ) Ferroelectric

Magnetically
Polarizable

Electrically
Polarizable

Magnetoelectric

Figure 1.3. The relation between multiferroic and magnetoelectric materials. (adapted
from reference [12])

1.1 The nature of magnetic and electric orderings

The magnetic properties of solid arise essentially from the magnetic moments of
their atomic electrons[13]. In some cases, the magnetic interactions between two
magnetic ions are mediated by a non-magnetic ion, commonly this non-magnetic ion is
oxygen. Heisenberg reported a Hamiltonian to describe such interactions between two
neighboring magnetic ions whose total electronic spins are namely §; and §;. Such
Hamiltonian is given by the overall sum of pairs of atoms at i and j sites lattice in such

way that each pair is not taken into account twice:

H= —Zfij (i), (1.1)

ij>i
where the (S; - §;) term is the scalar spin correlation function, while J is the exchange
integral given by the exchange energy between the two magnetic ions. In this way, if J;; >
0, the spin interactions favor the parallel alignment of spin moments. In this case, the
system is said ferromagnetic (Figure 1.4(a)). Whereas, in case of J;; <0, the spin
interactions favor an antiparallel alignment of the magnetic moments, constituting a
antiferromagnetic system (Figure 1.4(b)).

Thus, in a general way, the magnetic orderings can be classified as ferromagnetic
or antiferromagnetic. However, in some cases is possible to find the magnetic spin
moments in an antiparallel orientation with a non-null resultant magnetization. In such

cases, the system is called a ferrimagnetic system (Figure 1.4(c)).
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(a) Ferromagnetic system (b) Antiferromagnetic system  (c) Ferrimagnetic system

O BN ¢4 b4 ¢
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Figure 1.4. General magnetic orderings in the matter. The black up and down arrows
indicate the opposite spin moments in figure (a) and (b). In figure (c) the different
orientations of spin moments have different colors to clarify the lower number of down
spins. (adapted from reference [13])

In the case of antiferromagnetic systems, the magnetic orderings are divided into
two classes: commensurate and incommensurate. This classification is made according to
the magnetic spin distribution in the unit cell of the crystaline structure. In case of
commensurate phases, the antiferromagnetic orderings are said Type A, C, E or G, as is
shown in Figure 1.5. In the case of incommensurate orderings, the spin moments can be
seen as wave functions forming a spatial wave whose wavelength is not an integral
number of the crystal lattice[14]. Examples of those incommensurate orderings can be:
spin modulated waves, where the spin moments present fixed orientations, but with
oscillating magnitudes; or cycloidal orderings, where the spin orientations are changed

along the unit cell, as is show in Figure 1.6.

G-Type A-Type C-Type E-Type

Figure 1.5. Different types of commensurate antiferromagnetic orderings. The red and
blue arrows indicate opposite spin moments orientations. (Adapted from reference [13])
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Figure 1.6. Examples of (a) sinusoidal and (b) cycloidal incommensurate magnetic
orderings. (adapted from reference [15])

In the majority of materials, the electric order may be driven by geometric effects,
charge ordering, electronic lone pairs or by means of magnetic orderings (these cases will
be discussed later), being called spin-drive ferroelectricity[16,17].

In case of geometric effects, the ferroic order is given by a geometric distortion
providing a closer packing of the structure, in this way, ions with different valences
become closer favoring a polarization of this structure. This effect is commonly
exemplified by using YMnOs [18], where the tilting of MnOs bipyramids approximates
the oxygen ions at apical positions to the Y ions located at the free space between the
bipyramids (Figure 1.7(a)).

The lone pair mechanism occurs when an ion with two 6s electrons are not
involved in the chemical bonds. In this case, these two ions are “alone” inside the crystal
structure becoming highly polarizable. A standard example of this mechanism occurs in
the BiFeOs, where the Bi®* ions which present the cited two 6s playing the major role in
the origin of ferroelectricity (Figure 1.7(b)).

The charge ordering effect is commonly observed in transition metal compounds
in which the transition metals constituting the structure, after charge ordering, occupies

nonequivalent sites having different valences and making different bonds (Figure 1.7(c)).
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Figure 1.7. Mechanism to originate the electric orders. (adapted from references[16,17])

1.2 Magnetoelectric materials

An interesting example of coupled between some primary ferroic orders is the
magnetoelectric effect. This property occurs in materials which have a magnetization (M)
induced by an electrical field (E) or a polarized state (P) induced by the application of an
external magnetic field (H). Traditionally, the contribution to the magnetoelectric effect
can be obtained from the expansion of free energy of a material submitted to electrical

and magnetic fields, as presented in reference[19]:

1 1
F(E,H) = F, — P’E; — M{H; — > €083 EiEj — 5 MopyHiHj — o EsH
(1.2)

1 1
~ 5 BijiEiHjHic = 5 vijicHi Ej By — -

where F, is the free energy of such material and the reaming terms are those related to
the electrical and magnetic fields contributions; E; and H; are the components of electrical
and magnetic fields, respectively; P and M{ are the components of the spontaneous
polarization and magnetization; ¢, e u, are the electric and magnetic susceptibilities in
vacuum, while &;; and p;; are the higher order electrical permittivity and magnetic
permeability. The differentiation of equation (1.2) with respect to the electrical and
magnetic fields leads to:

(1.3)

oF 1
P(E, H) = _a_E = Pl's + EOEijEj + al]H] + Eﬁl]kI-Iij + )/l'ijl'Ej — e
l
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= _a_gi = M} + popiiH; + aijE; + BijiEHj + %)/ijkEjEk - (14)

The tensor & corresponds to the induction of a polarization by a magnetic field or
a magnetization induced by an electrical field and is recognized as the magnetoelectric
linear tensor[6,7]. The y and £ terms are higher-order coefficients which will be omitted
in this discussion. Since the research on the magnetoelectric effect is generally related to
the linear effect, it is reasonable to omit the prefix “linear” and simply refer to it as the
magnetoelectric effect.

In this way, the magnetoelectric materials are very interesting from the physical
and technological point of view. The coupling between the electric and magnetic orders
increased the interest of science both to investigate the fundamentals, which lead such
coupling effects, as well as to understand the implication of these effects on fundamental
features of those materials e.g. spin-orbital couplings, magnetostriction, spin-phonon
coupling. From the technological point of view, the application of these two coupled
orderings is promising due to their range of applications as data recording, memory
devices, magnetic field sensors or microwave devices.

However, besides the interesting and useful coupling between the magnetic and
electric orders, the existence of magnetoelectric materials is quite rare. The difficulty to
find magnetoelectric materials is given because these two ferroic orders are self-
excluding due to clear symmetric and chemical reasons[4,20].

From a symmetry point of view, the primary ferroic orders can be characterized
by their variance in relation to the space and time inversion. When subjected to time
reversal symmetry”, the electric polarization of crystal is maintained invariant, while the
magnetic moment will be reversed. On the other hand, the space reversal symmetry would
leave the magnetization invariant, while the electric polarization will be reverted. These
relations are shown in Figure 1.8. Thus, while magnetic materials break the time inversion
symmetry, electrically polarizable materials break the spatial inversion symmetry, the
multiferroic materials consisting of both electric and magnetic orderings would break

both space and time symmetries[4].

* This symmetry also can be more appropriately named by motion reversal symmetry. Deeper information
about this symmetry is presented in references [4,161]
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Figure 1.8. Invariance of magnetic and dipole moments under temporal and spatial
reversion. (adapted from reference[21])

From a chemical point of view, the self-excluding properties are related to the
origin of the electric and magnetic orderings. In general, the ferroelectric states emerge
from the hybridization of electronic neighboring clouds, supporting off-centered
ferroelectric ordering with empty d orbitals[16]. In such cases, these d° layers provide
the formation of strong covalent bonds with neighboring ions favoring the off-center
displacements. On the other hand, in general, the ordered magnetic moments are given
by the partially filled d orbitals[20]. Somehow, the presence of d™ ions suppress the
covalent bonds required by the off-center displacements for electric polarizations[17].
These considerations are known as the “d® vs d™ problem”.

The simplest way to solve these problems is pointed out by Ramesh et al[22] and
Khomski [17] where different ions play the role of magnetic and electric orderings.
However, in such cases the magnetoelectric coupling is very weak. Nowadays, the best
solution for difficulties raised from these two orderings is given through the spin-driven
ferroelectric ordering mechanisms, found in type-11 multiferroic compounds. These cases
will be discussed in the following section.

A very similar system, which presents a coupling between electrical and magnetic
orderings, is the magnetodielectric effect. In this case, this term denominates materials
which present the dielectric function (¢) coupled to magnetic fields. However, in contrast
to magnetoelectric materials, the magnetodielectric effect does not present a well-defined
relation between its two ferroic orders, these materials present a response function in

which this relation could be ambiguous[16].
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1.3 Types of Multiferroic Materials

The multiferroic materials are classified in two types in according to the origin of
the electric and magnetic orders and how they are coupled at the same phase.

The type-1 multiferroic materials are those in which the ferroic orders coexist at
the same phase. In case of magnetoelectric multiferroic materials, the magnetic and
electric orderings present different microscopic origins and their existence are
independent from each other. In such case, the self-excluding properties of electric and
magnetic orders make these materials quite rare and, in general, their electric
polarizations are strong, whereas the magnetoelectric coupling is very weak in
comparison to type-1l multiferroics. In those compounds, the ferroelectric ordering arises
due to electronic lone pairs, geometric effects or charge orderings[16]. A classic example
of this family of compounds is the BiFeO:s.

These are the materials in which one of the coupled ordering is originated from
the other, making a mutually dependent existence of ferroic orders. In case of
magnetoelectric multiferroic materials, the electric and the magnetic ordering emerge
jointly[16], which originates a strong magneto-electric coupling[21].

In these materials, the electric polarization can be induced by the magnetic
ordering through inverse Dzyaloshinskii-Moriya interactions (inverse DM interactions),

where P;; « e;; X (Sl- X S]-);T exchange strictions (magnetostriction effect), where P;; o

[1::(S; - S;);" or p-d metal-ligant orbitals hybridization, P;, o (S; - e;;)%e;; T(Figure 1.9).
] ]

* Deeper information about the spin-induced polarization in such cases are given in reference [162]

9
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Figure 1.9. Possible spin-driven electric polarizations in multiferoic type-IlI materials.
(adapted from reference [16])

1.4 The Spin-phonon Coupling

The coupling between the magnetic order and the electric order in magnetoelectric
materials open the possibility of a magnetic ordering also coupled with the crystal lattice.
The spin-lattice coupling in the multiferroic magnetoelectric materials can contribute
significantly to the interplay between the electric polarization and the magnetic
ordering[23]. In this way, the spin-phonon coupling investigation is applied as a probe to
identify the nature and magnitude of spin and lattice interactions originated by this kind
of multiferroic behavior[24]. Thus, in this section is shown an introduction to this
coupling phenomenon.

In absence of phase transitions and other external phenomena, the temperature-
depended Raman spectrum of a given compound is dominated by the anharmonic effects
of its phonons. In this way, a simplified approximation to describe this complex phonon
anharmonic contribution to the temperature dependent behavior of the phonon features
was reported by Hart et al[25] and then, expanded by Balkanski et al[26] in order to take
into account the four-phonons interaction. In this model, the temperature dependence of
the full width at half maximum (FWHM) and center of a given phonon mode are given,

respectively, by:

10
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r'(T) =A[1+ex2_1]+B[1+ey3_1+(ey31)2] (1.5)

]+D[1+ 3 3 ] (1.6)

T) = 1
w(T) w0+C[ + ey—1+(ey—1)2

e*—1
where A, B, C, D and w, are fitting parameters and x = hw,/2kgT and y = hwy/3kgT.

The model presented by equations (1.5) and (1.6) describes very well the
temperature dependent behavior of their respective phonons parameters as can be seen in
Figure 1.10 (a) and (b). Also it shows that the four-phonon term included in that expansion
becomes crucial when the systems are submitted to high temperatures. As an example of
the applicability of models proposed by equations mentioned above, in the panels (c) and
(d) of Figure 1.10 is shown the temperature dependent frequency and FWHM
(respectively) of o-TmMnOs perovskite synthesized in this study. Although the samples
studied here were not submitted to temperatures well above the room temperature, those
figures illustrate the phonons behavior below room temperature. Based in these
considerations, the models proposed by Balkanski et al[26] were adopted here to describe
the temperature dependence of fundamental phonons features.

11
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Figure 1.10. Panels (a) and (b) are showing the center and FWHM, respectively, reported
by Balkanski et al[26], while the panels (c) and (d) are showing the center and FWHM
fitting by using the equations (1.5) and (1.6) for o-TmMnQO3 synthesized in this work.
(Panels (a) and (b) are adapted from Balkanski et al[26])

As mentioned before, the temperature dependent behavior of phonons features is
often changed for several reasons. In the case of magnetic materials, the changes on
temperature dependent frequency of a phonon a described by equation (1.6), can be

related as reported by Granado et al[27]:
Awa(T) = (Awa)latt + (Awa)anh + (Awa)ren + (Awa)s—ph (1-7)

According to the authors, the (Awg,) ;4 term in equation (1.7) is related to the
contribution due to changes of ionic binding energies due to lattice variations. Thus, this
term takes in consideration the contributions due to expansions or contractions on the
crystalline lattice, which can be originated by ananharmonicity of crystal and/or
magnetostriction effects. The second term ((Awg)ann) IS related to the intrinsic
anharmonic frequency shift of such phonon at constant volume. The third term
((Awg)ren) relates the phonon frequency to renormalizations of electronic states that

occur near the spin ordering temperature, and, finally, the spin-phonon coupling

12
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contribution is included to the fourth term ((Awg)s—pr), being caused by the modulation
of the exchange integral by the lattice vibrations.

The spin-phonon coupling is identified as changes in temperature-dependent
phonons parameters. These changes can be frequencies, lifetime or integrated intensity
and, generally, appears at temperatures nearby the magnetic ordering temperature.

In a general way, the phonon renormalization of a given temperature dependent
phonon frequency (Aw) can be described taking into account the spin-spin correlation
function[28,29]:

where 4 is the coupling constant and (S; - §;) is the spin correlation function, which
denotes a statistical-mechanic average for adjacent spins moments. Thus, in the
paramagnetic phase, there is no spin ordering and the (S; - §;) term vanishes, whereas in
magnetically ordered phases, it is expected that the spin-phonon coupling generate an
additional contribution to the phonons frequencies.

By means of mean field theory, the spin correlation function on equation (1.13)
can be related to ((S%)/S)?, where (S%) is calculated by using the Brillouin
function[27,30,31]. Thus, the magnetization is given by the Brillouin function in the
form[13,14]:

M = M,B;(x) (1.9)

The M, factor in equation (1.9) is the saturated magnetization and is defined as
M, = ngug/, where n is the number of magnetic ions, g is the Landé factor, ug is the
Bohr magneton and J is the total angular moment. At zero external field, the spontaneous

magnetization (M (T)) and can be written as[13]:

M(T)  M(T)
- = (57 1.10
My  ngug/ &%) (1.19)
Thus:
(Y M@ 1\
<Si-S,->—< 5 ) —(T- g]SuB> (1.11)

or alternatively:

13
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S..S.) = Msublatt 2 (1 12)
< i j) - CMB !

where C is a constant which depends on the magnetic ion including g, J and S factors,
while Mg,,14:¢ 1S the net magnetization per unit of magnetic ions.

Granado et al[27] reported an approach to describe the spin-phonon coupling in
perovskite compounds showing the form of the A coupling constant in equation (1.8).
Such model present the frequency renormalization of an @ phonon frequency due to a

spin-phonon coupling (equation (1.8)) is given by:

N azjij
Aw == 21 Wy b OUZ (5:-5)) (1.13)
i
or.
N 0%ij (Msuprattice\”
A o Z ]( subla Lce)
( (1)01)5 ph Z.Hawa . aug C.“B (1-14)

L,
where N is the number of magnetic ions and u,, is the displacement vector of a @ phonon
mode.

Several authors have been using the magnetic contribution for the frequency
deviation as described by the equation (1.14)[27,32—34]. Alternatively, other authors[35—
41] has been reported the deviation on phonon frequencies as proportional to
(M(T)/M,)?, as described by equation (1.10), giving:

N0y (MDY L15)

A —ph = —
( wa)s ph Z.ana auozt MO

The two approaches are similar, differentiating themselves only in the way that
the terms included in the saturated magnetization are arranged to M (T).

As can be seen from equation (1.13)(1.14), the A factor on equation (1.8) depends
not only on the magnetic order but also on the character of the phonon[32]. A systematic
trend on the renormalization of phonon frequencies was observed in a large number of
compounds in which the spin-phonon coupling was confirmed. Usually, in ferromagnetic
materials, a softening effect on phonon frequencies is observed[42,43], inducing the idea

of 1 < 0, whereas in antiferromagnetic systems, there is a hardening effect[35], inducing

14
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A > 0. However, due to the complex character of the A coupling constant involving the
second derivate in relation to phonon , the finding of compounds which are exceptions to
this rule is not surprising[31,39,40,44,45].

The model proposed by Granado et al[27] has been effective to describe the spin-
phonon coupling in several perovskite compounds e. g. LaMnO3[27], Y2NiMnOs[42],
Gd(Co12Mn12)O03[39], La2NiMnOe[43], Gd2NiMnOg[46] and Y2CoMnOg[47] as well as
for non-perovskite compounds such as NiO[45] and ZnCr,04[48].

However, in the case of incommensurate magnetic orderings, an extension of this
model becomes necessary. As mentioned in section 1.1, in such cases, the spin moments
are organized as wave functions whose wavelength is not an integral number of the crystal
lattice[14]. Then, the spin moments now are described in terms of a propagation vector
in the form k; = (k, k,,, k). Once the spin alignment in those materials are not constant
along the unit cell, a modification to the standard mean field theory approach becomes
necessary to estimate the character of (S - Sj). In this way, an expansion of the previously
model was reported by Laverdiere et al[49], in which the spin correlation function in

equation (1.13) is given by:

(S:-S;) = K(T)cos(2mks - 1) (1.16)

where K(T) is a temperature-dependent prefactor that is proportional to the square of
sublattice magnetization (K (T) < M2,,,4¢¢)-

In this way, for incommensurate systems, the equation (1.17) becomes:

_ 1 (')Zjij
2Uq Wy = ouZ

(Awg)s_pn = [cos(2mks - )](M(T)) (1.17)

Following this approach, the spin-phonon coupling for incommensurate systems
should be described in the form of equation (1.17). Such equation is an expansion of that
one reported by Granado et al[27] and, as such, this relation becomes the one expressed

by equation (1.17) for determined systems as described by reference [49].
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2. METHODOLOGY

The aim of this thesis is to synthesize and characterize different compounds in
order to contribute to the understanding of different physical features presented by the
proposed compounds. Such analysis was planned to involve different experimental and
theoretical approaches in order to analyze the interesting features of intended samples. In
this section, these different techniques used to perform the intended synthesis and

characterization will be presented.
2.1 X-ray powder Diffraction

In this study the X-ray Powder Diffraction (XRPD) analyze was employed to
evaluate the structural properties and confirms the formation of intended compounds after
synthesis procedures. The equipments used for these analyses were available at the
Federal University of Ceard, at Centre of Science at Extreme Conditions (CSEC) and
School of Chemistry of The University of Edinburgh and at the Brazilian National
Synchroton Light Source Laboratory (LNLS).

2.1.1 X-Ray Powder Diffraction measurements

In order to check the samples formation after synthesis procedures, X-Ray Powder
Diffraction (XRPD) measurements were carried out by using a conventional D8 Advance
(Bruker) diffractometer equipped with a 8/6 goniometer and a Cu source (Ka,; 1.5406
A). In addition, a Bruker D2 PHASER diffractometer with a Cu source (Ka, 1.5406 A
and Ka,; 1.544300 A) also was employed to perform fast XRPD analysis on as-
synthetized samples by means of HPHT treatments.

The phase analysis and impurities formula weight of XRPD patterns were
analyzed through Rietveld Refinements made through the graphical user interface
EXPGUI[50] and the Generalized Structure Analysis System (GSAS)[51] software.

2.1.2 Synchrotron X-Ray powder diffraction measurements

In order to obtain more precise information about the crystalline structures
presented by the samples synthesized here, high-resolution synchrotron X-ray Powder
Diffraction (SXRPD) measurements were carried out. In addition, the pressure-dependent
behavior of synthesized samples also was monitored through synchrotron X-ray

measurements.
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The pressure dependent XRPD measurements were performed in XDS beamline
at Brazilian Synchrotron Light Source Laboratory (LNLS) with a monochromatic
synchrotron radiation A = 0.619999 A. This beamline employs a 4T superconducting
multipolar wiggler (SCW) as photon source and operates in the energy range between 5
and 30 keV.

The high pressures experiments were carried out by using a gas-membrane
diamond anvil cell (DAC), where the sample was placed together a small piece of ruby
(whose emission lines were used as pressure reference) in a metallic gasket. | such
experiments the mineral oil (Nujol) and He gas were used as hydrostatic medium. In this
configuration, the X-rays are transmitted through the diamonds and sample and collected
in an area detector MarCCD MX225 (Rayonix, LLC).

The free software Fit2D (version 18.002)[52] was used to obtain the center of
synchrotron beam radiation at the are detector, while the Dioptas (version 0.4.1)[53] was
employed to integrate the SXRPD pattern into 1D spectra. In addition, the Le Bail method
[54] was performed to obtain structural information using the software package
FullProf[55].

2.2 Magnetic Susceptibility Measurements

The magnetic properties of synthesized samples, magnetic measurements were
carried out monitoring the temperature dependent behavior of magnetic susceptibility and
the magnetic answer under magnetic field variations in order to analyze the magnetic
ordering temperatures.

The magnetic properties of synthesized samples were analyzed in a
superconducting quantum interference device (SQUID) magnetometer model Quantum
Design MPMS XL7 analyzing DC susceptibilities and a Physical Properties Measurement
System (PPMS) from Quantum Design for AC susceptibility analyzes. Both types of
equipment were cooled through liquid Helium in which the temperature controller was
calibrated in order to obtain a precision of 0.1 K. All equipment used to analyze the
magnetic properties were available at the Centre of Science at Extreme Conditions

(CSEC) of the school of chemistry at Edinburgh University.

17



METHODOLOGY

2.3 Raman Spectroscopy

Raman spectroscopy is a non-destructive technique widely used to study
molecular and crystal lattice vibrations. Raman spectroscopy also is known as a sensitive
technique for detecting phase transitions or subtler structural rearrangements due to
magnetic transitions and coupling phenomena. In this way, this is a powerful technique
to investigate the spin-phonon coupling of multiferroic magnetoelectric materials.

Raman spectroscopy measurements were performed at the Federal University of
Ceara and in collaboration with Federal University of Maranhdo. In both cases, the
measurements were performed using Jobin-Yvon T64000 Triple Spectrometers
configured in a backscattering geometry coupled to an Olympus Microscope model BX41
with a 20x long-working distance achromatic objective. The 532 and 633 nm emissions
lines of HeNe gas lasers were used for spectra excitation. The lasers powers were kept
below 2 mW to avoid the local heating of samples. In addition, all slits were set up to
achieve a spectral resolution better than 1 cm™. Temperature-dependent Raman
measurements from 16 up to 300 K were carried out by using a closed-cycle He cryostat
in which the temperature was controlled by a Lakeshore temperature controller model
330 with a precision of 0.1 K.

In order to obtain more precise information about the center, FWHM and peaks
intensity of phonons modes presented by Raman spectra obtained here, these spectra were
deconvoluted into Voigt and/or Lorentzian functions by means of Fityk software (version
0.9.8)[56].
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2.4 Synthesis Methods

In this study, were used two different kinds of synthesis procedure: the standard
solid-state reaction in ambient atmosphere, and the solid state reaction under high
pressure and high temperatures. The first one was performed at Federal University of
Ceard, Brazil, as well as in the Centre of Science at Extreme Conditions (CSEC) at The
University of Edinburgh, United Kingdom, while the second one only was done at CSEC.
The following sections are dedicated to giving more details about each technique.

2.4.1 Solid State Reaction

This method consists of the mixture of two or more reagents (in form of powder)
in appropriate stoichiometric ratios. The powdered mixture is pressed in pellet and are
placed in the oven at fixed temperatures. The heating rate is adjusted to the most suitable
conditions of each sample.

Conventional ovens for laboratories were used for the solid-state reaction
synthesis adopted in this study. Such ovens allow synthesis with different levels of
permanence with independent durations and different temperature rates.

2.4.2 Solid State Reaction under High-Pressure and High-Temperature (HPHT)

In the past years, the synthesis science has been developed to find ways to
overcome the difficulties to obtain technologic interesting multiferroic compounds whose
characteristics seem to be competitive between themselves. The main issue is represented
by the difficulty to observe a high-temperature multiferroic phase and a high
magnetoelectric coupling on the same material. However, as mentioned before, the
majority of those compounds are complex and rarer in Nature. In addition to this scenario,
the standard high-temperature synthesis under controlled atmosphere is becoming
saturated in the production of new physical and technologically innovative materials.

In this way, the developing of apparatus capable to provide novel synthesis
conditions to reach the limits of synthesis parameters become the center of interest of
material science. The first successful prototype for this type of apparatus was developed
in the 70’s, since this, the research to improve those high pressure and high-temperature
configurations have been developed by researchers around the world[57]. Among the
developed devices, the Multianvil apparatus belongs to the class of devices used for the
generation of high pressures in laboratories. This apparatus also belong to the class of
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devices of high pressure called large volume press (LVP)[58]. This classification is given
by the pressurized volume, which is of the order of millimeters, differently from diamond
anvil cells, for example, in which the pressurized volume is on the order of
micrometers[59,60].

There are at least two types of configuration to multianvil apparatus to achieve
high pressures on large volumes. One of those is the cubic geometry, more commonly
called as DIA geometry. On these systems, an octahedral cavity pushes 6 wedges which,
in turn, push a cubic gasket in each face. In 1995, Kat et al[61] reported a modification in
this system adding eight cubes in sample region allowing in-situ x-ray analysis on
pressures up to 25GPa.

However, the most common device used in high-pressure laboratories is the 6-5
anvil system. This configuration was developed by Kawai and Endo[62] and consist in a
cubic cavity containing 6 anvils pushing the second stage of 8 anvils pushing an

octahedral gasket in 8 different directions (Figure 2.1).

Figure 2.1. Schematic configuration of a Walker-type Multi-Anvil apparatus.

Based on this 6-8 configuration, the apparatus utilized on this research to perform
the synthesis of multiferroics through high-pressure / high-temperature conditions was
the Multi-Anvil Walker-type press, located at the Centre of Science at Extreme
Conditions (CSEC), in the School of Chemistry of the Edinburgh University, Scotland —
UK.

This apparatus is a versatile system for the syn thesis of bulk materials under
variable isotropic pressure and temperature conditions in the range of 3 < Pressure < 22
GPa and 300 < Temperature < 2273 K.
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The Walker-type module is able to convert an axial load over circular surface into
a three-component force through a set of six wedges, made of tempered steel. The
combination of these wedges generates a cubic cavity to be filled by eight truncated
tungsten carbide cubes which, in turn, are assembled together to create an inner octahedral
cavity with four resultant force directions. Inside this cavity is put the reaction cell, a
magnesium oxide octahedron pierced at the center of two of its parallel faces from one
side to other in a cylindrical cavity in which is located the graphite sample oven. The
graphite sample oven, for once, consists of a cylindrical graphite tube filed in accord with

the schematic diagram shown in Figure 2.2.

MgO Ring

BN

Cylinder

e

MgO Ring

Figure 2.2. Schematic model for reaction cell used in HPHT treatments.

In these systems, the heating is achieved by Joule effect by means of a power unit
that connects the upper and lower wedges via a non-insulated path which goes through
the two opposite cubes until the pierced octahedral reaction cell connected by the two
exposed surface of graphite sample oven. This electrical control of temperature was
developed in order to manage the temperature in the vicinity of the reaction cell center,
without heat dispersions along the massive anvil structure.

The typical synthesis procedure can be schematized into three sequential
operations as described by Delmonte[63]:

1. The pressure is gradually increased from ambient pressure to the set-point of reaction

pressure in an appropriate ramp in order to reach the desired pressure
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2. Once the set-point pressure is reached, the system is Joule-heated from room
temperature to the chosen set-point temperature (in a specific and appropriate range)
where the system will be kept stable for the chosen reaction time (usually a few hours).

3. At the end of reaction, the system is abruptly quenched down to room temperature
by switching off the power unit and the pressure is slowly released to ambient pressure

with appropriate rate.
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3. Spin-phonon coupling in melanothallite Cu.OClI>

In the field of multiferroic materials, the magnetodielectric materials have been
attracting the attention of the scientific community because of their applications as
spintronics, magnetic field sensors, memory devices and photovoltaic solar cells[4,20,64—
68]. Concerning magnetodielectric applications, a large coupling is a key feature for
devices with enhanced efficiency. In type-Il1 multiferroics, in which the ferroelectricity is
due to the magnetic ordering, this kind of coupling is natural. However, in contrast to the
high magnetodielectric coupling, usually, type-Il multiferroics exhibits low critical
temperatures[69—72], which have limited their applications.

Recently, Zhao et al[73] showed that the melanothallite oxyhalide Cu.OCI; is a
spin-driven magnetodielectric multiferroic, which has a quite high critical temperature
when compared to other type-11 multiferroics and whose ferroelectricity emerges at Ty ~
70 K. It was also observed, using powder neutron diffraction measurements, that the
magnetic structure is incommensurate below Ty, which is in disagreement with
previously reported pyrochlore-like all-in-all-out spin structure. This spin structure shows
that Cu2OCl; is, in fact, a spin-induced multiferroic material.

At room temperature Cu2OClI; crystallizes in an orthorhombic structure belonging
to the Fddd space group and has lattice parameters a = 7.469(2) A, b = 9.597(2) A
and ¢ = 9.700(2) A; with 8 molecules per unit cell[74]. This structure, called
melanothallite, can be seen in two forms. In the first one each Cu ion is coordinated to
two oxygen and two chlorine ions forming CuO2Cl> squares chains running along [110]
and equivalent directions (Figure 3.1 (a)). In the second one, the structural configuration
of Cu2OCl: is described as O ions tetrahedrally coordinated by Cu ions forming a corner-
sharing 3D network, while chlorine ions are located in the free space between the OCus
tetrahedra (Figure 3.1 (b)).
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Figure 3.1. Unit cell of melanothallite Cu2OCI; presented as (a) squares of CuO.Cl, and
(b) OCus thetraheda. Blue spheres represent the Cu atoms; the green spheres represent Cl
atoms, and red spheres are the O atoms.

3.1 Cu20Cl; Synthesis Procedure

Cu20Cl> polycrystalline samples were synthesized through the conventional
solid-state reaction method using an equimolar mixture of CuCly, (Sigma-Aldrich
99.99%) and CuO (Sigma-Aldrich 99.99%). The starting materials were grounded in an
agate mortar and pressed into pellets. Afterward, the pellets were sintered at 350 °C under
a heating rate of 3 °C per minute, when were maintained on this temperature for 24 hours.
Then, the pellets were quenched until 100 °C on the rate of 2 °C per minute. Once the
samples presented a strong hygroscopic characteristic, the synthesized samples were
removed from the oven at 100 °C and deposited into a desiccator with silica gel to remove
ambient moisture. To confirm the melanothallite Cu,OCI; synthesis, samples were
grounded and placed into capillaries sealed with silicone grease for Powder X-ray
diffraction measurements. The X-ray analyses were performed in a Bruker D8 Advance
diffractometer (Cu Kal) on Centre of Science at Extreme Conditions (CSEC) of School
of Chemistry at The University of Edinburgh.

3.2 Results and Discussions

The X-ray powder diffraction pattern obtained for the synthesized Cu»OCl;
sample is shown in Figure 3.2. This result confirms that the adopted synthesis method
was enough to synthesize the melanothallite Cu.OCl,. In addition, the PDRX also

revealed a small amount of CuO, which could be associated as impurity or a secondary
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phase. Nevertheless, the existence of secondary phases is common for synthesis through

solid-state reaction procedure.

Intensity / arb. units

10 20 30 40 50 60 70 80
20 / degrees

Figure 3.2. CuOCl> X-ray powder diffraction pattern compared with its reported
structure[74] (ICSD - 96610), indicated by the dark blue bars, and CuO (ICSD - 64699),
indicated by red bars, as minor secondary phase peaks.

To analyze the magnetic profile of Cu.OCl, sample, the synthesized compound
was analyzed although magnetization curve extrapolated from Zero Field Cooled (ZFC)
results. Then, the magnetization results of Cu.OCl> synthesized in this study were
compared to the one reported by Zhao et al[73] (Figure 3.3). As can be observed, the
behavior of our sample is similar to that one reported in the literature and the magnetic
ordering temperature (Tn) of Cu2OCl,, determined by the maximum slope of the
temperature dependent magnetization, is around 68 K in good agreement with previous
studies[73,75].

The magnetic profile of Cu.OClI; also was analyzed to investigate the influence of
CuO impurity originated from the adopted synthesis method. It is reported in the literature
that this compound exhibits two antiferromagnetic transitions Ty, = 230 and Ty, =
210 K[76-78]. Once no anomalies nearby the Tnz1 and Tnz of CuO can be observed in our
magnetic measurements, we can conclude that the residual presence of CuO has no

influence on magnetic behavior of on synthetized Cu,OCl> samples.
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Figure 3.3. The magnetization of Cu2OClI; synthesized in this work compared to the one
reported by Zhao et al [73].

Another interesting feature about the magnetic behavior of Cu.OCI; is related to
the non-null magnetization value above Ty, region that corresponds to the paramagnetic
phase where no magnetic response was expected. The Cu.OClI; analysis of temperature
dependent magnetization analysis shows a broad maximum around 140 K. Such broad
response is commonly observed in low-dimensional materials as CuGeO3[79] or
TiOCI[80], whose structures are constituted by linear chains. As mentioned before, the
structure of CuxOCl, also can be described by cross-linked chains of edge-sharing
CuO.Cl; squares running along [110] and equivalent directions (Figure 3.4). Thus, this
broad maximum behavior could be related to the low dimensionality of these CuO.Cl,
squares chain[75].

In this system, there are three neighboring Cu ions with atomic distances of 3.04,

3.06 and 3.41 A configuring two intrachain exchange paths and two interchains exchange

paths, as shown in Figure 3.4. The intrachain exchanges are ]i(jgm and ]i(rfzm, being related

to Cu-O-Cu (3.9445 A and 102.84 °) and Cu-CI-Cu (4.5672 A and 83.46 °) paths,

respectively. While the interchains are ]i(;zer and ]i(jger related to 103.8° and 122.6°,
respectively, angles of Cu-O-Cu interchains paths.
Based in this, the magnetic behavior of Cu2OCI, was analyzed by Okabe et al[75]

taking into a count the contribution of these two kinds of chains interactions. In that work,
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the authors fitted the magnetic susceptibility () following the models for the classical
S = 1/2 linear chain, which do not includes the interchain interactions, and the mean
field corrected chain model, which includes the interchain interactions[81,82].

Once the classical S = 1/2 linear chain did not include the interchain interactions
to the magnetic susceptibility of a system, these models are the key analysis to determine
the role of interchain interactions for the magnetic behavior. However, it is important to
note that, since these models consider the magnetic effect of low dimensional chains, they
describe the temperature magnetic behavior where there is not a long range magnetic
order, as ferro or antiferromagnetic orderings, making those contributions negligible
when compared to well oriented spin alignments.

Based on fit adjustments, by using the two previously cited models, Okabe et
al[75] concluded that the mean field corrected chain model is the best model to describe
the magnetic behavior of Cu,OCl», showing that this melanothallite trend to be a 3D
antiferromagnetic system with a strong interchain interactions, instead ofa S = 1/2 1D

antiferromagnetic Heisenberg linear chain system[75], as proposed by other authors.

ywe
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Figure 3.4. Chain structure of CuOCl,. CuO2Cl, squares are represented in red.

After magnetic analyzes, the Cu.OCl, samples were investigated by Raman
spectroscopy. Figure 3.5 shows the room temperature Raman spectrum of the sample,

where 8 vibrational modes can be observed, with the most intense one located around 550
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Intensidade Raman / unid. arbitrarias

cmt. Based on group theory analysis[83], the distribution of the vibrational modes of
CuxOCl> in terms of the irreducible representations of the D2n group factor is showed in
Table 1. Thus, there are expected 9 Raman-active phonons (4, @ 2B, @ 3B,, ©
3B34) of mixed symmetries in the Raman spectrum of polycrystalline Cu2OCl. sample,

which is in good accordance with our observation.

Table 1. Irreducible representation of vibrational modes for Cu,OCl..

lon Site  Symmetry Contribution
Cu 16d (o 34,03B,,®03B,,®3B3,
Cl 169 c2 A,®A, DB, ,BB,,D2B,,02B,,B2B;,H2B;3,
0 8b D, B1g®B1,®B,,®B,,®B3,®B3,
Lacoustict Biu®@B2u®B3y
Lsitent: 4A1y

FIR: 4Blu@532u@533u
Traman: Ag@2B, ,@3B,,®3B;,
Trora: Ag@4A;1, 2B, ;5B ®3B,,®6B,,®3B;,®6Bs,

100 200 300 400 500 600 700
Numero de Onda / cm’!

Figure 3.5. Raman spectrum of Cu.OClI; at room temperature.

The Raman results were also analyzed in order to investigate the effect of the

presence of CuO impurity on Cu2OCl, samples. At room temperature, the monoclinic
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phase of CuO present the C3, (C2/c) space group with two molecules per unit cell. Its
group theory analysis predict 3 Raman-active modes at the center T' point of Brillouin
zone, which irreducible representations are A, € 2B,. Several authors studied the
polarized Raman scattering of CuO in nanocrystals, single crystals and polycrystalline
samples of CuO[84-88]. These studies present good agreement between themselves,
showing that CuO crystals have the most intense A; mode located at 296 cm™ and two
weaker B; modes located at 344 and 629 cm™. In our study no one of those three
vibrational modes was observed with good enough intensities on the region between 290
and 350 cm™ or around 630 cm (Figure 3.5), indicating that the CuO impurity also has

no influence on Raman scattering results presented here.
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Figure 3.6. Temperature-dependent Raman spectra o Cu2OClo. (a) The overall appearance
of Raman spectra during cooling experiments; temperature dependence of phonon
positions for the modes located at (c) 185 cm™ (c) 515 cm™ and (d) 545 cm™,
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The temperature dependent Raman spectra of Cu.OCl, was investigated on
interval between 300 and 47 K. As expected, since Cu2OCl> does not undergo any
structural phase transition in the temperature range investigated, the Raman spectra did
not show any remarkable change and the overall appearance of spectra is maintained
during all interval of temperature investigation (Figure 3.6(a)).

In absence of structural phase transitions, the temperature-dependent behavior of
a phonon mode with frequency w is mainly defined by the phonon anharmonicity
according to Balkanski’s model given by equation (1.6) [26]. A detailed analysis of the
temperature dependence of some phonon positions observed in Cu2OCl; is showed in
Figure 3.7 (a-c).

In these analysis, there are clear deviations of measured phonon positions
(indicates by circles) from the one expected behavior in case of process only determined
by anharmonic contributions (indicated by solid lines). The starting point of these effects
coincides with the Néel temperature of Cu.OCl,, suggesting a spin-phonon coupling
between the magnetic ordering and the lattice phonons.

The Full Width at Half Maximum (FWHM) of a phonon is related to the phonon
lifetime[89] and, when it shows anomalies at the magnetic transition temperature, the
observed spin-phonon coupling is usually direct and not mediated by
magnetostriction[35]. As mentioned before, Balkanski et al[26] also presented a model to
describe the temperature dependence of FWHM for a given phonon mode. This model is
given by equation (1.6).

Based on this, the temperature dependent FWHM of Cu,OCl, samples were
analyzed and the fitting results are shown in Figure 3.7 (a-c). Clearly, there are anomalies
in all analyzed FWHM phonons below 68 K, suggesting that the observed effects are not
mediated by magnetostriction, orbital ordering or other lattice effects[27], but only by the
long-range antiferromagnetic ordering.

As mentioned before, the renormalization on the phonon frequency in relation to
the anharmonic model can be described by taking into account the spin-spin correlation
function[28,29]:

where w is the renormalized phonon frequency due to a spin-phonon coupling at fixed

temperature, w, is the phonon frequency only due to anharmonic effects), A1 is the
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coupling constant and (S; - S;) denotes a statistical-mechanical average for adjacent spins
on opposite sublattices. Thus, in the paramagnetic phase, there is no spin ordering and the
(S; - §;) term vanishes, whereas, in the magnetically ordered phase, it is expected that the

spin-phonon coupling generates an additional contribution to the phonon frequencies.
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Figure 3.7. Temperature dependence of selected phonons frequencies and full width at
half maximum of selected phonons of Cu>OCl,. The solid lines indicate the fit based on
Balkanski's model.
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Granado et al[27] have proposed a mechanism to describe the spin-phonon
coupling by considering a molecular-field approximation and obtaining a phonon
renormalization which scales with M?2. As mentioned before, this model has been
effective to describe the spin phonon coupling in several compounds and, in this context,
the authors describe the phonon renormalization due to a spin-phonon coupling as
equations (1.14) and (1.15).

However, in the case of incommensurate magnetic ordering, an extension of this
model become necessary. This extension was reported by Kimura et al. [90] and consists
of the inclusion of the nearest-neighbor (NN) and the next-nearest-neighbor (NNN)
interactions. In this proposal, the phonon renormalizations process should be rewritten as
(1.17).

Through powder neutron diffraction analysis, Zhao et al[73] showed that Cu2OCl;
magnetic ordered phase founded below 68 K can be described as an incommensurate
antiferromagnetic phase which propagation vector is k = (k, 0 0) with k,, = 0.827(7).
The magnetic moments are aligned with the Cu-O-Cu chains formed by OCuy tetrahedra
along the [+1 0 1] directions[73]. Taking as reference the Cu ion placed at the lattice

origin, two sets of two Cu ions could be considered as NN, because their bond distances
are similar: the Cu ion located at + (Oﬁ) with Cu-Cu distance of 3.04 A and Cu-O-Cu
angle of 102.9 ° being assigned as D; interactions and the other Cu ion located at

+ G 0 i) with Cu-Cu distance of 3.06 A and Cu-O-Cu angle of 103.8° is associated to

D, interactions. On the other hand, two Cu ions placed at + Gio) can be classified as

NNN because of their Cu-Cu distances of 3.41 A and Cu-O-Cu angle of 122.7 °, being
assigned as D interactions (Figure 3.4). Thus, the resulting phonon renormalization can

be said as:
1 mk,
— _—x 3.2
Aw — D1+(D2+D3)cos(2)] (3.2)

where D; = % (G=1273).
u
According to the spin structure of Cu.OClI, cations associated with D, and D5
belong to two Cu-O-Cu chain with magnetic moments aligned along the [1 0 1] direction,
whereas D, represents a chain running along [1 0 1], which includes the cation at the

lattice origin (Figure 3.8). In this way, D, and D, have associated similar bridging
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parameters, but, as they belong to different chains, they have opposite signs while D is
aligned with D; . Notice that this arrangement could fulfill the condition |D;| > |D, + Ds|

and, as discussed by Laverdiére et al[49], the equation (3.2) reduces to equation Erro!

Fonte de referéncia ndo encontrada., as proposed by Granado et al[27].
[101]

[101] D2

Figure 3.8. Basal view of CuOs tetrahedra showing the [101] and [101] Cu chain planes
and the NN and NNN Cu ions.

As mentioned before, it is important to remind that the magnetic temperature
dependent profile of Cu,OCl> show a broad maximum at approximately 140 K derived
from the low dimensional chains of CuO.Cl.. In this way, the magnetization (M (T)) in
such material can no longer be described exclusively as a consequence of the long range
incommensurate AFM ordering, but as a combination of this long range ordering with the

intra/interchain interactions, as follows:
M(T) = Mp(T) = (xp, + xc) - H (3.3)

In this case, the y; factor represent the contribution of the long range ordered
magnetic state (below Tn) and the y. factor is the contribution of CuO2Cl> square chains
to magnetic susceptibility. The M;(T) factor on the left side de of equation (3.3)
represents the total magnetization, which takes in consideration both contributions
obtained from magnetic measurements of Cu2OCl.. Once the magnetic data obtained here
involves two different contributions, the equation Erro! Fonte de referéncia nédo

encontrada. cannot be directly applied to analyze the renormalization process of phonons
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observed in CuzOCl». Instead, keeping in mind the discussed models, could be more
opportune to investigate the magnetization dependence of the phonon renormalization by
plotting (Aw)'/? vs M(T), where M(T) is the magnetization data described by equation
(3.3).

In Figure 3.9 (a-c) is shown (Aw)*/? as function of M(T). From these analyses,
it is clear the existence of a temperature range where the spin-phonon coupling
renormalization scales with the magnetization, in good agreement with the model given
by equation (3.5). However, it is important to note that this model is not valid in the full
range where the multiferroic behavior is observed. Just below 70 K, the long range order
does not seem to be the dominant contribution to the susceptibility and, although the
phonon energy renormalization analysis, the proportionality between the phonon
renormalization and the magnetization starts below 67 K. Another interesting feature is
observed at low temperatures where a departure from the linear relationship can be noted
below approximately 55 K (Figure 3.9). This effect is related to the upturn effect observed
on the magnetic profile of CuOCl> (Figure 3.3), which could be ascribed to magnetic
impurities. Thus, the analysis of the spin-phonon results based on (Aw)*/? vs M(T) plots
describes the validity range of the proposed models for the phonon energy

renormalization correction.
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3.3 Cu20ClI; Conclusions

In this study, we synthesized the melanothallite Cu,OCl, compound through the
conventional solid-state reaction. Powder Diffraction and Magnetic susceptibility
measurements were carried out to confirm the formation of the compound and the
magnetic profile of polycrystalline Cu.OCl.. Once the structural and magnetic profile of
synthesized samples were confirmed, Raman spectroscopy and Magnetic measurements
of CuxOCl, also were analyzed to check the vibrational and magnetic profile of
synthesized samples analyzing the influence of CuO impurity on Cu.OCI, properties.
Temperature-dependent Raman measurements were carried out to investigated the
magnetoelectric coupling were a spin-phonon coupling was observed in melanothallite
Cuz0Cl,. The observed renormalization of phonons frequencies was measured being
around 1 cm™. Characterized by a linear behavior between the frequencies deviations and
the experimental magnetic data, the Aw vs (M(T)/M,)? revealed that the spin-phonon
coupling starts at 68 K and, besides the incommensurate magnetic structure, the observed
coupling behaviors are similar to those observed in stretching phonons of perovskites,
whose renormalization follows the mean field behavior. The observed events also suggest
that the renormalization due to the spin-phonon coupling depends only on the spin-

phonon interactions and not on the phonon symmetry.

36



Temperature and pressure dependent investigations of PoMn7012

4. Temperature and pressure dependent investigations of PbMn7;O1.

Perovskites of AA5B,0;, type have been attracted attention due to their stronger
charge, orbital and spins interactions of in their structures[91]. These compounds can
present interesting physical and chemistry features as magnetoresistance at low fields,
multiferroic properties and catalytic activities[92].

This perovskite family, usually called by quadruple perovskites, allows a big
variation of chemical composition as A = Na*, Cd?*, Ca?*, Sr**, Pb**, TR®* (Rare Earths)
or Bi¥*; A’ = Cu?*, Mn®*, Co?*, Pd?"; B = Mn®"#*, Fe®*, Cr¥*, AI®*, Ti**, V**, Ge**, etc
[91]. The ordering on the site A is reached in consequence of differences between the A
and A’ cations, where, in general, the A’ is a transition metal which can adopt a square
planar coordination.

In cases where A’= B = Mn, the family AMn7O12 is formed containing Mn** ions
and Jahn-Teller Mn®* ions at different proportions depending on the cations oxidation
states. The first elements of this family were discovered around 1970 by Marezio et al[93]
and Bochu et al[94]. Nowadays, the AMn7O1. perovskites were reported with A = Ca?*,
Bi?*, Na*, Ca?*, Cd?*, Pb®*, Sr?*, La®* and Nd** from which only the CaMn7012 [95],
BiMn;O12 [96] and the recently discovered PbMn;O12 [97] present multiferroic
properties.

PbMn7;O1, (PMO) were recently synthetized by Locherer et al[98], where the
authors report that this compound crystalize with R3 space group at room temperature,
similarly to CdMn7012, SrMn7012 and CaMn7Oz.. In addition, the authors report a
structural transition to the Im3 space group around 380 K and an antiferromagnetic
ordering below 70 K. In this structure, the Pb?* cation can induce polar distortions due to
its lone pair electrons. In this way, the electrical and magnetic properties of PMO have
been investigated intensively in the last years.

Recently, Belik et al[97] reported the structural, magnetic and electrical properties
of PMO where, besides the confirmation of the structural transition associated to a charge
ordering around 392 K, the authors report a second phase transition related to orbital
ordering around 294 K. In the case of the magnetic properties, the authors studied the
specific heat, dielectric constant and magnetic susceptibility as function of temperature.
Their results revealed two magnetic transitions at 83 and 77 K, besides a third magnetic
transition at lower temperatures, around 43 K. In addition, the electrical properties of

PMO revealed that below 77 K the compound exhibit a spontaneous polarization of

37



Temperature and pressure dependent investigations of PboMn7012

4uC/m? and anomalies in dielectric constant as function of temperature and magnetic
field. However, the authors did no exclude the existence of spontaneous polarizations
below 83 K, explaining these effects could be too small to be detected between Ty and
Tne. In this way, the PMO can be classified as a spin-driven multiferroic compound.
Once the coupling between the magnetic and electric orders in PMO is reported,
Raman scattering spectroscopy can be used to study the temperature dependent behavior
of PMO due to its sensibility to detect magnetic orderings through the coupling with the

phonon lattice, mainly in perovskites compounds[99-102].
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4.1 PbMn7O12 synthesis procedure

The PMO samples were synthesized through solid-state reaction under High-
Pressure and High-Temperature (HPHT). This experiment was carried out in a Walker-
type multianvil apparatus in the Center of Science at Extreme Conditions (CSEC) located
at the School of Chemistry at The University of Edinburgh.

For this synthesis a stoichiometric amount of PbO (99.9%), MnO- (99.9%) and
Mn203 (99.9%) were grounded until become a uniform powder and sealed into platinum
capsules. The mixture was treated at different temperatures until reaching an optimized
condition. In Figure 4.1 is showing the X-ray powder diffraction patterns recorded from
as-synthesized PbMn7O1. samples of different attempts to synthesize the PMO perovskite

adopting different conditions.

1%' Attempt - 35% - 1473 K
2" Attempt - 31% - 1373 K
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Figure 4.1. XRPD patterns of different as-synthesized PbMn7O1> samples with different
synthesis conditions. The values on figure legend mean the potency percentage of the
power unit and the equivalent temperature for each value. The black line on the bottom
is the calculated XRPD pattern from the structure deposited on the ICSD database[103]
with inscription number 352387.

In the first attempt, the values were chosen based on literature reports[97,103]
where a stoichiometric amount of PbO (99.9%), Mn203 (99.9%) and MnO- (99.9%) were
treated at 6 GPa and 1473 K during 60 minutes. At these conditions, the obtained samples
seem to be melted, indicating that the sample reached its optimum point of reaction
conditions, but expected a melting process due to the remain heating process. From this

39



Temperature and pressure dependent investigations of PbMn7012

point, the set-pointed temperature of synthesis proceedings was decreased in order to
optimize the PbMn7O12 as the main phase of synthesized samples.

The best conditions were found on the 5 attempt, where the precursors were
treated at 6 Gpa and 1073 K during 60 minutes. However, the Rietveld analyzes of as-
synthesized samples revealed a considerable amount of Mn2O3 (9% of weight fraction)
and Mn304 (6% of weight fraction) compounds as secondary phase from the synthesis
procedure (evidenced by unexpected diffraction peaks between 28° and 34° in Figure
4.1). These impurities are given by the high volatility of PbO at high temperatures and a
new attempt was carried out in order to decrease these amount of impurities. The
presence of secondary phases was corrected by the addition of a PbO excess in proportion
to the secondary phases to the precursors obtained in the as-synthesized sample.

The last attempt of PbMn;O1, was carried out at 6 GPa and 1073 K during 60
minutes. After treatment, the system was quenched and the pressure was slowly released until
ambient pressure. The as-synthesized sample presented a reasonable proportion between
the main phase and the impurities related to synthesis procedure as will be discussed later.

4.2 Results and discussion

The Synchrotron X-ray Powder Diffraction (XPRD) pattern of synthesized PMO
samples are showed in Figure 4.2. These results are indicating that the samples presented
the rhombohedral phase whose lattice parameters are a = 10.523(5) A, b=

10.523(5) A, c = 6.411(1)Aand y = 120°. Those lattice parameters are very close to
those reported by Belik et al[103] confirming the formation of the proposed sample. The
PMO structure can be said as a perovskite in which the manganese ion occupy the A" and
B positions in (AA43)B,0,,, presenting square planar and octahedral coordination with

the oxygen ions, while the Pb ions are located between these octahedra (Figure 4.3).
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Figure 4.2. The diffraction pattern of PoMn7O12 (PMO) obtained through Synchrotron X-
ray Powder Diffraction (SXRPD). The dark blue bars indicate the calculated diffraction
peaks positions of rhombohedral phase of PMO reported by reference [103] (ICSD
number 252387), the red bars are those expected for Mn203 and the cyan bars are
expected for Pb3(CO3)2(OH):

Figure 4.3. The unit cell of rhombohedral PoMn7O1.. The dark blue spheres are the Pb
ions and the red spheres are the oxygen ions. The cyan and green blue spheres are the
Mn3* ions with square planar and octahedral coordination, respectively, while the yellow
ones are Mn** octahedrally coordinated.

Once the formation of rhombohedral PMO was confirmed, the magnetic behavior

of synthesized samples was analyzed in order to verify the reported magnetic transitions
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through temperature dependent magnetic susceptibility measurements and field

dependent magnetization behavior. These results are shown in Figure 4.4.
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Figure 4.4. The magnetic behavior of synthesized PMO samples. (a) The ZFC and FC
magnetic susceptibility as function of temperature, the inset shows the magnetic moment
as function of magnetic field. (b) The inverse of magnetic susceptibility. (c) first derivate
of of magnetic susceptibility as function of temperature. In all figures the gray dashed
lines show the magnetic events reported in literature[97].

The temperature dependent magnetic susceptibilities (Figure 4.4(a)) present three
sequential events below 90 K, they are: an abrupt increase around 83 K, followed by an
abrupt decrease around 77 K and a slight magnetic event around 38 K. The first two events
are clear in the inverse of magnetic susceptibility (x~1) (Figure 4.4(b)) and from its first
derivate (dy/0T) (Figure 4.4(c)) and these analyzes corroborate to infer that the slight

third event is started around 38 K.
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From these analyzes, it is clear that the synthesized PMO samples present two
magnetic transitions around 83 and 77 K, associated to Tn1 and Tn2 magnetic transitions
of PMO, and a slight magnetic event around 38 K, associated to Tns. These observations
are in good agreement with the magnetic transitions reported for PMO by other
authors[97]. However, the small magnetic event observed at 38 K (associated to Tns) was
found at temperatures slight lower than those reported in literature, where it was reported
at 43 K. In addition, the field dependent magnetization analysis (inset of Figure 4.4(a))
also is in good agreement with those reported by Belik et al[97]. Thus, we can conclude
that the synthesized sample are well ordered in agreement with those results presented in
literature and the synthesized samples are well magnetically ordered.

Once the magnetic behavior of PMO was verified, Raman spectroscopy
measurements were carried out in order to evaluate possible couplings between the
magnetic ordering and the phonons lattice. For this study the Raman spectrum of PMO
was investigated in the temperature range from 300 K until 10 K.

Based on the group theory analysis, the distribution of the CZ group factor at the
I point of Brillouin zone is 64,®6E, Raman active-modes[83] (see Table 2). Based on
this analysis 18 modes of mixed symmetries are predicted in the Raman spectra of the

polycrystalline PMO sample at R3 space group.

Table 2. Irreducible representation of vibrational modes for PbMn7O12.

Ions Site Symmetry Contribution
Pb 3a Se A,®DE,
Mn, 9e C; 34, D3E,
Mn, 9d C; 34, D3E,
Mn, 3b Se A,DE,
0, 18f Cy 34,034, B3E,D3E,
0, 18f C; 34,034, B3E,D3E,
Iror: 64,0144, O6E,D14E,
Lac: Ay®E,

Tig: 134, D13E,
Tram: 64,D6E,

The Raman spectra obtained for the polycrystalline sample of PMO were weaker
in comparison to those obtained for other compounds reported in this work. The best
Raman spectrum obtained for PMO at 10 K Figure 4.5) allows the identification of 6
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vibrational modes of mixed symmetries in the range between 100 and 750 cm, being the

most intense one located around 660 cm™.
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Figure 4.5. Raman spectra of PbMn7O1. obtained at 10 K.

The temperature-dependent Raman spectra recorded for polycrystalline sample of
PMO is showed in Figure 4.6. Under cooling process, the PMO Raman spectra did not
present any remarkable change in terms of additional or suppressed bands. Only the usual
high-frequency shift and the sharpening of vibrational modes were detected under
temperature decrease. As consequence, the overall signature of Raman spectra is
maintained along the investigated temperature range, which imply that the rhombohedral
PMO phase did not undergoes any phase transition in the investigated temperature range.
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Figure 4.6. Temperature-dependent Raman spectra of pollyristaline pellet of PMO.
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The temperature dependent Raman spectrum were deconvoluted into lorentizian
functions in order to obtain more acurate information about the temperature dependent
phonons features. The analyzes for some selected phonons frequencies are shown in
Figure 4.7. From these results is notable that all selected phonon seems to expect
renormalization process of their frequencies at the temperatures of the magnetic
orderings, characterized by changes in the temperature-depence of the phonons positions.
This behavior is more clear below 40 K, temperature at which is observed the Tns of
PMO, indicating a possbile existence of a coupling effect between the magnetic moments
and the phonons.

However, the very weak character of PMO Raman spectrum, even at the lowest
recorded temperature (Figure 4.5), had an important impact in this temperature dependent
Raman study. This fact is reflectd in the deconvolution treatment, where all selected
phonons modes presented a high dispersion in the frequency positions, mainly at high
temperatures. These features make difficult the treatment of the anharmonicity of
frequencies as proposed by Balkanski[26], hindering a more accurate analysis about

possible renormalization effects.
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Figure 4.7. Temperature dependent frequencies of selected PMO phonons.
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The PMO samples were also submitted to High-Pressure Synchrotron x-ray
powder diffraction (SXRPD) analysis. In Figure 4.8 are shown the SXRPD patterns from
ambient pressure until 21.90 GPa. For these analyzes the samples were grounded and

sealed into a gas-membrane DAC with Argon as hydrostatic medium.
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Figure 4.8. Pressure-dependent Synchrotron X-ray Powder Diffraction (SXRPD) Pattern
of PMO.

As mentioned before, at ambient pressure the PMO samples adopt a rhombohedral
(R3) configuration and both SXRPD and XRPD analyzes revealed the presence of small
amounts of Mn203 (3%) and Pbs3(COz3)2(OH)2 (2%) as secondary phases (Figure 4.1
andFigure 4.2) and the pressure-dependent diffraction patterns (Figure 4.8) showed that
these impurity signatures can be observed up to 14 GPa.

Regarding to the rhombohedral PMO diffractions peaks, the initial analysis
indicates that the rhombohedral phase remains unchanged until 8.5 GPa, where very slight
changes were noted. At this pressure value, the pair of diffraction peaks located at 16.7°
become one and, in the following pressure point, a new diffraction peak is observed at
17°. This new peak presented a shift as pressure increases until join to the peak located at
18° around 18 GPa. These changes are shown in terms of position and intensity of the
diffraction peaks in Figure 4.9 (a) and (b). In addition, the rising of small diffraction peaks
also could be observed at 19° and 21° around the pressure of 14 GPa, which can also be
indication of another structural change. These small changes in pressure dependent
diffraction pattern could be understood as indications of changes in the crystalline

structure of PMO.
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Figure 4.9. Initial analysis of slight changes observed in the pressure dependent SXRPD
pattern.
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4.3 PbMn;O12 Conclusions

The perovskite PbMn7012 (PMO) samples were synthesized although solid state
reaction under HPHT conditions. XRPD and SXRPD analyses were carried out to
confirm the formation of rhombohedral PMO sample and check the amount of impurities
originated from the synthesis method adopted. After confirm the compound formation,
the magnetic behavior of PMO sample was analyzed in order to verify its magnetic
behavior. The results confirm two magnetic transitions around 83 K and 77 K, associated
to Tnz and Twe transitions of PMO, and the third magnetic transition observed around 38
K was detected slight lower than the Tns transition reported at 43 K in literature.

The temperature dependent Raman measurements below room temperature were
carried out in order to investigate possible coupling between the spin moments and the
lattice phonons in PMO samples. From these analyses it was observed a hardening effect
in some selected phonon modes below 44 K, which could be an indicative of a coupling
effect. However, the low quality of Raman spectra induces a high dispersion on phonons
positions, mainly at higher temperatures, making difficult to proceeds a precise study of
temperature dependent phonons frequency. These features highlight the necessity to
repeat these experiments in order to obtain data with better quality to perform a precise
study of temperature dependent phonons features.

In addition, the pressure dependent behavior of PMO structure were investigated
through SXRPD from ambient pressure up to 22 GPa. Analyses on pressure dependence
of diffraction patterns indicate slight changes on diffraction peaks at 8.5, 14 and 19 GPa
which could be indicatives of structural changes. However, these are initially results and
deeper investigations through Le Bail or Rietveld refinements are needed to clarify the

existence of such structural changes in this pressure range.
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5. The Spin-phonon coupling in TmMMnOs

In the past years, the family of orthorhombic manganite perovskites RMnOs (o-
RMO) became extensively studied because of their interesting properties as charge
ordering, magnetoresistance and multiferroicity.[70,71,104-106] At ambient pressure,
the RMnOs family crystallize in an orthorhombic perovskite structure for large R3* ionic
radius (rz) presenting an A-type antiferromagnetic (AFM) phase[90,105]. On the other
hand, for smaller 1, the orthorhombic structure is replaced by an hexagonal phase[107—
109] and its magnetic structure migrates to an incommensurate or E-type AFM
structure[90,105]. The orthorhombic perovskite phase can also be stabilized in
compounds with small r; by means of High-Pressure and High-Temperature (HP/HT)
treatments[110].

Belonging to the group of the smallest rz, TMMnOs (TMO) crystallizes in a
hexagonal structure presenting a P6zcm spatial group. This structure can be described as
constituted by bipyramids of MnOs with oxygen atoms locate at the interstice of those
bipyramids.[110]

Wang et al[111] studied the ferroelectric behavior of hexagonal TmMnOs (h-
TMO) reporting a ferro-paraelectric phase transition around 621 K, while Yen et al[112]
reported a magnetic transition around 84 K. Latter, Massa et al[113] confirmed the
electric and magnetic transitions showing a ferroelectric-magnetic coupling in the
magnetically ordered phase by means of far-infrared emissivity and reflectivity spectra
analysis.

The orthorhombic phase of TmMnOs (0-TMO), stabilized through an HP/HT
treatment, belong to the Pbnm space group and its structure can be described as a distorted
perovskite structure with corner-sharing MnOs octahedra distorted chain running along
the c axis and Tm ions located at the free space between these octahedra. By means of
specific heat analysis, Tachibana et al[114] reported a magnetic transition on 0-TMO
around 43 K. Later, Pomjakushin[115] classified the magnetic structure of o-TMO as
incommensurate below 43 K and reported one more magnetic transition at 32 K, where
the incommensurate structure become E-type AFM. In the same study, the authors
reported dielectric susceptibilities and pyroelectric measurements where a spontaneous
electric polarization appear below 32 K, which is originated by the lattice distortions due
to the E-type AFM phase. These features evidence a multiferroic phase on o-TMO for

bulk and powder samples. The ferroelectric phase below 32 K also was confirmed by
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Salama et al[109] by means of Mdssbauer spectroscopy, while Han et al[116] observed
this phase transition in thin films. Recently, these observations also were confirmed
through resonant x-ray analysis in bulk samples by Garganourakis et al.[117] and in thin
films by Windsor et al.[118]

Recently, Shimamoto et al[119] reported the room temperature Raman spectra of
the orthorhombic RMnO3 (R = Gd - Lu) family (0-RMO) obtained as thin films in a
Y AIO3 substrate. In this study, it was observed the influence of chemical pressure along
b-axis showing that the change of the R ion induces a shift of the oxygen atoms on the ca
plane. Furthermore, the study reports the Raman spectrum of o-TMO in film thin, but no
information about bulk o-TMO was presented.

The spin-phonon coupling in 0-RMO family was reported by Granado et al[27]
and Laverdiere et al[49], where they affirm the spin-phonon coupling in compounds with
small rz and incommensurate AFM can be negligible for some compounds. In addition,
the authors conclude that the spin-phonon coupling is negligible in compounds with small
1z and incommensurate AFM orderings, whereas in case of an E-type AFM ordered
compounds, the authors affirm that the spin-phonon coupling should be very weak or
absent. In the case of the E-type HoMnOg, the authors did not observed any anomaly on
temperature dependent phonon behavior indicating that its magnetic exchanges are self-
excluding.[49]

In the case of TMO, the spin-phonon coupling was confirmed in h-TMO by far-
infrared spectroscopy considering the h-RMO family[120]. In this study, the authors
observed a phonon renormalization occurring at the magnetically ordered phase
characterizing a spin-phonon coupling effect. The phonons renormalizations were
estimated to be around 5 cm™ for h-TMO.

The observed coupling between electric and magnetic ordering suggests that the
magnetic ordering can also couple with the phonons in case of 0-TMO. Thus, the Raman
scattering spectroscopy is a powerful technigque to confirm this coupling effect due to its
sensibility to detect magnetic orderings through the coupling with the phonon lattice,
mainly in perovskites compounds.[99-101] Thus, the temperature dependence of the
Raman-active phonons below room temperature can help to elucidate o-TMO magnetic

and electric behavior and their couplings.
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5.1 TmMnO3z Synthesis procedure

The 0-TMO polycrystalline samples were obtained although HPHT treatment of
h-TMO. The h-TMO polycrystalline samples were synthesized by solid-state reaction,
where stoichiometric amounts of Tm20s (REacton, 99.99%) and Mn.Os (Aldrich,
99.99%) were grounded together in an Agatha mortar. The mixture was pressurized into
pellets and calcined in a conventional oven at 1200 °C during 24 hours. In sequence, the
h-TMO pellets were grounded and sealed into platinum capsules in order to be treated at
1573 K under 6 GPa during 60 min in a Walker type multianvil press of Centre of Science
at Extreme Conditions (CSEC), located at School of Chemistry of University of
Edinburgh. After the reaction, the system was quenched to room temperature (RT) and
the pressure was slowly released until atmospheric pressure. The resultant dark-green
polycrystalline dense pellets were grounded until becoming powder and characterized by
x-ray diffraction (XRD) on a BRUKER D8 diffractometer (Cu K, radiation 1.5406 A)

in order to confirm the stabilization of the orthorhombic phase.
5.2 Results and Discussions

The h-TmMnO3s samples obtained from the solid-state reaction in air presented
the P65cm space group confirmed by means of x-ray powder diffraction pattern analysis
(Figure 5.2). The obtained lattice parameters a = 6.086(0) A and ¢ = 11.372(8) 4, in
good accordance with those reported by Uusi-Esko et al.[110] In Figure 5.1 is shown the
unit cell of h-TMO where the bipyramids of MnOs are illustrated in blue color with the
red oxygen ions at the apical positions, while the interstitial Tm ions are presented in
purple color (left side of Figure 5.1).
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Figure 5.1. The unit cell of h-TMO (Left side) and o-TMO (Right side) reported by
reported by Uusi Esko et al.[110] (ICSD number 162209 and 162209, respectively). In
both structures, the dark red spheres are the 02~ ions and the purple are the Tm?2* ions,
while the blue and green spheres represent the Mn3* ions in the hexagonal and
orthorombic structures, respectively.
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Figure 5.2. (a) Powder XRD analysis of h-TMO sample. The cyan bars indicate the
reflection positions of h-TMO calculated based on structure reported by reference [110]
(ICSD number 162202). (b) Powder XRD analysis of the 0-TMO sample. The green bars
indicate the reflection positions of 0o-TMO calculated based on structure reported by
reference[110] (ICSD number 162209).
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Through HPHT treatment, the crystal structure of the hexagonal phase was
changed to orthorhombic structure belonging to a Pbnm space group which also was
confirmed by means of powder x-ray analysis (Figure 5.2 (b)). The obtained lattice
parameters were a: 5.232 A, b: 5.814 A and c: 7.324 A with 4 molecules per unit cell in
good agreement with other orthorhombic TmMnOsz compounds reported on
literature[110]. This phase is recognized as an orthorhombically distorted-perovskite
structure where the Mn** ions are coordinated octahedrally with six oxygen ions forming
a distorted corner-sharing MnOg octahedra chains, while the Tm ions are located at the
free space between those octahedrons (right side of Figure 5.1 (b)).

After confirming the orthorhombic phase of TmMnOs, the samples treated
through HPHT were submitted to magnetic analysis. The magnetic profile of 0-TMO
samples was investigated in the temperature range between 300 and 2 K analyzing the
magnetic susceptibility and the magnetization hysteresis was recorded at 2 K.

The temperature dependent magnetic susceptibility of o-TMO is shown in Figure
5.3 (a). The overall signature of magnetic susceptibility obtained here is in good
accordance with those reported in the literature [109,110,115]. The determination of
temperature magnetic ordering for this compound through the magnetic susceptibility is
given by a very slight deviation of the first derivate of magnetic susceptibility behavior
as function of temperature (dy/dT). Although the magnetic behavior observed here is
similar to those reported in literature, the dy/dT did not presented any considerable
deviation in the temperature range where the magnetic events should be present and only
a small deviation is observed around 27 K. As the magnetic events are better defined in
literature by means of the lambda (1) behavior observed in temperature dependent
specific heat analysis[109] or through resonant x-ray analysis[117,118], the absence of a
small event like this did not exclude the magnetic behavior of the samples synthetized
here. The absence of this event is probably related to the high value of magnetic field
adopted for these measurements and, once no magnetic event is reported below 30 K for
the 0o-TMO compound, the small oscillation around 27 K also should be related to
experimental artifacts.

The magnetization signal as function of the magnetic field measured at 2 K is
shown in Figure 5.3 (b). This result is showing a hysteresis loop with two very slight
saturated magnetization points and two states of spontaneous magnetization almost null
(inset of Figure 5.3(b)). This result also in good accordance with those hysteresis loop

reported by Yoshii et al[121]. As observed for the temperature dependent magnetic
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susceptibility, the overall signature and the very sharp character of magnetic hysteresis
loop obtained here corroborates with an antiferromagnetically ordered material. Besides
the absence of remarkable changes on y and dy/dT that make evident a magnetic
transition in 0-TMO, the hysteresis loop is an indicative that the synthetized samples

present an AFM ordered character, at least, at 2K.
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Figure 5.3. The Magnetic properties of 0-TMO. (a) The Magnetic Susceptibility and the
1st derivate of magnetic susceptibility of o-TMO. (b) Magnetic Hysteresis Loop
measured at 2K.

The room temperature Raman spectrum of 0-TMO is shown in Figure 5.4. Based
on the group theory analysis, the distribution of the D,; group factor at the I' point of
Brillouin zone is 7A4,65B,,67B,,65B3;, Raman active-modes[83] (see Table 3).
Based on this analysis 24 modes of mixed symmetries are predicted in the Raman spectra

of the orthorhombic TmMnO3 polycrystalline sample at room temperature. The Raman
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spectrum analysis obtained here allows the identification of 13 vibrational modes, being

the most intense one located around 620 cm™.

Table 3. Irreducible representation of vibrational modes for Pnma TmMnO:s.

Ion Site Symmetry Contribution
Tm 4c C¥ 2A,0A, OB ;®2B,,D2B,;®B,,®B3;D2B3,
Mn 4b C; 34,03B,,®3B,,®D3B3,

0 4c c¥ 2A,0A, OB ;®2B,,D2B,;®B,,®B3,D2B3,

0 8d C; 34,D34,03B,,D3B,,B3B,,®3B,,D3B3,03B3,

Iror: 74,084,058, ,80108,,D7B,,08B,,®5B3,81083,
Tact B1u®B2y®B3y

[1R:9B1,D7B,,®9B3,

Tram:7A4D5B1;@7B,4,D5B5

Lsitent: 84y

Intensity / arb. units

1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 ]
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Wavenumber / cm™

Figure 5.4. Raman spectra of the o-TmMnOs sample at room temperature.

The assignments of observed Raman modes on the o-TMO spectrum at room
temperature can be made based on Raman spectra studies of 0-RMO family[107,122—
124]. In such studies, the authors show that the MnOg phonon positions have a R3* ionic

radius (rz) dependence. lliev et al.[123] reported a theoretical dynamic calculation model
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for the r; dependence of phonons positions for the most intense A, (3), A4 (1) and B,4(1)
phonons, showing that further decreases on r; implies that the A, (3) frequency should
be founded at higher than those observed for A,(1), while the B,,(1) mode should be
the most intense of them.

In the case of 0-TMO, we are able to infer that the external modes are located
below 200 cm™, while those modes with high wavenumbers are related to MnOs
octahedron internal modes. The three very weak modes located at 290, 329 and 343 cm'™*
present symmetries Ag(7), Ag(2) and Bzg(7), respectively. Those Ag(7) and Bzg(7) modes
are related to basal octahedron oxygen motions along x and z directions, while the Ag(2)
mode can be related to in-phase MnOe rotations around the y-axis. The modes located
around 404 and 493 cm™ present symmetries Ag(4) and Bag(3) assigned as out-of-phase
MnOe rotations along x-axis and bendings, respectively. In the region of higher
wavenumbers, the mode located at 502 cm™ rises from the oxygen stretching having Ag(1)
symmetry, while the one located around 526 cm™ has Ag(3) symmetry being related to
MnOs octahedra bending. Finally, the modes located at 546 and 619 cm™ have Byg
symmetry and are assigned to in-phase O “scissors-like” and stretching motions,
respectively. Hence, we were able to assign 5 A, and 4 B,, modes from those 24 modes
predicted on group theory analysis. A short description of the assigned Raman modes of
0-TMO is shown in Table 4.

Table 4. Positions and assignment of the observed phonon modes in 0-TMO Raman
spectrum.

Frequence (cm™)  Assignment Motion
290 Aq(7) O1 (x)
329 Aqy(2) In-phase MnQg y rotations
343 B2g(7) O1(2)
404 Aqy(4) Out-of-phase MnOg X rotations
493 B2g(3) Out-of-phase MnOg bending
502 Aqy(1) O antistretching
526 Aqy(3) MnOQOs bending
546 B2g(2) In-phase O “scissors-like”
619 B2g(1) In-plane O stretching
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The observed Raman spectrum for o-TMO observed here is considerably different
from the one reported for thin films by Shimamoto et al[119]. Nevertheless, on their thin
film analysis, the authors observed a lower number of phonons in relation to those
observed here. Besides that, the authors report that the phonon positions observed for thin
films Raman spectra are shifted in relation to those reported for bulk samples of the
majority of 0-RMO family. This is indicative that for o-TMO this shift trending is not
different.

The temperature-dependent Raman measurements of 0-TMO were carried out
below room temperature on the temperature range between 300 and 15 K. In reason of
resolution limitations, given by loss of signal within the cryostat, we were able to follow

the temperature dependent behavior of three A, and three B, modes with mixed

symmetries (Figure 5.5), while the modes observed between 280 and 360 cm™ were too
weak to be monitored. Under cooling process, the Raman spectra did not present any
remarkable change in terms of additional or suppressed bands. Only the usual high-
frequency shift and the sharpening of vibrational modes were detected under temperature
decrease, as consequence, the overall signature of Raman spectra is maintained along the
investigated temperature range, which suggest that the orthorhombic phase of TmMnQO3

did not undergoes any structural phase transition in the investigated temperature range.
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Figure 5.5. Temperature-dependent Raman spectra of o-TMO.
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As discussed in section 1.4, In absence of significant structural changes, the
temperature dependent behavior of a phonon of frequency ® and FWHM are mainly
governed by the phonon anharmonicity as reported by Balkanski et al[26] in equations
(1.5) and (1.6). In Figure 5.6 is showing the temperature dependence of selected phonon
positions and its respective FWHM compared to those models.

As it can be seen, the temperature dependence of such phonon properties exhibits
a renormalization in relation to the theoretical model nearby 44 K. This temperature has
been reported as the magnetic transition point between the paramagnetic and the
incommensurate AFM phase. Thus, the sudden hardening of frequency presented by such
vibrations starting around the temperature in which the spin moments become aligned in
the incommensurate ordered phase is an indication of a spin-phonon coupling between
the spin moments and phonons lattice of o-TMO.

At this point is important to keep in mind that Pomjakushin et al[115] also
reported a coupling between the chemical and the magnetic lattice for o-TMO below Th,
where the authors highlighted that the spin-lattice coupling in 0-TMO is stronger than
those observed for other compounds of 0-RMO family. Based on this feature, the
renormalization effects observed here on phonon frequencies also could be induced by
the spin-lattice coupling instead of a spin-phonon coupling. Once FWHM is related to the
phonon lifetime[89], the effects directly connected to lattice variations have no influence
on this parameter, making this feature a key parameter to distinguish between phenomena
generated by spin-lattice couplings and those generated by different kind of couplings as
the spin-phonon coupling. Thus, the investigation of FWHM phonon become crucial to
solve the ambiguity related to the origin of those frequency renormalizations. Based on
this, the temperature dependent FWHM of such phonons were investigated carefully and
departures from the temperature dependent anharmonic behavior of FWHM also could
be noted for those selected modes. As observed in phonon frequencies, those deviations
on FWHM also rises around 45 K, suggesting that the observed effects are originated by

the spin-phonon coupling and not mediated by the spin-lattice coupling effects.
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Figure 5.6. Temperature dependence of selected positions and FWHM phonons of
orthorhombic TmMnOs. Solid lines in purple and red indicate the fit based on Balkanski’s
model for phonons positions and FWHM, respectively, while the dashed lines are the
magnetic transitions reported in the literature.

Similarly to 0o-TMO, the other compounds of 0-RMnOz manganite family also
showed a similar spin-phonon coupling starting at temperatures around those in which
the rising of magnetic ordered phase are observed[34,49]. However, unlike other
compounds of family, the o-TMO phonons presented a hardening effect on phonon

positions instead a softening effect as observed by Laverdiere et al.[49] In addition, the
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magnitude of phonons renormalization due to spin-phonon coupling observed for o-TMO
are weaker in comparison to those observed for PrMnO3[49] and ErMnQs3,[35] but are
comparable to the one observed for the A,(1) phonon mode of DyMnOs[49]. In the same
study, the authors reported that the spin-phonon coupling are negligible in those
compounds with small r; and incommensurate AFM ordering, nevertheless, in case of o-
TMO, the center and FWHM renormalization analysis are indicating that the spin-phonon
coupling starts nearby the rising of the incommensurate AFM ordering.

It is also important to note that the renormalizations effects expected by such o-
TMO phonons can are starting slightly above the reported Tn, indicating that the lattice
phonons are sensible to magnetic moments even above the magnetic ordering
temperature. In the same study mentioned on the last paragraph, Laverdiére et al.[49]
highlight that the renormalizations observed for LaMnOs [125] and those reported by
them for PrMnOz, NdMnOs, SmMnO3 and DyMn0O3[49] also starts above or well above
(around 30 K) the magnetic temperature ordering, Tn. In such cases, the authors reported
that the renormalization observed above Tn could be explained by in-phase ferromagnetic
interactions existing even in paramagnetic phases.[49]

As mentioned in section 1.4, the renormalization process expected by those
phonon frequencies can be modeled by taking into account the static spin-spin correlation
average function[28,29] and, following the approach reported by Granado et al.[27]
showed in equation (1.15). However, in the case of incommensurate the incommensurate
and the E-type magnetic orderings presented by o-TMO, we have:

K(T
Aw = % [2D; cos(mky) + D, cos(2mk,) + D] (5.1)

For the E-type AFM phase of o-TMO with k, = 0.5, the relation (5.1) becomes:

A o D3~ Dol (M(T)> (52)

mw M,

where, in this case, the NN contributions cancel themselves since each Mn** ion
is surrounded by two sets of opposite spin moments ions[115]. This approach is the same
as that reported by Laverdiere et al.[49] for an E-type AFM phase.

Based on those considerations, in both magnetic phases of 0-TMO, the phonon

renormalization should be proportional to (M(T)/M,)?. Thus, the frequency
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renormalization process (Aw) expected by the A, (4), A4(1) and B,4(1) phonons were
analyzed as function of (M(T)/M,)? data and are plotted in Figure 5.7 (panels a-c).
From the Aw vs (M(T)/M,)? analysis, it should be noted that the theoretical
model for the correlation between the phonon frequency renormalization and the
(M(T)/M,)? is in accordance with the proposed models showing that the predicted model
present a good fit for the 0o-TmMnO3 spin-phonon coupling even in presence of the
incommensurate and the E-type AFM phases. It is clear that there are a linear trending on
Aw below 44 K, however, the obtained slope of linear fit obtained for B,,(1), 44(1) and
A,y (4) phonons where —0.2074 + 0.45308, -0.04841 + 0.20784 and —0.15028 +

0.34311, respectively. These very small values of linear slope shows that the Aw as
function of (M(T)/M,)? is a constant (this feature also can be noted in the Figure 5.6 (a-
¢)) and the spin-phonon coupling have no more influence in such phonons below 35 K.
This feature imply that in the E-type AFM phase, the factor [D; — D,] in equation (5.2)
is null and D5 and D, are equal and opposite each other, in good accordance with proposed
by Laverdiere et al[49]. In contrast to the information reported about the general 0-RMO
family[49], the Figure 5.6 andFigure 5.7 shows that the increase of Aw for 0-TMO is
observed around 47 K, close to the rising of incommensurate AFM phase and, according
to the authors, in such phase the spin-phonon coupling should be negligible, suggesting
that the 0o-TMO do not follows this trend.
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5.3  TmMnOs Conclusions

A HPHT strategy was performed to obtain o-TMO from h-TMO. The h-TMO
phase was obtained by means of a conventional solid-state reaction in the air and the
compound formation was confirmed through XRPD measurements. h-TMO was
grounded and treated at HPHT procedure to form its orthorhombic phase. The initial
characterization of 0o-TMO was carried by means of XRPD and magnetic susceptibility
analysis in order to compare the fundamental properties of our samples with those
reported in the literature.

Once the fundamental properties were checked with the literature, o-TMO was
submitted to Raman spectroscopy analysis where 13 vibrational modes were observed
and classified according to other compounds of the 0-RMO family. Then, the samples
were submitted to temperature variations below room temperature. The temperature
dependent behavior of o-TMO. Our results revealed renormalizations process on the
frequency and FWHM parameters for the A,(4), A,4(3) and the B,,(1) phonons, which

are related to MnOy vibrational motions. These features were observed below 48 K where
is reported the incommensurate AFM ordered phase rises, indicating that this compound
exhibit a spin-phonon-coupling even at the incommensurate magnetic ordered phase. In
addition, based on the observed linear behavior of phonons deviations in function of the
experimental magnetization, the Aw vs (M(T)/M,)? analysis confirmed that the spin-
phonon coupling starts around 48 K in all coupled phonons and probed that this linear
behavior becomes constant below 32 K, where the magnetic structure changes from
incommensurate to a E-Type AFM phase. In contradiction to previously reported results,
these considerations confirm that the spin-phonon coupling starts at the incommensurate
ordered phase and becomes null at the E-type AFM phase.

The low magnitude of phonon frequency renormalizations indicates the spin-
phonon coupling on 0-TmMnO3 is weaker than those reported for h-TMO phase and A-
type AFM ordered 0-RMO compounds, but still comparable with other compounds of the
0-RMO family, as DyMnO:s.
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6.  The Spin-phonon coupling in BiCrOs

Chromates with perovskite structure ACrOsz has been investigated intensively
during the last years due to their interesting properties and applications. While rare-earth-
based compounds exhibit intriguing magnetic properties[126-128] and multiferroic
behavior at low temperatures[129], Bi-based chromites are interesting because they are
lead-free ferroelectric and multiferroic materials[130-132].

Particularly, BiCrOs (BCO) crystallizes in a monoclinic structure, which belongs
to the C2/c space group. Such structure transforms into an orthorhombic Pnma structure
(GdFeO3-type phase) around 420 K[101]. However, it was observed that the Pnma
structure is still present at low temperatures in the BCO compound. In fact, it is assumed
that a C2/c - Pnma phase coexistence is a stable state[133,134]. This feature directly
drives the BCO magnetic properties since the long-range G-type antiferromagnetic
(AFM) ordering around Tn = 110 K is associated to the C2/c phase, while two anomalies
at 40 K and 165 K are associated to the Pnma one[134]. In addition, a magnetic anomaly
around 75 K was also reported being characterized by a large increase on magnetization
curve in the interval between 80 K and 60 K. This event is due to the magnetic moments
alignment, where the spin moments form a 50° angle with the monoclinic b
direction[135], preserving the well-ordered G-type antiferromagnetic structure[134].
Two interesting features in the BCO magnetic behavior are the frequency-dependent
magnetic properties below 40 K, which still need further explanations, and the AFM
transition at 110 K, being, in fact, a two-step transition, at 109 K and 111 K[134,135].

Concerning BCO electric properties there are still many open questions. Dielectric
properties of bulk BCO were investigated at high temperatures by Niitaka et al [101],
where they observed an anomaly in the dielectric constant around 420 K. However, the
peak observed in the dielectric constant at different frequencies were very broad and
showed strong frequency dependence indicating a possible extrinsic origin, probably due
to conductivity. However, based on first-principle density functional calculations, an
antiferroelectric behavior attached to the structural distortions at high temperatures was
predicted in BCO by Hill et al[136]. In thin films, the contradictions remain. For example,
Murakami et al[130] reported the growing of ferroelectric BCO at room temperature by
pulsed laser deposition (PLD) in LaAlO3(001), SrTiOs (001) and NdGaOs (110)
substrates. Meanwhile, Kin et al[137] observed that BCO thin films growth by PLD on
SrTiO3 (001) with SrRuO3 bottom electrode exhibit antiferroelectricity with an electric
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field induced ferroelectric phase, as confirmed by double hysteretic behaviors in the
electric field dependence of dielectric constant and polarization. They also observed that
the dielectric constant exhibits a maximum at 140 K, which was ascribed to Tw. In thin
films, such discrepancy can be induced by different deposition conditions, which imply
different stress and structures. Although both scientific teams reported thick thin films
(50 nm and 200 nm), in which strain should not be strong.

The Raman spectrum of polycrystalline bulk and thin films of BCO were firstly
reported by Himcinschi et al[138]. In this study, the authors confirmed the monoclinic to
orthorhombic phase transition at 400 K described by Niitaka et al[101], by analyzing the
temperature dependent Raman spectrum on the temperature range between 500 and 87 K.
However, the authors did not report any spectral anomaly on the interval between 120
and 87 K, which could be related to the reported magnetic events.

Despite the contradictions on the dielectric property, the possible observed
coupling between electric and magnetic ordering suggests that the magnetic ordering can
also couple with the lattice. In this way, the Raman scattering spectroscopy is a powerful
technique due to its sensibility to detect magnetic orderings through the coupling with the
phonon lattice, which was verified mainly in perovskites compounds[99-101]. Thus, the
temperature dependence of the Raman-active phonons below room temperature can help
to elucidate BCO magnetic and electric behavior and their coupling.
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6.1 BiCrOgz Synthesis Procedure

Polycrystalline samples of BCO were synthesized through solid state reaction
under high pressure and high temperature (HPHT). Stoichiometric amounts of Bi.Oz
(99.9%) and Cr.03 (99.9%) were ground in an agate mortar, sealed into platinum capsules
and treated by means of HPHT solid-state reaction in a Walker type multianvil press in
hand of Centre of Science at Extreme Conditions (CSEC), located at School of Chemistry
of University of Edinburgh. To synthesize the BCO samples obtained here, two attempts
were performed and checked by means of XRPD until reaches the optimized conditions
to favor the formation of the monoclinic phase of BCO (the X-ray powder pattern of two
attempts are shown in Figure 6.1). In the first attempt, the reaction chamber was firstly
pressurized until the system reached 6 GPa when it was heated from room temperature
up to 1650 K. At this point, the system was kept in these conditions for 60 min. In
sequence, it was quenched to room temperature (RT) and the pressure was slowly
released. In this case, the sample seems to have undergone a fusion process and the XRPD
pattern shows the existence of different phases from the one intended.

As a second attempt, the reaction chamber was pressurized until the system
reached 6 GPa again, but in this case, the system was heated at 1273 K. In sequence, the
system was maintained under 6 GPa and 1273 K during 60 min and then, it was quenched
to room temperature and the pressure was slowly released. The resultant polycrystalline
samples of this attempt were dark-green dense pellet and the XRPD pattern confirmed

the formation of the desired compound.
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Figure 6.1. XRPD diffraction patterns of the two attempts to obtain the monoclinic phase
of BCO. The black XRPD pattern is the one calculated from the reported monoclinic
structure of BCO[139] and deposited on the ICSD database.

6.2 Results and Discussions

After reach the optimized synthesis conditions, the dark green polycrystalline
pellets of BiCrOz were submitted to X-ray diffraction measurements whose results are
shown in Figure 6.2. The obtained samples were analyzed by the Rietveld method
presenting a monoclinic perovskite-type structure belonging to C2/c space group, whose
lattice parameters are a: 9.472A, b: 5.481A, c: 9.580A and : 108.574° with eight formula
units per unit cell, in good agreement with those reported by other authors.[101,139,140]
Small amounts of Bi»O.CO3 and the Pnma phase were detected as secondary phases with
fraction weight of 2% and 8%, respectively, as usual in such BCO synthesis
procedure[135,141].

As a standard perovskite, BCO crystalline structure exhibits a corner-shared CrOs
octahedra lattice, while the Bi ions are located in the free space between such octahedra
(Figure 6.3). In this configuration, the octahedra are tilted according to Glazer tilting

system a’b’b” in relation to the ideal cubic perovskite[142].
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Figure 6.2. XRPD pattern obtained from as-synthesized BCO samples. The dark blue line
is the BCO data as-synthesized, the darkblue bars indicate the peaks of standard
monoclinic C2/c sample[139] (ICSD number 160455), the red bars indicate the Pnma
phase of BCO phase[139] (ICSD number 160454) and the red bars indicate the BiO.COs

(ICSD number 36245).

Figure 6.3. The crystalline structure of monoclinic BCO. In this figure, the red spheres
are the 0%~ ions, the blue spheres are the Bi3* ions and the yellow and green spheres are
the Mn3* ions. The different colors of highlighting the G-type antiferromagnetic
ordering through different colors of CrOs octahedra.
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The Figure 6.4 (a) shown the zero field cooled (ZFC) and field cooled (FC)
magnetic susceptibilities of BCO between 3 and 300 K and the Figure 6.4 (b) is showing
the magnetization of BCO as function of magnetic field (magnetic hysteresis loop)
measured at 2K. This magnetic profile of BCO samples is in agreement with the magnetic
behavior reported in previous works[135,139,140]. The ZFC and FC curves are showing
the appearance of magnetic contributions around 110K attributed to the rising of a G-
Type antiferromagnetic structure. At this temperature also can be noted a sudden rise on
susceptibility, in literature this event has been associated with a weak ferromagnetic
ordering[101,134,135,140]. In sequence, the curves show a large increase on the magnetic
susceptibility intensity around 80K, which is associated with a spin reorientation
event[135]. In the inverse of magnetic susceptibility (presented in the inset of Figure
6.4(a)) also become clear the magnetic events at 110 and 80 K.

The first derivate of magnetic susceptibility (dy/0T) (Figure 6.4 (b)) also
highlight the magnetic events around 110 and 80 K and present a very slight anomaly
around 40 K. Based on published works[143], two additional anomalies on magnetic
susceptibility were expected around 165 and 40 K, indicating that the slight anomaly
around 40 K in dy/aT analysis should be one of those reported events.

Thus, from the magnetic profile of the samples synthesized in this study, it is clear
that the BCO samples did not exhibit another magnetic phenomenon besides those related
to antiferromagnetic G-type ordering at 110 K and the spin alignment around 80 K. These
characteristics are indicative of a well-ordered sample, confirming that the small amount
of impurities has no influence on magnetic behavior of samples studied here.
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Figure 6.4. Magnetic properties of BCO. (a) Magnetic susceptibility curves obtained from
BCO samples. The blue triangles are shown the zero field cooling and the green triangles
show the field cooling results. The inset panel is showing the inverse of magnetic
susceptibility. (b) the first derivate of temperature-dependent magnetic susceptibility
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In an earlier work, Andersson [144] suggested that not only the nearest neighbor
(NN) interactions, but also the next nearest neighbor (NNN) interactions have an
important role to understand complex magnetic orderings in antiferromagnetic materials,
especially when they present a high 6.y, /Ty ratio. In the case of BCO, each Cr ion is
surrounded by one set of two Cr ions which can be classified as NN, whose distances are
3.87 and 3.94 A, and one set of two Cr ions associated to NNN, whose distances are 5.47
and 5.57 A. The fitted effective magnetic moments (Uess) Of Cr3* ions in the BCO
structure was reported of order to 4up and the Weiss constant (6., ) around
—360 K[145], giving an approximate |6,/ Ty| ratio of 3.27. This value highlight the
complex character of BCO antiferromagnetic structure specially when compared to a ratio
of 3.09 reported for YCrOs3[33], which also present a weak ferromagnetic phase in a
complex competition with the main antiferromagnetic phase. Other indicatives of strong
NN and NNN interactions are the estimated values of its respective exchange constants
J; and J, (Figure 6.5). Considering the molecular field theory, these interaction constants
can be related to the Currie-Weiss constant (6.,,) and the Néel Temperature (Ty)

following the approach reported by Tsushima et al[146] where:

K

= m (Ocw — Ty) (6.1)
1 K
2= 285Gt (Ocw + Tn) (6.2)

The exchange constants where estimated by using the experimental values of 6.,
and Ty, giving J; = —10.89 and J, = —2.90 cm™. The values associated to BCO were
lower than those reported for SmCrOs (j; = —13.54cm™! and J, =
— 4.64 cm~1)[147], but they are still comparable with those of YCrOs (J; = —13.48 and
J, = —3.45 cm™?1), indicating that the J,, related to the NNN interactions, is not
negligible when compared with the one related to the interactions between NN ions (/;),

highlighting the complex character of the magnetic interactions in this system.
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Figure 6.5. Schematic representation of exchange paths on unit cell of BCO (the oxygen
atoms were omitted).

Once the formation of BCO was confirmed by PDXR and the magnetic behavior
is in good accordance with the one reported in the literature, the BCO samples were
submitted to Raman spectroscopy analysis. The BCO Raman spectrum measured at room
temperature is shown in Figure 6.6. According to the group theory analysis based on the
site occupation of the C2/c monoclinic structure, 27 Raman-active modes are predicted
at room temperature (Table 5). The Raman-active vibrational modes at the I" point of the
Brillouin zone[83] can be decomposed in terms of the irreducible representations of the
C,p point group as 134,614B,. In Figure 6.6, 13 of the 27 predicted Raman-active
modes are observed, which is in good agreement with the results previously reported by
Himcinschi et al[138].

Table 5. Irreducible representation of the vibrational modes of monoclinic BCO.

lon Site Symmetry Contribution
Bi 8f C, 34,P34,D3B,®3B,
Cn 4e C, A,HA,D2B,®2B,
Crz 4d C; 34,®3B,
01 8f C, 34,3A4,03B,03B,
02 8f C, 34,034,H3B,03B,
O3 8f C, 34,3A4,03B,03B,
Tror = 134,0164,014B,0178,
[ac = Au®2B,

Tz = 154,158,
Traman = 134,014B,
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Figure 6.6. Room Temperature Spectrum of BCO. Open blues circles show the
experimental data fitted with individual Lorentzian. The red solid line indicates the best
fit for the experimental data.

The assignment of the observed Raman modes based on those reported for the
ABOs3 perovskite family[148-151] is shown in Table 6. In the BCO Raman spectra, the
external modes are located below 180 cm™, while those modes with higher wavenumbers
are due to the CrOs octahedron internal modes. The modes located around 184 and 362
cm? have A, symmetry and are related to in-phase y rotations and out-of-phase X
rotations, respectively. The modes observed at 289 and 340 cm™ have Ay and By
symmetries, respectively, being related to the basal octahedra oxygen motion along x and
-z axis. The octahedra bending and out-of-phase bending have A, symmetry and are
observed at 402 and 417 cm?, respectively. Finally, the mode located at 538 cm™ has B,
symmetry and it is due to the anti-stretching octahedra vibrations. It is notable that on this
study the A, modes are more intense that B, ones, this finding is in agreement with the
results reported for the monoclinic phase of BiMnOs3[152] and the polarized
measurements performed by Talkenberger et al.[153] and Himcinschi et al.[138] for the
monoclinic BCO phase.

BCO samples were also submitted to Raman temperature dependent analysis. In
this experiment, it was possible to monitor the temperature dependent behavior of six 4,
and two B, internal modes with mixed symmetries under cooling from 300K to 10K.

Figure 6.7 exhibits the temperature-dependent Raman spectra obtained for BCO. Since
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this compound does not exhibit structural phase transitions in the investigated
temperature range, it is not possible to note any remarkable change or anomaly in terms
of additional or suppressed bands in the Raman spectra. Only the usual high-frequency
shift and modes sharpening were observed, which are understood by considering the
lattice contraction and reduction of thermal vibrations. In this way, the overall signature

of Raman spectra is maintained along all the investigated temperature range.

Table 6. Positions and assignments of the observed Raman modes in BCO Raman
spectrum.

Wavenumber (cm™) Symmetry Main atomic motions
185 Ay(1) BOs in-phase y rotations
289 Ay(2) O1(x), A(-x)
340 B, (1) 01(-2), A(2)
362 A4(3) BOs out-of-phase x rotations
402 Ay(4) BOs bending
417 A4(5) BOs out-of-phase bending
538 B,(2) Oz, Oy anti-stretching
555 Ay(6)
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Figure 6.7. Temperature-dependent Raman spectra of BCO.

As mentioned in the previous chapters, in absence of structural changes, the

temperature-dependent behavior of a phonon mode of frequency w is mainly governed
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by the phonon anharmonicity hardening, in which, according to Balkanski’s model[26],
the temperature-dependence of the FWHM and phonon frequency are given by the
equations (1.5) and (1.6), respectively. In Figure 6.8, it is shown the temperature
dependent behavior of selected phonon positions and their FWHM compared with the
Balkanski’s model.

The temperature dependence of such phonons exhibits a renormalization from the
theoretical model at 110K for the A, (1), A4(3), B4(2) and A4(6) modes (Figure 6.8 a, b,
¢ and f), while the B;(1) and A,4(4) showed this effect only below 80 K (Figure 6.8 (d)
and (e)). The stronger deviations are observed in B, (2) and A,4(6) modes, reaching values
around 3-4 cm™. At this point, should be noted that Ty, = 110 K is the temperature at
which the AFM ordering is observed in BCO, while 80K is the temperature where the
spin moments realign around b axis in the monoclinic structure[135].

Such changes on the phonon positions suggest a spin-phonon coupling in BCO at
these temperatures. As mentioned before, the FWHM is related to the phonon
lifetime[89], as a consequence this parameter becomes not sensitive to thermal lattice
variations. Thus, the FWHM analysis is an important tool to distinguish between events
related to subtle volume changes due to exchange-striction[40] or magnetostriction
effects and phenomena related to coupling effects[154]. In this way, the FWHM of all
selected modes presented subtle deviations from the expected behavior at 110 and 80 K
indicating the presence of a spin-phonon coupling at these temperatures. The poor
FWHM fitting of B, (2) mode above 110K is due to the very low intensity of this mode

in comparison with the remaining ones.
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Figure 6.8. Panels a-f: Temperature dependence of the phonon energy and full width at
half maximum (FWHM) of selected Raman-active modes of BCO. Solid lines are the fit
of position and FWHM phonons based on the Balkanski’s model[26] and the dashed lines
are the magnetic events reported in the literature.

The variation of the frequency and linewidth presented by the phonons around the
temperature of the BCO magnetic events suggest that magnetic ordering on BCO induces
a spin-phonon coupling at these temperatures. The temperature dependent behavior of the
Raman spectra of the RCrOz family was reported by Bahdram et al[155]. In this study,
the authors observed similar spin-phonon couplings confirmed through FHWM analysis
in samples where the R** site is occupied by a magnetic ion. In addition, Mahana et al[40]
recently reported the spin-phonon coupling of GdCrOz in which the phonon frequencies
also presented a mix of hardening and softening effects below Ty, as observed in our BCO
study. In both cases, the reported renormalizations were in order of 1 - 3 cm™ in good
accordance with the magnitude of the renormalizations observed here.

Besides the events at 110 and 80 K, the Raman results also revealed very subtle
changes on the phonon behavior below 40 K, temperature at which the phonon positions

become almost constant. This feature is very weak in comparison with those observed
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for the magnetic events at higher temperatures, but still is an indicative that the Raman
modes in BCO are also sensitive to the magnetic event at 40 K reported by Belik et
al[145]. However, further observations are necessary to confirm this assumption.

As mentioned before, the phonon frequency departure from the expected
anharmonic behavior of a given vibrational mode as a function of the temperature due to
a spin ordered phase can be described taking into account the spin-spin correlation
function[28,29]:

Aw = w — wy = A(S; - S)) (6.3)

At this point is important to remind that the A factor is a coupling constant and

(§i -§j) denotes a statistical-mechanical average for adjacent spins on opposite
sublattices.

In the case of BCO, the hardening effect observed on B, (1), A4(4), B4(2) and
A4 (6) are in agreement with the general trending of AFM materials, while the A4 (3) and
B, (2) modes do not follow this tendency, indicating that each phonon mode has a
particular and independent A factor.

As mentioned before, a similar mix between hardening and softening frequencies
behavior has been reported for GACrOsz [40], YCrOz [33] and BiMnO3 [156] samples. In
the last two cases, the authors attribute this mixed behavior to a competition between a
weak ferromagnetic and the antiferromagnetic phases presented by these materials. For
such cases, Wakamura et al[157] proposed a theoretical model in which the phonon

renormalization (A®) can be interpreted by:
Aw X —k(S, - Sp) + ko(Sc - Sq) (6.4)

where k, and k., are spin dependent force constants deduced from the derivatives of the
exchange integrals with respect to the phonon displacements. In this way, k, is associated
with ferromagnetic NN, while k. is related to the antiferromagnetic NNN exchange[158].
In this model, the spin correlation function of the nearest and the next nearest neighbors
have the same temperature dependence[158] inducing the same correlation function for
(Sq - Sp)and (S, - S,;). In this way, the equation (5.3) reduces to equation (6.4) where the
complex A factor arise from the difference k, — k,, assuming different values for each

phonon mode.
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For BCO, a weak ferromagnetic order[101,134,135,140] evidenced by a sudden
increase on magnetic susceptibility (Figure 6.4 (a)) is reported in coexistence with the G-
type antiferromagnetic phase. Thus, this approach could explain the observed phonons
behavior, in which a softening effect is presented by the A, (1) and A4,(3), while other
modes presented a hardening tendency.

The spin-phonon coupling mechanism proposed by Granado et al[27] describing
the phonon renormalization induced by the spin-phonon coupling for perovskite
structures can be described as:

M?(T)
M

0

Aw(T) = wann(T) — w(T) x (6.5)
where M (T) is the average magnetization per magnetic ion at the temperature T and M,
is the saturated magnetization. As mentioned before, this model works well for different
perovskites even for those presenting antisymmetric phonon renormalizations[31,40,44],
which is the case of BCO. In this way, based on the equation, the Figure 6.9 shows Aw
as function of (M (T)/M,)? for the investigated phonons. As observed in other perovskite
compounds[36,39,42,43,46,89,159], these results confirm the existence of a linear
correlation between the renormalization of the phonon energies and (M(T)/M,)?, in
accordance with the proposed model.

The correlation between the magnetization and the renormalized phonon positions
for the B, (1) and A, (4) modes (Figure 6.9 (d) and (e), respectively) exhibits, as expected,
aclear linear correlation just below 80 K. These results agree with the existence of a weak
spin-phonon coupling which, for these vibrational modes, appear only below the
temperature at which the magnetic moments undergo a slight reorientation process.

In the case of A,(1) and A,4(3) phonons (Figure 6.9 (a) and (b), respectively), it
can be noted that the linear behavior appears around 110 K where the Aw increases
linearly with the square of the magnetization. However, below 80 K there is a slight
change in the linear behavior of both phonons. These findings indicate that although the
spin-phonon coupling starts at 110 K, these phonons also are also sensitive to the spin
reorientation below 80 K.

The same two steps spin-phonon coupling effect is observed for the B,(2) and

A,4(6) phonons (Figure 6.9(c) and (f), respectively). In both cases, there is a linear
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correlation between Aw and (M(T)/M,)? below 110 K, but at 80 K, there is a clear slope

change associated with the spin reorientation phenomenon.
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Figure 6.9. panels a-f: Temperature dependence of the departure from the anharmonic
frequency behavior of selected phonons as function of (M(T)/M,)?, the dark green
dashed lines are guides for eyes to show the linear behavior of data.
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The hydrostatic pressure dependence behavior of the BiMO3 family presenting
monoclinic €2 /c structure was investigated by Belik et al[160] through SXRPD. In this
study, the authors reported a C2/c to P2, /c phase transition for BiMnO3 followed by
another phase transition to a Pnma structure. This sequence of transitions presents
interesting magnetic effects as changes in the magnetic ordering, Jahn-Teller distortions
and orbital ordering, classifying it as a peculiar high pressure behavior. For the BCO
sample, the authors did not observed the presence of a second monoclinic phase, reporting
that the BCO system changes from C2/c to Pnma structure which may induces changes
on magnetic properties as observed for BiMnOgz. Based on these results, the BCO samples
were also submitted to SXRPD analysis in order to investigate the structural stabilization
of this compound under pressure variation. Figure 6.10 shows the pressure-dependent
SXRPD patterns from ambient pressure up to 11.00 GPa. For these analyzes the samples
were sealed into a gas-membrane DAC and the oil mineral (nujol) was used as hydrostatic

medium.

11.00 GPa
0.00 GP;
.00 GPa
.00 GPa
7.00 GPa
6.00 GPa A
3.50 GPa A

Intensity / arb. units

2.00 GPa
1.50GPa__ A
W00 GPa A

0350GPa A J
0.00 GPa  p N

6 8 10 12 14 16 18 20 22 24 26 28 30
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Figure 6.10. Pressure-dependent SXRPD pattern of BCO samples. The asterisk is
marking the position of the gasket diffraction peak.

The initial diffraction pattern confirms the monoclinic C2/c phase with the
presence of Bi(CO3)O2 and the Pnma orthorhombic BCO secondary phases, as already
presented by the XRPD results cited previously in this chapter. Above ambient pressure
it can be seen that the monoclinic phase remains as the main phase until 2.00 GPa where
new diffraction peaks are noted together those related to the C2/c phase, characterizing

a phase coexistence region. In addition, at 3.00 GPa the system already completed this
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phase transition, but the observed value of the phase transition is quite different from the
one reported for Belik et al[160].

In order to obtain more information about the diffraction pattern at 3.00 GPa, the
Le Bail method was employed to investigate the new high-pressure phase. The Le Bail
analysis suggested a better solution with a P2/c monoclinic phase with addition of the
orthorhombic BCO and Bi(CO3)O2 as secondary phases, in contrast to those results

reported previously for the BCO high-pressure phase.

3.00 GPa 5? o  Experimental Data
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«
€
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Figure 6.11. Lebail analysis of the SXRPD pattern of BCO at 3.00 GPa.
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6.3 BiCrOs Conclusions

The perovskite BiCrOs was synthesized through a solid state reaction under HPHT
conditions. XRPD analyses confirm the formation of BCO monoclinic with a minor
amount of impurities originated from the adopted synthesis method. After the
confirmation of the compound formation, the magnetic properties of BCO samples were
investigated to confirm the magnetic transitions reported in the literature. From these
analyses, we clear observed two magnetic transitions at 110 K and 80 K, related to rising
of G-type AFM ordering and the spin reorientation, respectively and the first derivate of
magnetic susceptibility revealed the existence of a slight magnetic event around 40 K.

The temperature dependent Raman measurements below room temperature
revealed renormalizations effects in the energy of BCO phonons. The anomalies observed
in frequencies and FWHM of A, (1), 4,(3), B,(2) and A,4(6) phonons start at 110 K,
coinciding with the emergence of a G-type antiferromagnetic ordered structure and
indicating that the observed effects are given by a spin-phonon coupling. On the other
hand, the B, (1) and A,4(4) phonons presented similar effects just below 80 K. These
features suggest that some phonons are sensitive to the coupling between the magnetic
and lattice phonons at the beginning of magnetically ordered phases, whereas others only
expect this coupling only after the spin reorientation. The Aw vs (M(T)/M,)? plots
confirmed the linearity between these magnitudes below 110 K or 80 K, depending on
the observed phonon. In addition, these analyzes revealed that all spin-coupled phonons
are sensitive to the spin reorientation reported around 80 K, which is also evidenced by
changes in the slope of this linear behavior in the modes in which the coupling start at
110K.

No anomaly was observed at 165 K, which should be related with the magnetic
ordering of the orthorhombic BCO impurity, suggesting that there is not coupling with
the phonon lattice, or this effect is very weak. Conversely, a quite subtle change in the
phonon frequency below 40 K suggests their dependence with the low temperature
magnetic phenomenon of the orthorhombic phase.

The pressure dependent structural behavior of BCO presented slight changes in
the diffraction patterns between 2.00 and 3.00 GPa, where initial analysis revealed a

possible transition from the monoclinic C2/c to a monoclinic P2/c space group.
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7. CONCLUSIONS

The solid state-reaction under High-Pressure and High-Temperature synthesis
technique proved to be a powerful tool to produce compounds presenting interesting
features, which could not be reached through conventional methods. The different
synthesis conditions, based on the slight variations in pressure and temperature
parameters adopted by different synthesis routes, revealed the crucial role of these
thermodynamic parameters in the process to obtain good samples. The samples
synthesized in this study presented interesting multiferroic properties, reflected in
distinctive coupling effects between the magnetic ordering and lattice.

In the case of the melanothallite Cu2OCl>, we were able to report a spin-phonon
coupling characterized by the renormalization of the phonon frequency and FWHM in
three vibrational modes located at 186, 510 and 545 cm™. These effects start below 68 K,
that corresponds to the temperature at which the magnetic ordering rising. The phonons
harden below the magnetic transition due to spin-phonon coupling are in accordance with
the empiric observations for antiferromagnetically ordered compounds. Despite the
incommensurate spiral magnetic structure, the observed coupling behavior is similar to
those observed in the stretching phonons of perovskites. The Aw vs (M(T)/M,)? plots
showed that the renormalization of phonon frequencies follows the mean field approach,
initially proposed for perovskite compounds. These findings suggest that the
renormalizations due to the spin-phonon coupling depends only on the spin-phonon
interactions and not on the phonon symmetry.

The PbMn701, Raman spectrum was investigated below room temperature and
revealed renormalization effects of phonons frequencies below 80 K. These
renormalizations are probably due to coupling between the spin moments and the lattice
phonons. However, the temperature dependent phonons positions still presented high
dispersion mainly at higher temperatures making difficult a precise analysis of these
effects. This experiment will be repeated. The pressure-dependent behavior of PbMn7012
structure also was investigated through Synchrotron X-ray diffraction measurements
where initial Lebail analysis revealed possible structural phase transitions around 8.5, 14
and 19 GPa. However, deeper investigations through Rietveld Refinement are needed to

confirm these transitions.
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For the orthorhombic TmMnOs compound, we were able to report the room
temperature Raman spectrum, where 13 vibrational modes were observed and assigned
based on other 0-RMO family compounds. The temperature dependence of Raman
spectra of 0-TMO below room temperature revealed renormalization effects on the

frequency and FWHM parameters of 4,(4), A4(3) and the B,4(1) phonons, which are

related to MnO, vibrational motions. These effects were observed below 48 K where the
incommensurate AFM ordered phase rises. However, the Aw vs (M(T)/M,)? analysis
showed that in the G-type ordered phase (below 32 K) the renormalization effects become
null indicating that there is no coupling at this magnetic ordered phase. These features
indicate that this compound exhibit a spin-phonon coupling at the incommensurate
magnetic ordered in contradiction to previous reports, which assumed that no coupling
should be observed in the incommensurate phase of this family of compound. The low
magnitude of the phonon frequency renormalization indicates the spin-phonon coupling
in o-TmMnO:z is weaker when compared to the values reported for its hexagonal phase
and other 0-RMO compounds with an A-type AFM phase, but still comparable with
another compounds of 0-RMO family, as DyMnQOs.

The monoclinic BiCrOz Raman spectrum was monitored below room temperature

revealing hardening and softening effects on frequencies of the A, (1), A4(3), B4(2) and
A4 (6) phonons starting at 110 K. This temperature coincides with the emergence of a G-

type antiferromagnetic ordered structure indicating that a spin-phonon coupling induces

the observed phonon renormalizations. On the other hand, the B, (1) and A,4(4) phonons

also presented renormalization effects, but only below 80 K, indicating that these phonons
expect the coupling just in the spin realigned phase under 80 K. The coupling behavior
observed in all modes is similar to those reported in the stretching phonons in other
perovskites, whose phonon renormalization follows a mean field behavior. Moreover, the
Aw vs (M(T)/M,)? analysis showed that the 4,(1), A,4(3), B;(2) and 4,4(6) phonons
also are sensitive to the spin realignment at 80 K, indicating that all spin-coupled phonons
are influenced by the magnetic event at 80 K. No anomaly was observed at 165 K, which
reveals that, if there is a magnetic ordering due to orthorhombic sublattice at this
temperature, it does not couple with the phonon lattice. Finally, subtle changes in the
phonon frequency below 40 K suggests a low temperature magnetic phenomenon. The
pressure-dependent behavior of BiCrOz structure was also investigated through

synchrotron X-ray diffraction measurements, where initial Lebail analysis revealed a
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possible structural transition from C2/c to a P2/c space group occurring between 2.00 and
3.00 GPa. However, deeper investigations through Lebail or Rietveld Refinement are
needed to confirm this conclusion.

Based multiferroic properties presented by the proposed materials, all synthesized
samples presented coupling effects between the spins moments and the lattice phonons,
recognized by renormalization of such phonon frequencies. These observations showed
that each magnetic effect has a particular influence on spin-phonon coupling observed for
each analyzed sample, which is reflected in the temperature dependent behavior of the
lattice phonons, revealing interesting features about the multiferroic behavior of studied
samples as the origin of magnetic orderings and changes in their magnetic structures. In
this way, the spin-phonon coupling analysis through Raman spectroscopy can be seen as
a fast and particle technigue to improve the understanding of magnetoelectric multiferroic
behavior and their coupling effect as well as to determine possible magnetic transitions

through additional changes in this coupling behavior.
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