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Abstract

In the present Thesis, we address the open issue of the unusually large ferroelec-
tricity induced by magnetism, recently reported in (AMnz)Mn,Oq5 quadruple per-
ovskites. To do so, we focus our study on the isostructural and isoelectronic compounds
(LaMn3)MnsO12  (LMO) and (YMn3)MnyO12 (YMO), for they display single-valent
Mn3* properties and a commensurate C-type antiferromagnetic structure of the B-site
Mn3* ions. These simple features offer an ideal playground to elucidate the contro-
versial contribution of the exchange striction and of the antisymmetric exchange to
the electric polarization. YMO and LMO are both metastable phases stabilized under
high-pressure; YMO is a new phase, not reported before, where the comparatively small
Y3T ion exerts a large chemical pressure, which is expected to enhance the exchange
interaction and, thus, the spontaneous polarization, as compared to LMO.

According to this expectation, in YMO we find an ordering temperature, T g =
108 K, of the B-sites, 30 K higher than in LMO. On the other hand, we surprisingly find
identical values of the spontaneous polarization, P = 0.54 uC cm~2, in both compounds.
To the best of our knowledge, this is a record value for magnetic ferroelectrics, two times
larger than the previous record value reported in (CaMns)MnyO12. This result is very
promising for multiferroic applications considering that it is obtained in polycrystalline
samples and 6-10 times larger values are expected in single crystals of epitaxial films.

In spite of the similar structural and electronic properties and the identical polariza-
tion found, the properties of magnetic ferroelectricity appear to be very different in the
two compounds. Namely, in LMO, ferroelectricity occurs at the magnetic transition at
Ty p=78 K, although no indication of inversion symmetry breaking is detected either
by x-ray diffraction or by a combined Raman and IR study. We argue that this puzzling
observation is consistent with Levanyuk and Sannikov’ prediction of domain structure
corresponding to degenerate solutions of the multi-component order parameter, which
is characteristic of improper ferrolectrics. On the other hand, in YMO, the observa-
tion of ferroelectricity at 7*=70 K is consistent with a polar structural modulation
below T,=200 K, however 7™ does not correspond to any long-range magnetic order.
Indeed, the ordering of the B-sites occurs well above, at T p=108 K, while 7™ marks
a magnetic anomaly consistent with short-range magnetic correlations and suggesting
a latent magnetic phase. We put forward the hypothesis that the above polar distor-
tion of the crystal structure occurring at Ty may force the alignment of polar domains
that would be otherwise randomly oriented because of the random orientation of the
magnetic domains.

The above results prompt us to carry out further work that may: (i) lead to the
achievement of even larger polarizations well above 1 uC ecm™2 in single crystals or epi-
taxial films, which is a prerequisite of multiferroic applications; (ii) provide further hints
as to the role of polar and magnetic domains and of short-range magnetic correlations
in the stabilization of such large polarizations in improper ferroelectrics.



Résumé

Cette These traite de la question ouverte de la ferroélectricité magnétiquement induite
dans les pérovskites quadruples de manganese (AMnz)Mn,Oq5. Notre étude se con-
centre sur deux composés isostructuraux et isoélectroniques (LaMnz)MnsO;5 (LMO)
et (YMn3)MnyO (YMO) qui posseédent une monovalence Mn?' ainsi qu’une struc-
ture antiferromagnétique commensurable de type C' des sites B. Ces caractéristiques
simples, par rapport a d’autres composés de la méme famille, font de ces composés
des systemes modeles pour élucider la controverse autour de la contribution des inter-
actions d’échange symétrique et/ou antisymétrique a la polarisation. YMO et LMO
sont des composés métastables, stabilisés grace a la haute pression, et YMO est une
nouvelle phase dans laquelle I'ion Y?T, relativement petit par rapport au La3t exerce
une forte pression chimique censée augmenter 'interaction d’échange et par conséquent
la polarisation spontanée du systeme.

Comme attendu, nous avons trouvé dans YMO une température d’orientation mag-
nétique des sites B, Ty p = 108 K, supérieure de 30 degrés a celle reportée dans LMO.
En revanche, de facon surprenante, nous avons mesuré une valeur de la polarisation,
P = 0.54 uC cm™2, identique dans les deux composés. Il s’agit d'une valeur record
dans les ferroélectriques magnétiques puisqu’elle est deux fois plus grande que la précé-
dente valeur record reportée dans (CaMnz)MnyOj,. Ce résultat est trés prometteur
dans la mesure ou il a été obtenu avec des polycristaux et que des valeurs 6 a 10 fois
plus grandes sont attendues dans des mono-cristaux ou des couches minces. En dépit
d’une structure et de propriétés électroniques similaires, ainsi que d’une méme valeur
de P, les propriétés de ferroélectricité magnétique semblent tres différentes dans les
deux composés. Plus précisément, dans LMO, la ferroéléctricité apparait a la transi-
tion magnétique des sites B, a Ty p = 78 K bien qu’aucune indication de brisure du
centre d’inversion n’ait pu étre reportée par diffraction de rayons X ou par spectroscopie
Raman et infrarouge. Nous montrons que ce résultat inattendu est en accord avec la
théorie de Levanyuk et Sannikov, qui prévoit 'apparition d'une structure de domaines
polarisés du fait de la dégénérescence des solutions pour le parametre d’ordre dans le
cas des ferroélectriques impropres. D’un autre co6té, I’'observation de la ferroélectricité
aT* =70 K dans YMO est cohérente avec la modulation structurale apparaissant a
T, = 200 K. Cependant, T* ne correspond pas a l'apparition d’un ordre magnétique
a longue portée. En effet, 'orientation des sites B a lieu bien plus haut, a Tvp =
108 K, et a T™ il apparait seulement une anomalie magnétique qui peut étre expliquée
par des corrélations magnétiques, ce qui suggere l'existence d’un ordre magnétique la-
tent. Nous émettons I'hypothese que la distorsion polaire de la structure qui a lieu a
T, est responsable de I'alignement des domaines ferroélectriques qui seraient sans cela
aléatoirement orientés du fait de 'absence d’orientation a longue portée des domaines
magnétiques.

Nos résultats nous poussent a poursuivre 1’étude de ces composés pour donner un
éclairage sur le role des domaines polaires et magnétiques ainsi que celui des corrélations
magnétiques a courte portée dans le mécanisme d’apparition d’une forte P dans certains
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ferroélectriques impropres.



Riassunto

La presente Tesi tratta della ferroelettricita indotta dal magnetismo nelle perovskiti
quadruple (AMn3)MnyOq,. Il nostro lavoro si concentra sui due composti isostrut-
turali e isoelettronici (LaMng)Mny,O42 (LMO) e (YMn3)MnsO12 (YMO). Entrambi sono
monovalenti Mn?* e presentano una struttura antiferromagnetica e commensurata di
tipo C dei siti B. Queste caratteristiche semplici rispetto a quelle di altri composti
della stessa famiglia fanno di LMO e YMO due sistemi ideali per chiarire il contributo
controverso delle interazione di scambio simmetrica e antisimmetrica alla polarizzazione
elettrica. LMO e YMO sono fasi metastabili stabilizzate sotto alta pressione; YMO e
una nuova fase nella quale la dimensione ridotta dello ione Y37, rispetto a La3*, esercita
una pressione chimica notevole. Ci si attende che questo fatto causi un aumento sig-
nificativo dell’interazione di scambio e dunque della polarizzazione elettrica spontanea
indotta dal magnetismo.

Come previsto, in YMO la temperatura d’ordine dei siti B, T p = 108 K, risulta
essere piu alta di 30 gradi rispetto a quella di LMO. D’altra parte, abbiamo mis-
urato lo stesso valore di polarizzazione, P = 0.54 uC cm~2, nei due composti. A
nostra conoscenza, si tratta del valore piu alto mai riportato in letteratura nei fer-
roelettrici impropri, due volte magiore del valore record precedentemente riportato in
(CaMn3)Mn4O15. Questo risultato e particolarmente promettente considerando che e
stato ottenuto in campioni policristallini; quindi dei valori 6 a 10 volte piu alti sono
attesi in campioni monocristallini o in film epitassiali.

E sorprendente che i due composti presentino proprieta magnetiche completamente
diverse nonostante la struttura cristallina, le proprieta elettroniche e il valore della po-
transizione magnetica dei siti B, a Ty g = 78 K; purtuttavia, non abbiamo trovato trac-
cia di rottura del centro d’inversione né per diffrazione dei raggi x o neutroni, né per
spettroscopia Raman o infrarossa. La nostra analisi indica che questo risultato sorpren-
dente ¢ spiegato dalla previsione di una struttura a domini della teoria fenomenologica
sviluppata da Levanyuk e Sannikov per i ferroelettrici impropri. Una tale struttura e
dovuta all’esistenza di soluzioni degeneri per il parametro d’ordine multi-componente.
D’altra parte, 'osservazione della ferroelettricita a 7* = 70 K in YMO ¢ coerente con
I'osservazione di una modulazione strutturale a T, = 200 K. Invece, T non corrisponde
a nessun ordine magnetico a lungo raggio che avviene a temperatura ben pit alta (T 5
= 108 K) per i siti B. A T* si nota pero’ un’anomalia magnetica che indica un or-
dine magnetico latente. Proponiamo quindi che la distorsione polare della struttura a
T, conduca all’allineamento dei domini ferroelettrici che sarebbero altrimenti orientati
in modo casuale a causa dell’assenza d’ordinamento a lungo raggio dei domini magnetici.

I risultati suesposti ci stimolano a proseguire lo studio fin qui svolto al fine di chiarire
il ruolo dei domini polari e magnetici e delle correlazioni magnetiche a corto raggio sul
meccanismo della ferroelettricita impropria.
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Chapter 1

Introduction

The history of humanity is intimately linked to materials used in common life, to such an
extent that prehistorical periods (stone-, bronze-, iron-ages) are named after materials
that drove technology towards new directions. More recently, steel and silicon marked
the novel technologies of the 19th and 20th centuries.

Nowadays, the need for novel functional materials is of increasing importance for
future technological developments, especially in the energy and electronics sectors. The
broad context of the present Thesis concerns the possibility of realizing novel con-
cepts of electronic devices, such as magnetic memories, where magnetic domains are
manipulated by an electric field, or viceversa. This would open the field towards the
development of fast and low-power consumption nonvolatile memories (see figure 1.1).
Actually, the performance of the electronic devices used in our daily life would be
greatly enhanced if the same memory used for data processing could serve also for data
storage. It is recalled that, at present, non-volatile memories, such as magnetic disks
or MOSFET-based memories, are much slower than volatile RAM memories and also
dissipate a significant amount of energy due to the generation of magnetic field, the
mechanical motion of the disk and the biasing of the gate during the reading/writing
process.

In this context, magnetoelectric materials, where magnetic and electric orders are
coupled, have attracted a great deal of interest. Two routes towards the effective magne-
toelectric materials have been hitherto considered: i) piezoelectric/magnetostrictive (or
ferroelectric/magnetostrictive) composites. ii) single-phase materials exhibiting both

ferroelectric and magnetic orders, called multiferroics. In the latter case, the chal-
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Figure 1.1: Electronic devices for data storage as a function of speed of writing and
reading. Illustration from International Solid State Circuit conference 2014 with per-
mission.

lenge is to develop materials with an effective tunability of the magnetization by an
electric field. This requires both, a sizable electric polarization P and a large magne-
toelectric coupling, which is defined as a generalized susceptibility a = 0P/0H. At
present, no multiferroic material meets both requirements, so the search for new ma-
terials is an active research direction. The aim of the present Thesis is to contribute
to the understanding of the structure-property relationships in multiferroic materials,
which is required to master the multiferroic performances of these materials. Specifi-
cally, our strategy is to study novel metastable phases that display unusual structural
and electronic characteristics not found in ordinary phases stable at ambient pressure

conditions.
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1.1. Generalities about magnetoelectric multiferroics

1.1 Generalities about magnetoelectric multiferroics

The possibility of magnetoelectricity in a crystalline phase, namely a coupling between
remnant polarization P and remnant magnetization M, was predicted in 1894 by P.
Curie [1]. Using symmetry arguments, the "magnetoelectric" term was later (1926)
proposed by Debye. The effect remained a matter of scientific curiosity until 1960
when it was first reported in CroO3 by Astrov [2] following a theoretical prediction
by Dzyaloshinskii [3]. Landau and Lifshitz proposed to account phenomenologically
for the magnetoelectric effect by introducing an additional —c«;;F; H; term in the free
energy, where c; is a tensor describing the strength of the magnetoelectric coupling
[4]. More recently, the term "multiferroic” was introduced by H. Schmid in 1994 [5] to
denote a more general category of materials displaying at least two ferroic orders, such

as ferroelasticity, ferroelectricity or ferromagnetism.

The search of novel magnetoelectric multiferroics is challenging because of the fol-

lowing considerations. [6, 7]:

1. Symmetry constraints: ferroelectricity and magnetism require inversion- and time-
reversal- symmetry breaking, respectively. It turns out that only a few of the 233
Shubnikov magnetic point groups meet both requirements. These groups are as

follows: 1, 2, 2, m, m’, 8, 3m’, 4, 4m’m’, m’m2°, m’m’2’, 6 and 6m’m’.

2. Electronic constraints: in transition metal (TM) oxides, ferroelectricity typically
occurs in TMs with d° configuration, such as Ti'", Zr*" and Nb5"). This is
explained by the fact that the ferroelectric distortion (off-centering shift of the
TM cation) occurring at low temperature typically requires the hybridization of
the TM d orbitals with the oxygen 2p orbitals; this hybridization is stronger for d
orbitals close to the oxygen 2p, which occurs in the case of the d° configuration.
On the other hand, magnetism requires TM ions with partially filled d (or f)
shell.

3. FElectrical constraints: ferroelectrics need to be insulators, otherwise an applied

electric field would produce a flow of electric current rather than an electrical
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Chapter 1. Introduction

polarization. On the other hand, strong magnetic materials such as ferromagnets
are usually metals. Materials that display simultaneously insulating and magnetic
behavior, typically are either ferrimagnetic or weakly ferromagnetic (i.e. with a

canted antiferromagnetic structure).

4. Structural constraints: ferroelectricity requires the off-centered displacement of
an ion in the cell, while in typical d* TM magnetic ions such as Fe or Mn, the

presence of unpaired d electrons induces a competing Jahn-Teller distortion.

1.2 Magnetically induced ferroelectricity

1.2.1 Classification of multiferroics

The renewed interest in magnetoelectric multiferroics is due to the discovery in 2003
of the coexistence of a strong spontaneous polarization (P, ~ 55 uC cm™2) at high
temperature (7. = 1103 K) and of an antiferromagnetic order (7T ~ 643 K) in BiFeOs
thin films [8]. The large value of polarization was confirmed later in high-quality single-
crystals (~ 60 uC cm™2 along the [001] direction and ~ 90—100 uC cm™2 along the
[111] axis [9]). A multiferroic behavior characterized by a strong magnetoelectric cou-
pling was reported at the same time in orthorhombic ThMnO3 [10] and in ThMn,O5
one year later [11]. These promising results stimulated the discovery of several other
multiferroics. Many of them are TM oxides with a perovskitelike structure. Following

Khomskii, multiferroics materials can be classified into two categories [12]:

o Type-I multiferroics: Ferroelectricity and magnetism have a different origin; thus
the two orders are weakly coupled (e.g. BiFeOs). From the point of view of
symmetry, type-I multiferroics undergo two distinct 2nd order phase transitions

with temperature:

1. The ferroelectric transition concomitant to an inversion-symmetry breaking
(F — —r).
2. The magnetic transition concomitant to a time-reversal symmetry breaking

(t — —t).
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1.2. Magnetically induced ferroelectricity

e Type-1I multiferroics (or magnetic ferroelectrics): the ferroelectric order is in-
duced by the magnetic one, which is appealing as this implies an inherently strong

coupling between the two orders. Examples are TbMnOg3 or ThMn,Os.

According to the terminology introduced by Levanyuk [13] and later adopted by
most authors [14], type-II multiferroics are a particular case of the so-called improper
ferroelectrics, where the main order parameter is not the polarization, as in the case
of ordinary (or proper) ferroelectrics, hence ferroelectricity occurs as a secondary effect

induced by the main order parameter.

In type-I multiferroics with perosvkitelike ABOj3 structure, proper ferroelectricity
is driven by the polar properties of A-cations, such as Bi** or Pb3*, characterized by
the presence of 6s% lone-pair electrons. In this way, the B-sites are available to host

the magnetic TM magnetic ions.

In the case of improper ferroelectrics, in addition to the case of magnetic ferroelec-
tricity (MF), it is believed that feroelectricity can be also driven by the following two
mechanisms: i) geometric frustration (ex. in hexagonal RMnQOj); ii) charge/orbital
ordering (ex. in LuFe,Oy4 [15, 16, 17] [18]). These mechanisms have been discussed in

detail by Wang et al. [7].

In spite of the large P-values reported, potential applications of type-I multifer-
roics are limited by the usually weak magnetoelectric coupling. Indeed, as mentioned
previously, in these multiferroics, the mechanisms driving the ferroelectric order and
the magnetic one are different. Opposite situation typically occurs in type-II mul-
tiferroics, where the magnetoelectric coupling is inherently strong but the values of
spontaneous polarization are typically smaller than 0.1 uC cm™2 (~ 0.06-0.08 uC cm™2
in orthorhombic ThMnOj3 [10], where ferroelectricity is induced by an incommensurate

magnetic structure).

One of the motivations of the present Thesis is to investigate the origin of such
modest spontaneous polarizations and whether this limitation can be overcome by sta-
bilizing suitable crystal structures. In order to justify the research strategy adopted in
the Thesis, in the following we shall provide a brief review of the state of the art on

magnetic ferroelectrics (MFs).
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Chapter 1. Introduction

1.2.2 Phenomenological theory

The phenomenological models of magnetic ferroelectricity are based on the Ginzburg-
Landau theory of second order phase transition [19]. According to this theory, the
magnetically ordered phase is described by one irreducible representation (different
from the unitary representation) of the paramagnetic group.

A first model, developed by Goshen et al., considers the case of ferroelectricity driven
by antiferromagnetism in a prototype centrosymmetric system with Pmma symmetry
applicable to BiMnyO5 and ThCrO3[20]. The authors predicted the magnetic structure
as well as the magnetically induced polar distortion of the lattice and were able to
estimate P-values ~ 0.01uC cm™2.

A second approach by Mostovoy [21] considers the case of ferroelectricity induced
by a non uniform magnetic order, such as a spiral spin wave or an incommensurate
structure, observed experimentally in ThMnOj; [22] and NizV,Og [23]. The reason is
that, in the uniform case, the lowest-order invariant in the thermodynamic potential de-
scribing a magnetoelectric coupling term must be quadratic in both, M and P (P2M?),
as the invariant is required to obey time-reversal and inversion symmetries. This term
represents a small correction leading to a weak multiferroic behavior and thus is not
interesting for applications. On the other hand, the non uniform case (M = M (7)
allows the existence of a lower-order invariant containing the magnetization M and its
gradient and more pronounced multiferroic effects are to be expected. By adopting the
Einstein’s convention for the summation over 7 and j indices, this magnetoelectric term

can be written as follows:

— M, 1.1
axj ]axj] ( )

In fact, the existence of a non uniform magnetic structure provides a necessary - but
not sufficient - condition for the occurrence of multiferroicity. For example, the average
polarization is zero for the sinusoidal spin density wave observed in TbhMnOj in the
21 - 41 K range, while it is non zero for the helical wave stable below 21 K. The
above term accounts for the lock-in transition at 21 K concomitant to the occurrence of

ferroelectricity (Pox=0.08 £C cm™?) [10] and also explains the orientation of P, which
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1.2. Magnetically induced ferroelectricity

turns out to be orthogonal to both, the rotation axis and the propagation vector of the
helical wave [22].

Several microscopic mechanisms have been hitherto proposed to explain magnetic
ferroelectricity and no consensus as to their general validity has been reached yet. In
the following section, I limit myself to present briefly the most popular mechanisms
which will be recalled later to discuss the experimental results of the present Thesis.

They are based on two interactions:

e Spin-orbit coupling via the antisymmetric exchange interaction (or inverse Dzyaloshinskii-

Moriya Interaction, DMI).

e Symmetric exchange interaction (or exchange-striction).

1.2.3 Microscopic theories

Antisymmetric exchange interaction

This interaction is a relativistic correction to the superexchange interaction that cou-
ples two non-collinear spins gi, 57] It can be shown that this term appears in the
absence of inversion-center symmetry with respect to the middle point of the two spins
and takes the form D - S x §] 24, 25], where D is the Dzyaloshinskii-Moriya vector.
This interaction accounts for the stabilization of canted antiferromagnetism in buckled
perovskitelike structures, where the buckling of the B-O-B bonds breaks the B-B axis
rotation symmetry.

The role played by this interaction in magnetic ferroelectrics was first considered by
Katsura, Nagaosa and Balatsky [26], following a previous study by Bruno et al. on the
spin currents generated at equilibrium conditions in inhomogeneous magnetic structures
[27]. Katsura et al. predict that, the spin currents produced in these structures induce

a polarization of the electronic orbitals (spin-current model) described by:

P e x (S; x S5) (1.2)

In this case, contrary to the case of ordinary ferroelectrics, no phonon anomaly is ex-

pected at the ferroelectric transition, as the magnetoelectric coupling would be provided
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Chapter 1. Introduction

by an hybrid magnetoelectric excitation called electromagnon [28] whose observation
remains elusive.

Following an approach similar to that followed by Goshen et al. [20] and including
both, exchange striction and DMI interaction, Sergienko and Dagotto [29], showed that
the latter mechanism is responsible for a polar distortion of the lattice induced by
incommensurate magnetism in the aforementioned compounds ThMnO3 and NizV,Os.
By including an explicit dependence of the Dzyaloshinskii-Moriya vector on the atomic
positions, the authors find a polar distortion of the oxygen ions responsible for the
electric polarization (see Fig.1.2) described by an expression similar to the above Eq.

1.2.

(S:}{Sj)/f; 3 P N i » L
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a‘/
Figure 1.2: Orientation of the spontaneous polarization P for the bc-plane spiral spin
structure predicted by the electronic spin-current model. After [30]

Several authors [31, 32, 33, 14] have discussed the possibility that non uniform
or incommensurate magnetic structures that can host the DMI interaction would be
favored by geometric frustration. We shall not discuss further this open issue which goes
beyond the scope of the present thesis. Finally, the coexistence of both polarizations
of the lattice and of the electronic orbitals has been supported by ab initio calculations

within density functional theory [34].

Exchange striction

Magnetic ferroelectricity has been observed also in collinear or quasi-collinear magnetic
structures, where the DMI interaction is absent by symmetry. This is the case of or-
thorhombic perovskite manganites like HoMnO3 with E-type magnetic structure [35].
This observation strongly indicates that ferroelectricity is driven by the symmetric ex-

change interaction. Sergienko et al. [36] developed a realistic microscopic model that
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1.2. Magnetically induced ferroelectricity

includes the exchange interaction between nearest-neighbor spins (5?1 . gj) forming the
collinear E-type magnetic structure shown in Fig. 1.3 and a spin-phonon coupling. The
model was studied by means of Monte Carlo calculations and successfully accounts for
the stability of the above magnetic order and also predicts a polarization arising from
a coherent displacement of the oxygen atoms as shown in Fig. 1.4. The calculations
predict large polarization values 0.5 uCem=2 < P < 12 uCem™2, two order of magni-
tude larger than those observed in spin-spiral magnets. Unfortunately, a much smaller
value of 0.08 uC cm~2 was reported experimentally [37]. One explanation of this dis-
crepancy is that the R-Mn exchange interaction competes with the Mn-Mn exchange,

thus leading to a more complex ferroelectric phase than that theoretically predicted [38].

ar’b Pt 4—::/ —

Figure 1.3: Schematic representation of the E-type magnetic structure after Ref. [36].
Note the ferromagnetic zig-zag chain formed by the Mn ions. Solid and broken lines
indicate the nearest-neighbor antiferromagnetically coupled zig-zag chains.

Figure 1.4: Left: not distorted E-type magnetic structure. Right: distorted E-type
magnetic phase leading to spontaneous polarization along the diagonal connecting the
next-nearest-neighboring Mn atoms. Arrows indicate oxygen displacements. Opposite
Mn spins are represented by open and filled circles.

While it is accepted that the DMI interaction inherently leads to modest polariza-

tions for it arises from a relativistic correction, the large P-values predicted theoretically
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in the case of dominant exchange-striction remain to be observed experimentally [39].
The challenge is to understand to which extent this discrepancy arises from the lack
of a suitable theoretical description or from the non favorable structural and electronic
characteristics of the magnetic ferroelectrics hitherto studied. The motivation of the
present Thesis is provided by the very promising multiferroic performances of quadruple

perovskites, as illustrated below.

1.3 (AMn3)Mn, 0., quadruple perovskites

A breakthrough came with the observation in the quadruple perovskites (CaMng)Mn,O12
of much larger polarizations, P = 0.2870 pC cm~2, induced by magnetism than those
previously reported in other magnetic ferroelectrics [40, 41]. This observation may sug-
gests that the peculiar structural features of quadruple perovskites provide favorable
conditions for hosting ferroelectricity.

The quadruple perovskite structure (AA%)B4O12 was first reported by Marezio
et al. for (NaMn3)MnysOy5 [42], following the synthesis of the prototype compound
CaCu3TigO19 by Deschanvres et al. [43]. This report prompted the synthesis of sim-
ilar compounds with different atomic substitutions at the A site (A= Na, Ca, Cd, Sr,
La, Nd) [44]. The pseudo-cubic structure of these compounds is made of eight simple
perovskite (ABOj3) units (see left panel of fig. 1.5). A peculiar feature is the unusu-
ally large (~ 45°) tilt of the BOg octahedra around the (110) axis, which is typically
stabilized by high-pressure. This distortion leads to a doubling of the unit-cell param-
eter of the pristine ABOj3 cell. It follows that the (AMnz)MnysO12 unit cell contains
two inequivalent crystallographic sites A and A’. The Wyckoff positions of the differ-
ent cristallographic sites of the structure are reported in table 1.3. The coordination
number of the former sites is twelve as in the simple perovskite structure, while that
of the latter sites is reduced to four because of the above large distortion (see right
panel of Fig. 1.5). The driving force of the distortion is the Jahn-Teller effect in the
A’-sites. Interestingly the square-coordination of A’-sites with oxygen atoms prevents
the stabilization of oxygen vacancies. This constitutes an advantage as compared to
simple perovskite compounds where oxygen non-stochiometry greatly affects the phys-

ical properties. As a consequence of the large tilt of BOg octahedra, there are two
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1.3. (AMn3)Mn,O;5 quadruple perovskites

zig-zag superexchange paths, B-O-B and A’-O-B. The value of the B-O-B bond an-
gle (¢p ~ 137°) is intermediate between the collinear (¢ = 180°) and perpendicular
(¢ = 90°) geometries. According to the Goodenough-Kanamori-Anderson rules [45]
this intermediate geometry leads to competing ferromagnetic and antiferromagnetic in-
teractions. An indication of this competition is given by the C-type structure of the
B-ions found in (LaMng)Mn,O;2, formed by ferromagnetically-coupled antiferromag-
netic planes [46]. Because of the square-planar coordination, the magnetic interaction
between neighboring A’-sites is mediated by the B-sites and the corresponding superex-
change path is A’-O-B-0O-A’. In this Thesis we focus on the quadruple perovskites where
A'=B=Mn.

Sites | Wyckoff positions

A 2a
A 2b, 2¢, 2d
B de, 4f

O | 4i(x2), 8j(x2)

Table 1.1: Wyckoff positions of the quadruple perovskite (AA%)B4O;2 crystallographic
structure.

Figure 1.5: Quadruple perovskite crystal structure (AA%5)B4Oq2. Left part: octahedral
oxygens environment of B-sites. Right part: square-planar oxygens environment of
Al-sites.

The above peculiar features of quadruple perovskites may account for the unique
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physical properties observed, namely the almost full Mn?*/Mn** charge order in
(NaMn3)Mn,O42 [47] and the aforementioned large magnetic ferroelectricity in
(CaMnsz)Mn4O1s. Following the latter finding, it would be very interesting to unveil the
microscopic mechanism of such an enhanced polarization. This issue remains controver-
sial because of the complexity of the magnetic order consisting of an incommensurate
spin-spiral wave [41]. It has been argued that this complex magnetic structure is af-
fected by the charge and orbital orderings stabilized by the mixed valency properties
of (CaMn3)Mn,O42 [48]. The authors ruled out the conventional DMI mechanism of
magnetic ferroelectricity presented in the previous section by considering that the orien-
tation of the electric polarization is perpendicular to the spin rotation plane of the helix.
They therefore proposed a modified DMI model where the magnetoelectric invariant in
the thermodynamic potential couples the polarization with the ferroaxial component
of the crystal structure. In any case, the symmetry properties of the magnetic struc-
ture and of the polarization observed are also consistent with the exchange-striction
mechanism [49]. In conclusion, it appears to be difficult to single out the contribu-
tion of each of the two mechanisms to the enhancement of magnetic ferroelectricity in
(CaMn3)MnyOq. In view of this, it would be desirable to study a related compound
displaying similar multiferroic properties but a simpler magnetic structure, which would
help elucidating the relevant structural and electronic parameters that govern the above
enhancement. This motivation has guided the present Thesis, as illustrated in the sec-

tion below.

1.3.1 Open questions and strategy for the Thesis

Specific questions addressed in the Thesis are as follows:

e Are the above large polarizations a characteristic feature of the (AMnz)Mn,O;s

family?

e What are the structural parameters of these compounds relevant to the enhance-
ment of the multiferroic performances (high transition temperature, high value of

P, strong magnetoelectric coupling)?
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1.3. (AMn3)Mn4O;5 quadruple perovskites

e Ischarge ordering relevant to the enhancement of the polarization in (AMn3)Mn,O12 com-

pounds?

e Based on the answer to the previous questions, can we find new (AMn3)Mn,O15 com-
pounds where the exchange-striction mechanism alone drives large magnetic fer-

roelectricity?

We have focused our work on two quadruple perovskite compounds, (LaMnz)Mn,O15 and
(YMn3)MnyOq2, where the isovalent La/Y substitution enabled us to investigate the
possibility of tuning the magnetic and ferroelectric properties by using chemical pressure
as control parameter. We believe that these two compounds offer an ideal playground
to address the above questions owing to a similar crystal structure and the simple
single-valent Mn3* properties.

The Thesis is organized as follows:

Chapter 2 is devoted to the experimental methods. The first step was the high-
pressure synthesis of the samples. After the synthesis, the determination of structural
and magnetic structure was carried out by x-ray and neutron diffraction on single-
crystals and powder samples, respectively. The characterization of the physical proper-
ties at low temperatures was performed using standard physical property characteriza-
tion tools. Raman and IR spectroscopy techniques have enabled us to study the vibra-
tional properties and to investigate the spin-phonon coupling. Finally, the ferroelectric
properties were studied by means of pyrocurrent and dielectric constant measurements
on polycristalline samples.

The first compound, object of the present Thesis is (LaMnz)Mn,O12, it has been
preliminary studied by our research group. As reported in [46], this compound has
been successfully synthesized under high-pressure (6 GPa) and cristallizes in the cen-
trosymmetric - monoclinic space group I2/m at room temperature. A great advantage
of this system is a simple commensurate magnetic order made of two magnetic sublat-
tices (see Fig. 1.6). The B-site sublattice forms a C-type structure at Ty g = 78 K. In
this structure the antiferromagnetic ac-planes are coupled ferromagnetically along the
b-axis. The moments are oriented along the ac-diagonal and canted along b. The A'-

site sublattice form an anti-body antiferromagnetic structure at T 4+ = 21 K and the
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moments lie along ¢. Within the experimental resolution, the temperature dependence
of the moments of each magnetic sublattice shows no anomaly at T 4/, which indi-
cates that the two orders are independent of each other (fig. 1.7). Very interestingly,
(LaMn3)Mn,Oy, is a simple single-valent Mn*" system, so the Mn®*"/Mn?" charge
ordering observed in the related compound (CaMnz)MnyO;5 does not come into play.
In addition, we will show that the above C-type structure enables us to rule out the
role of the antisymmetric exchange in the magnetic ferroelectricity. As a consequence,

this compound is an ideal playground to elucidate the above questions.

Magnetic B sublattice Magnetic A" sublattice
C-type

Figure 1.6: The magnetic structure of (LaMnz)MnyO;5 as reported by Prodi et al.,
in [46]. Left: magnetic structure of B-sites occuring at Ty = 78 K. Right: magnetic
structure of A’-sites below Tyo = 21 K.
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Magnetic moment of Mn (i)

100

T(K)

Figure 1.7: After A. Prodi et al.,: Temperature dependence of the cartesian components
and of the moduli of the moments for the two magnetic structures of the A" and B
sublattices.

In Chapter 3, I present the multiferroic properties of (LaMnz)Mn,Oq5 (LMO).

In Chapter 4, we report on a systematic study of the magnetoelastic coupling in
LMO by means of infrared (IR) and Raman spectroscopy and by specific heat measure-
ments and interpretate the results whithin the framework of the theory of improper
ferroelectrics developped by Levanyuk and Sannikov [13].

The last two Chapters 5 and 6 are devoted to the second compound, (YMn3)Mn O,
(YMO), a new phase that I synthesized during the course of the Thesis. The main moti-
vation was to investigate the effect of chemical pressure on the magnetic and ferroelectric
properties. This was achieved by substituting the La3* ion with the smaller Y3+ on
the A-sites. Our expectation was an enhancement of the exchange interaction and thus
higher ordering temperatures and possibly even stronger magnetic ferroelectricity.

Chapter 5 is devoted to a full study of the crystal and magnetic structures and of
the magnetic properties of (YMO).

Finally, in Chapter 6, we report on the multiferroic properties of YMO, and on its

exact low-temperature crystal structure.
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Chapter 2

Experimental methods

Dans ce chapitre, j’ai fait le choix de ne pas développer la théorie relative a chaque
technique expérimentale, puisqu’il s’agit de techniques largement connues et référencées,
mais d’en donner seulement les grandes lignes qui m’ont été nécessaires de connaitre lors
des manipulations et de I’analyse des données. L’ensemble des travaux expérimentaux a
été possible grace a de nombreuses collaborations (IMEM-CNR, ESPCI, IMPMC, UF-
SCar) et dans le cadre de temps de faisceaux obtenus a I'ILL et & SOLEIL. Durant ma
these, j’ai donc pu découvrir de nombreuses techniques et obtenir une caractérisation
complete de mes échantillons. J’ai choisi de développer légerement la partie technique
relative aux syntheses sous haute pression car ce travail a constitué une large part de
mon activité lors de mon année a 'IMEM-CNR a Parme. Ce chapitre ne comporte au-
cun rappel sur la théorie de la diffraction mais présente seulement le protocole suivi pour
la caractérisation structurale des échantillons. Il comporte tout de méme une discussion
sur la différence entre la spectroscopie Raman et infrarouge, nécessaire a 'interprétation
des résultats qui seront présentés au chapitre 4. J’ai personnellement participé a toutes
les expériences sauf aux mesures de caractérisations électriques effectuées a 'IMEM par
R. Cabassi et F. Bolzoni ou a 'université de Sao Carlos, aux mesures d’aimantation
avec le SQUID effectuées par D. Delmonte au département de physique de I'université
de Parme, et certaines mesures de diffraction sur poudres et monocristaux directement

effectuées par F. Mezzadri au département de chimie de I'université de Parme.
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2.1 High-pressure/high-temperature syntheses

As explained in the previous chapter, in nature, electric and magnetic orders tend to
avoid each other for several fundamental reasons. One effective solution to stabilize
new crystal structures that allow simultaneously electric and magnetic order is to use
high-pressure. Indeed, high-pressure enables a large increase in density, changes in or-
bital hybridization and coordination number, with deep modification of the electronic
structure and transport properties. Exemple include insulator-metal transitions [50]
and induction of superconductive properties [51]. In the case of quadruple perovskite
structure [42], subject of the present thesis, high-pressure helps to stabilize the Mn3*
ions on the A’-sites in the square planar coordination by driving the very large tilt of the
corner-sharing BOg octaedra which results in a structure 20% densier than the simple
perovskite. The technical difficulty is to apply a very high isotropic pressure during
the synthesis and obtain homogeneous phase products. In order to reach this objective
we have used a 1000 tons multianvil Walker-type press available at the IMEM-CNR in

Parma represented in Fig 2.1.

Figure 2.1: The multianvil 1000 tons Walker-type press at IMEM-CNR (Parma, Italy)
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2.1. High-pressure/high-temperature syntheses

This apparatus is suitable for the synthesis of bulk materials under variable isotropic
temperature and pressure conditions in the range 2.5 GPa < P < 25 GPa and 0° C
< T < 2200° C. The maximum (P, T') value is equivalent to the conditions found in
the boundary zone between the lower region of the Earth crust and the higher region
of the upper mantal, at a depth of 750/800 Km ! The experimental issues occuring
in the artificial realization of intense pressures is non trivial. Indeed, high uniaxial
pressure (up to 300 GPa) can be applied in a Diamond Anvil Cell and hydrostatic
forces could easily be applied through a fluid compression for relatively low pressure
(until ~ 20 kbar GPa). The difficulty comes when one needs to applied high pressure
(several GPa) in isotropic condition. Indeed, at these pressures, liquids do not exist
anymore since any material would become solid. The solution that offers the multianvil
press is to transform an unidirectional compression force into a quasi isotropic one by
means of three different solid components with increasing hardness. The dispositive
was invented by David Walker which described his new module designed for producing
new synthetic minerals in 1990 [52]. This system converts an axial load over a circular
surface, due to the controlled push of a cylindrical piston managed by oil-dynamic
circuit, into a three-components force through a set of six wedges, made of tempered
steel. As represented in Fig. 2.2, the combination of the six edges generates a cubic
cavity filled by eigth truncated tungsten carbide cubes which in turn are gathered to
create an inner octahedral cavity with a four components resultant force, respectively
perpendicular to the four triangular faces of the octahedron. Inside this cavity, we
put a porous magnesium oxide octahedron pierced in its center from one side to the
other by a cylindrical cavity in which we place a closed cylindrical graphite oven (see
Fig. 2.3) which contain the chemically inert noble metal (usually gold or Platinum)
capsule containing reagents. The size of the truncation of cubes and of the octahedra
is variable, according to the maximum pressure desired. For instance, the quadruple
perovskite (LaMnz)MnyOq, is obtained at 6 GPa with the largest truncation (17 mm)
and the largest octahedra (edges of 25 mm) wherease (YMn3)Mn,O; is obtained at 9
GPa which requires smaller truncation of cubes (11 mm) and smaller octahedron (edges

of 18 mm).

30



Chapter 2. Experimental methods

/

Figure 2.2: up: Scheme of components constituing the Walker type module and the way
they are assembled. In the lower part of the figure: from left to right some tempered
wedges, a tungsten carbide cube and a correspondent MgO octahedron.

In the middle region of the graphite cylinder, where the capsule is placed (see Fig
2.3), the pressure is quasi-isotropic with a maximum gradient of pressure along the
cylinder of about 0.1 GPa/cm at 6 GPa. The heating of the capsule is realized with
Joule effect by applying tension between the two tops of the graphite-cylinder inside
which has been beforehand introduced a thermocouple. This electrical control allows
to manage the temperature exactly around the core of the reaction cell.

The typical synthesis procedure is composed of three successive operations:

1. The pressure is gradually increased from room pressure (100 kPa) to the chosen

set point (e.g. 6 GPa) with a typical ramp rate in the range 500-700 Pa/min.

2. Then, the system is heated from room temperature to the temperature set-point

and is kept stable for the chosen reaction time (typically 2 hours).

3. At the end of the reaction, the system is either quenched down to room tempera-
ture by switching off the power unit or the temperature is slowly decreased with

a controlled thermal ramp. Once the external temperature on the surface of the

31



2.1. High-pressure/high-temperature syntheses

Thermocouple

Graphite tops

Graphite tube
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Figure 2.3: Scheme of the capsule holder and thermocouple disposition inside the cylin-
drical graphite oven.

Walker-type module is equal to the internal temperature, the pressure is slowly

released with a rate of 300 Pa/min.

The role of quenching is to "freeze" the obtained high-pressure phase since often the
structure would have been different at room conditions. In other words, the obtained
high-pressure phases are metastables at atmospheric 7" and P.

All syntheses were performed from powder reagents grounded manually in a stochio-
metric mixture and we obtained homogeneous powder that we could characterize by
X-ray diffraction and from which we could, in some cases, extract small single-crystals.
However, such single-crystals are often very small (50 gm) and usually twinned, which
reduces drastically the type of experiments that can be performed. One of the objective
of my work in Parma, was to obtain large and non-twinned (LaMng)Mn,O;5 single-
crystals. To do so, we followed the idea, establihed by a previous systematic study of
the phase diagram of (NaMn3)MnyOq5 [53, 54], that largest crystals growth around
the border which separates the instability from the stability field in the P/T phase

diagram.
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My second objective was to find the good conditions for the obtention of the new
quadruple provskite (YMn3)MnyOis. After having found the P/T conditions and in
order to obtain a large amount of (YMn3)Mn,Oq5 powder (~ 1 g) for neutron diffraction
experiment I performed several syntheses with a bigger multi-anvil press of 5000 tons
available at the Bayerisches Geoinstitut of Bayreuth for visitors in the framework of the
DFG Core facility for High-Pressure Research. Indeed, this big press permit to obtain
~ 130 mg of powder for each synthesis at 9 GPa while we obtain only 30 mg of powder

at the same pressure with the press of 1000 tons.

2.2 Diffraction techniques

1. After each synthesis, we systematically performed powder X-ray diffraction (PXRD)
at room temperature in order to detrmine the purity of the sample and the per-
centage of the other phases. These measurements were performed in the Bragg-
Brentano geometry using a laboratory diffractometer equipped with a Cu K,
source. This step permits to optimize the P-T conditions for new phases research
and to get big single-crystals. In the research for the new (YMn3)Mny;O15 phase,
this step was very important to see if the quadruple perovskite structure was
obtained or not and in which proportions, according to the conditions of the
synthesis. We made this analysis with the help of the powder-cell software by

qualitative comparison to the (LaMn3)MnsO;5 spectrum.

2. We performed room temperature single-crystal X-ray diffraction using two diffrac-
tometers: at Parma, a Bruker APEX II and at IMPMC: an Ozxford diffraction
Xcalibur-S diffractometer both equipped with a CCD area-detector and graphite
monochromatized Mo K, radiation. Refinements were performed by F. Mez-
zadri and B. Baptiste. This step was useful for identifying the space-group of
(YMn3)MnyOq2, but also for selecting the better single-crystals for further exper-

iments (spectroscopy, synchroton ...).

3. We performed a neutron powder diffraction experiment at the high-intensity two-
axis D20 diffractometer of the Institut Laue Langevin using \;= 1.54 A and \,=
2.41 A wavelengths and a 90° takeoff set-up. The data were taken as a function
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of temperature by warming-up the sample from 4 K up to room temperature at a
rate of 0.25 K/min. The first wavelength is optimized for the determination of the
nuclear structure and the second wavelength for the determination of the magnetic
structure. At this step, I went to the 9" fullprof school in Grenoble and learnt the
use of the fullprof package [55] and how to perform a Rietveld refinement [56] and
determine a magnetic structure using the theory of irreductible representations

[57).

4. Low temperature single-crystal synchrotron diffraction experiment was performed
at the beamline CRISTAL of the french synchrotron SOLEIL in Saint-Aubin. It
allows to determine the low temperature space-group and the occurence of a loss of
spatial inversion center. These two points were not possible to reach in laboratory
because of the lack of diffractometers with low temperature environement and the

low flux of laboratory sources with respect to synchrotron.

2.3 Thermodynamics measurements

2.3.1 Transport properties

In the framework of the search for multifunctional materials suitable for applications,
it is essential to determine the transport properties of the new samples by measuring
the resistivity. This characterization has been performed at IMEM-CNR (Parma) by
measuring the resistance as a function of temperature in a Magnetic Properties Mea-
surement system (MPMS) used as a cryostat. The system simply measures the current
going through the sample when applying a voltage. Such a measure was realized on
polycristalline pellets polished into disk shape (0.1-0.6 mm x 2-4 mm?) and contacted
with silver paste.

There are two possible configurations for contacts :

1. Two contacts: both faces are entirely contacted and the resistance (R) is directely
measured between them. This technique does not permit to avoid the contribution
of contacts to the value of R but gives a rapid and good preliminar characterization

of transport properties, especially for isulating samples for which the resistance
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due to contacts is expected to be negligible with respect to the resistance of the

sample.

2. Van Der Pauw configuration (Four contacts) [58]. The sample is contacted on
four different points (A, B, C and D) of one surface and eight measurements are
performed in rapid succession: all possible permutations of chosing two adjacent
contacts for the voltage an the other two for measuring the current. Each measure
is performed two times with +V and -V. We can deduce the in-plane resistivity

(p) of the sample, without the contribution of contacts, with the following formula:

Pin—plane = @Tf
where d is the thickness of the disk and f a shape factor which is equal to 1 in

the case of a circular disk.

Measurements obtained with the two different methods for (YMns)MnysO15 poly-
cristalline sample are reported on Fig. 2.4 and we can see that the curve obtained
from the two contacts measurements is weakly higher than the one obtained with the
van der Pauw technique, which confirms that the contribution of contacts to the resis-

tivity is negligible.
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Figure 2.4: Resistivity of (YMn3)MnyO5 pellets obtained using the two- and four-
(VDP) contact configurations. VDP stands for van der Pauw.
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2.3.2 Magnetization

In the framework of this thesis, two commercial dispositives from Quantum Design™ have

been used to perform magnetic measurements.

e Magnetic Properties Measurement System (MPMS) of the Supercon-
ducting QUantum Interference Device (SQUID) (Parma): This magne-
tometer is able to detect a magnetic signal from 1078 to 5 emu and to apply a
magnetic field between -5 and 5 T in a temperature range going from 2 to 400 K.
The principle of the measurement is to detect the magnetic flux created by the
sample through some current loops as a function of the position of the sample
on the axis of these loops. The variation of the flux is proportional to the mag-
netic field and the speed of the sample. The sample is fixed on a plastic-straw
which moves through a constant and homogeneous magnetic field created by a

superconducting magnet.

e Vibrating Sample Magnetometer (VSM) option of the Physical Prop-
erties Measurement System (PPMS) (IMPMC, Paris): the option is sim-
ilar to the SQUID but the sample vibrates around a fixed position inside non-
superconducting copper coil. The maximal speed that can be reached by the
sample is high (100 cm/s). This increases the intensity of the signal with respect
to the SQUID but reduces the sensitivity to 2.5x107° emu.

2.3.3 Heat capacity

The specific heat is the first order derivative with respect to temperature of the Hentalpy
at constante pressure. There are two contributions to this quantity: the contribution of
the conduction electrons and the contribution of lattice. Thus, for insulating materials,
it is a natural probe for lattice effects and all kind of phase transitions. Besides, it
can be easilly measured as it does not require any contact and can be performed on
pollycristalline samples. Usually, it requires ~2 mg of material for the signal to be
intense enough. We performed specific heat measurements with the PPMS by using
the constant pressure relaxation method. The temperature range is 1.9 - 300 K. The

method consists in weakly increasing the temperature of the sample by a calibrated
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heat quantity @ (typically 1%) during a time ¢ and then measuring, as a function of
temperature, the time 7 it takes to come back to its initial temperature. The charac-
teristic time of the relaxation is directly related to the specific heat of the sample. The
sample holder is shown in Fig. 2.5. A heating resistor and a thermometer are located
below the sample holder and Cu wires connect electrically and thermically the sample
to the resistor, the thermometrer and the PPMS. To ensure a good thermalisation, the
sample is fixed on the sample holder with a thin layer of grease and in order to avoid
thermal effects due to impurities, the measure is performed in a high vacuum of 107°
mBar. The measurement requires two steps: first it is necessary to calibrate the signal
of the grease alone as a function of temperature. Then a second measurement is made
after having put the sample on the previous quantity of grease. By substracting the

first measurement to the second, we obtain the contribution of the sample only.

Figure 2.5: Sample holder for the specific heat option of the PPMS.
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2.4 Spectroscopy techniques

2.4.1 Difference between Infrared and Raman spectroscopy

A plan-wave is composed of electric and magnetic field, in phase and perpendicular to
each other and to the direction of propagation. When an electromagnetic wave goes

through a solid, it undergoes 2 types of scattering:

e Elastic scattering: No energy transfer, only the direction of the incident photon
of energy hv is modified. After the sample, the light is diffused and this diffusion

can be coherente (Diffraction) or incoherente (Diffusion Rayleigh)

e Inelastic scattering: The incident photon of energy hr exchanges a quantity of
energy with the sample. This quantity is characteristic of one specific excitation of
the crystal. If the energy transfer is total, the incident photon is totally anihilated
(or emmitted) and it is the case of infrared absorption phenomenon (1 photon
processus, see Fig 2.6 a). If the energy transfer is partial, the incident photon
loses or gains a quantity of energy and this is the Raman diffusion effect (two
photons processus which combines absorption and emmission, see Fig 2.6 b).

a) b)
hv

Figure 2.6: Feymann diagrams of a) infrared absorption and b) Raman diffusion pro-
cessus. i and f name the initial and final states of the sample, respectively.

In condensed matter, the characteristic energy of the collective excitations of atoms
(phonons) is 10-100 meV and can be investigated by Raman and IR spectrocopies
which deal with optical frequencies (THz). We record that:

8 cm '=1meV; 33 cm'= 1 THz; 100 cm™* = 100 pm

Spectroscopy measurements can be performed as a function of temperature and thus
permit to identify the coupling effect between the lattice and any kind of order (mag-

netic, ferroelectric, charge...) occuring with temperature.
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The principle of IR and Raman spectroscopies is the interaction between the electric
field of light and the electric dipolar moment of the material. The dipolar moment is
given by :

i = fip + xE (2.1)

(1o is the permanent dipolar moment which is non-zero if the barycentres of positive and
negative charges are different and y is the polarizability tensor of the material which
quantifies the deformation of electron clouds induced by the presence of an electromag-

netic wave. Thus, the induced dipolar moment is p'= XE .

Classical selection rules: In a classical point of view, a crystal can absorb or pro-
duce a photon at the same frequency than the periodical vibration of its dipolar moment.
If the phonon induces an oscillation of /iy there is an IR emission. On the contrary, if an
incident IR radiation is able to induce a periodical oscillation of iy, there is absorption
of this IR radition. On the other hand, the electric field of a monochromatic incident
radiation of frequency 1 can induce in the crystal a dipolar moment p' = XE oscillating
at the same frequency, this is the Raman effect. Therefore, the classical selection rules
are:

oji
0Qy
phonon induces an oscillation of the permanent dipolar moment.

e [R-active mode if { } # 0 where @) is the normal coordinates of mode k: the
eq

e Raman-active mode if {%} # 0: the phonon induces an oscillation of the
eq

polarizability.

Quantum selection rules:
e IR-active mode if < fluli ># 0
e Raman-active mode if < f|x|i ># 0

These two matrix elements results from the term — ﬁE in the Hamiltonian, due to the
presence of an electric field.
In the framework of the Ginzburg-Landau theory of second-order phase transition,

i plays the role of the order parameter (1) and F is the external field h. We recall that
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the general functional in the vicinity of the critical tempeerature (7) is written:

T—T.
¢:Oéo( 7 )772+§774—77h (2.2)

with a and 3 two positive coefficients.

Mutual exclusion rule: For a centrosymmetric crystal, that is, the case of a space
group including the inversion symmetry, we can make the following symmetry consid-

erations:

e Since /i is a polar vector, parities of states [¢ > and |f > in < f|ul|i > have to be

different.

e On the other hand, x is even with respect to the inversion, therefore |i > and

|f > must have the same parity in < f|x|i >.

These symmetry constraints lead to the following exclusion rule: "In centrosymmetric
crystal, IR-active modes are inactive in Raman and vice-versa'. As a consequence, the
combination of IR and Raman spectroscopies is very useful to identify the break of the
inversion center in crystals when diffraction techniques fail in practice, as we will see is

the case in most of the magnetic ferroelectrics.

2.4.2 Sample preparation for spectroscopy

The preparation of samples is a critical phase for spectroscopy measurements. For
example, Raman spectroscopy is a surface sensitive technique as the penetration depth
of the incident radiation is of few hundred of nanometers. In order to obtain a smooth
surface, we tried to polish the sample with a mechanical polisher using a very thin
grain-paper of 0.1 pym but this was not successful as we obtained poor Raman signal
and thus we conclude that the polishing probably degradates the first layers probed
during the Raman spectroscopy experiment. We obtain the best Raman signal by
cliving the samples just before putting it under high-vacuum in the cryostat. With this
preparation, we were able to recover a good signal at each temperature even if we notice
a change in the intensity of modes depending on the position of the few micrometers

spot on the surface.
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On the other hand, IR spectroscopy is a bulk probe as the penetration depth in the
reflectivity mode is of few micrometers, but the reflected intensity is very dependent
on the quality of the crystal surface. The diameter of the incident light spot is of the
same order of magnitude than the sample size (~ 700 pum). In this case, we obtained a
good reflective surface by polishing the sample with a mechanical Leica polisher using

diamond grain-paper of 0.1 pum.

2.4.3 Fourier Transform InfraRed (FTIR) Spectrometer

The FTIR is based on a Michelson interferometer (see Fig. 2.7) after which the re-
combined beam (interferogram) proceeds through the sample and then the detector.
The advantage of an FTIR spectrometer is that it exposes the sample to all available
infrared light frequencies simultaneously. Therefore, each portion of the interferogram
contains encoded information of the sample that was derived from every infrared fre-
quency it was exposed to. In parallel of the infrared interferogram, the spectrometer
also acquires a laser interferogram for every scan, used to sample the infrared interfero-
gram. The detector sends the signal toward a computer and with the help of a Fourier
transformation, we obtain the plot of the intensity as a function of frequency.

The FTIR spectrometer used at ESPCI is a Bruker IFS66/s, composed of several
chambers. The source is in the same chamber than the Michelson interferometer. Be-
cause our sample absorbs all frequencies in the IR range, we performed the measurement
in the reflectivity configuration. The sample is mounted out of the spectrometer in a
cryostat sitting just in front of the sample chamber. The detector is also moved out
of the detector chamber and mounted beside the sample cryostat. We performed two

series of measurements as a function of temperature.

e In the far-infrared range [20-700 cm™'|, using a Globar SiC source, a Mylar-

Germanium beamsplitter and a Bolometer as detector and a resolution of 2 cm™!.

e In the mid-infrared region, we used the Globar SiC source combined with a KBr:
Germanium beamsplitter, a 4.2 K Photoconductor and a resolution of 4 cm~! (for

a reasonable time of acquisition ~ 10 min).
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Figure 2.7: Scheme of the Michelson interferometer and path of the light in the FTIR
spectrometer at ESPCI.

In order to avoid defects due to the small and irregular shape of our single-crystal
we used the in-situ gold overfilling technique [59] which consists of coating the sample
surface with a good metal (gold) and using the coated sample as its own reference in
reflectivity measurements. This is realised by applying a DC voltage of about 2 V on
a gold filament placed in proximity of the sample inside the crysotat. When applying
the voltage, the filament glows and the gold is evaporated, this produces a layer of gold
on the surface of the sample. The thickness of the gold layer is about several times the
classical skin depth, even in the far-infrared range (~ 100 cm™') which ensures that
multiple reflections do not occur. The procedure of the reflectivity measurement with

this technique is as follows:

1. Measure the single channel power spectrum of the steel mirror 7,0

2. Rotate the cryostat and measure the single channel power spectrum of the sample

Isample-
3. Repeat at each temperature.

4. Evaporate gold on the surface of the sample.
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5. Measure the single channel of the steel mirror again.

6. Rotate the cryostat and measure the single channel power spectrum of the coated

Sample and get ]coatedSample/Imirror~

7. Do it at low and few intermediate temperatures.

8. Obtain the reflectivity of the sample:

Isample (w) /]mirror ((,O)
]coatedSample (W ) /]mz"r'ro'r (w)

Rsample (W) = X Rgold (23)

The use of a steel reference mirror between each measurement on the sample is to
reduce the influence of the system drift. With the in-situ gold overflling technique, the

measured reflectivity has absolute accuracy of 0.5% and relative accuracy of 0.1%.

2.4.4 Triple-stage Raman spectrometer

The triple-stage Raman spectrometer available at the IMPMC is represented in Fig.
2.8. It is a T64000 designed by Jobin-Yvon/Horiba equipped with a CCD camera. We
used an Argon Laser (A = 514.5 nm) as source of monochromatic radiation, a set of
optics to focus the laser onto the sample and the spectrometer in the backscattering
geometry to analyse the scattered light. The spectrometer is made of 3 gratings: the
first grating disperses the light at different angles as a function of the wavelength. This
dispersed light goes through a slit which selects the desired spectral domain and cuts
the strong undesired elastic Rayleigh scattering. The second grating recomposes the
light spectrum whithout the Rayleigh scattering. The third grating disperses the light
again on a bidimensional CCD detector branched to a PC software which translates the
scattered light (in counts) as a function of the wavenumber (1/X). The CCD camera
is cooled down by liquid Nitrogen in order to reduce thermal noise. The triple-stage
set-up permits to reach a high resolution of ~ 0.2 cm™! but reduces the intensity of
signal which forces us to performed long acquisitions (~ 1 hour for 1 spectrum).

To ensure a good thermalization of the sample, we used silver paste to mount the
samples on the cold head of a liquid-helium flow cryostat, kept under a high vacuum of

107% mBar. By monitoring the signal as a function of the beam power measured before
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Figure 2.8: Left: The T64000 Raman spectrometer installed at the IMPMC. Right:
Scheme of the path of light inside the spectrometer.

the optical window of the cryostat, we verified that sample heating is prevented using
power up to 8 mW, so we decided to use a 5 mW beam. We performed several tests on
different positions of the spot (~ 5um) on the surface of several samples and chose the
position which gives the better signal. Because of thermal contraction, it is necessary
to move the sample between each temperature set-point in order to keep the laser spot

onto the same point of surface.
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2.5 Ferroelectric characterizations

Ferroelectric characterizations have been performed at IMEM-CNR for the (YMn3)MnyO;s,
and at the University of Sao Carlos for (LaMn3)Mn4O12, on polycristalline samples pre-
viously polished onto disk shape with surface of ~ 2/4 mm? and of different thickness
between 630 and 58 um. These disks are contacted on both faces with silver paste in
order to make the electrodes. Temperature control was obtained either by placing the
sample in a commercial SQUID or by using a homemade crysotat connected with a

Sumimoto CSW-71 cryocooler.

2.5.1 Pyroelectric currents

Pyroelectricity is the ability of a material of holding an intrinsic electric polarization
when temperature is lowered. If this polarization can be changed or reversed by an
applied electric field and follows an hysteresis cycle, the material is said to be ferro-
electric. The temperature at which appears the spontaneous polarization is called the
Curie Temperature (7..). After having poled the sample and when going through the
ferroelectric transition, from low to high temperature, the polarization is released and
a pyroelectric current is measured between the two electrodes of the sample. By mea-
suring this pyroelectric current I, as a function of the temperature 7" with a constant

warming rate 7, we obtain the value of the polarization P by a simple integration.
p-t / 1,dT (2.4)
S Ssr)? .
with S the surface of the disk. The procedure for pyroelectric measurements is:

1. Cooled down the sample from high temperature 7}, to low temperature in the
presence of a poling voltage V), applied with the help of a source meter Keithley
2400.

2. Release the poling voltage.

3. Measure the current between the two electrodes as a function of increasing tem-

perature with a constant warming rate with the help of a keithley 6517B.

45



2.5. Ferroelectric characterizations

This technique measures the relaxation of charges as a function of temperature and
does not avoid the contribution of extrinsic charges to the total measured current. As
detailed in chapters 3 and 6, specific measurements are needed to identify the intrinsic

nature of the polarization measured by the pyrocurrent technique.

2.5.2 Dielectric constant

A dielectric material can be modelized by an equivalent electric circuit with one capaci-
tor and one resistor in parallel. The resistor, and the value of its conductance G = 1/R,
expresses the ability of the material of conducting the current and the capacitor, and
the value of its capacitance, the ability of storing an electric charge. By using a bridge
LCR HP/824A covering the frequency (w) range from 20 to 10° Hz, we are able to
measure the complex impedance:

1

= - 2.5
G+ iwC (2:5)

and thus deduce the capacitance C' of the system. From this quantity we can ob-
tain the low-frequency relative permittivity also called dielectric constant €, defined as
the proportionality factor between an applied electric field E and the induced electric
displacement D in the material:
1 .d
r=—C— 2.6
«=C% (2.6)

with d the thickness and S the surface area of the sample.
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Chapter 3

Multiferroic properties of
(LaMn3)Mn,O19

3.1 Introduction

Comme reporté par Prodi et al. [46], (LaMn3)MnsO15 présente une structure antiferro-
magnétique simple et commensurable. De plus, tous les ions manganese de la structure
sont dans le méme état de valence Mn®*. Cela constitue une simplification majeure par
rapport au (CaMnz)MnyO15 et font de ce composé un systéme modele pour I’étude de la
férroélectricité magnétiquement induite dans les pérovskites quadruples de manganese.
Lorsque j’ai commencé ma these, des mesures préliminaires de courant pyroélectrique
avaient été réalisées dans le cadre d’une collaboration avec I'université de Sao Carlos au
Brésil et indiquaient I'apparition d’une polarisation a la transition magnétique des sites
B. De nouvelles mesures étaient nécessaires pour confirmer ce résultat, notamment des
mesures en fonction du taux de réchauffement pour vérifier le caractere intrinseque de
la polarisation et a plus fort champs de polarisation pour atteindre la saturation dans
I’échantillon. Pour cela, il fallait réaliser des échantillons les plus fins possible et avec
deux faces paralleles. J’ai donc réalisé la synthese et le polissage de nouveaux échantil-
lons de (LaMn3)MnyO;5 polycristallins permettant de réaliser les mesures électriques
et magnétiques. Idéalement, nous aurions voulu faire ces mesures sur des monocristaux
mais leur petite taille ne le permettait pas. En effet, seuls des monocristaux de tres
petite taille (~ 10 um) ont pu étre extraits des syntheses, mono-cristaux avec lesquels

nous avons réalisé des mesures de diffraction a température ambiante en laboratoire
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(IMPMC) et & basse température au synchrotron SOLEIL dans le cadre du projet
BAG de B. Baptiste. Les données de diffraction de rayons X sur poudre en fonction
de la température présentées dans ce chapitre avaient déja été obtenues avant le début
de ma these. L’ensemble des résultats reportés dans ce chapitre montre 'existence de
propriétés multiferroiques remarquables dans (LaMng)MnyO19, caractérisées par une
grande valeur de la polarisation P, = 0.54 pum cm™~2 apparaissant a la transition mag-
nétique et un large effet magnétoélectrique révélés par des mesures de pyrocourants et
de magnétisation sous champ électrique, respectivement. En revanche, les données de
diffraction ne permettent pas de conclure a une perte du centre d’inversion attendue

pour expliquer 'apparition de la ferroélectricité.
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Abstract

Pyroelectric current and magnetoelectric coupling measurements on polycrystalline
samples of the quadruple perovskite (LaMn3)Mn,O15 give evidence of ferroelectricity
driven by the antiferromagnetic ordering of the B-site Mn** ions at Ty 5=78 K with
record values of remnant electric polarization up to P=0.54 uC cm™2 at saturation. X-
ray diffraction measurements indicate an anomalous behavior of the monoclinic g angle
at T p, which suggests that P lies in the ac-plane, where the moments are collinear,
and the magnetic structure of the system already reported in a previous work [46] allows
us to conclude that exchange striction in the ac-plane is the mechanism of spin-driven
ferroelectricity. Polarization values ~ 3 uC em™2 are expected in single crystals, which

would open the avenue towards practical multiferroic applications.
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I. INTRODUCTION

In the search for suitable multiferroic materials for applications, recently there has
been an increasing interest in magnetic ferroelectrics (MFs), where the ferroelectric or-
der is induced by the magnetic order, for this mechanism leads to inherently strong mag-
netoelectric coupling [60]. On the other hand, the remnant polarizations, P, hitherto
reported in these ferroelectrics typically fall in the ~0.1 uC cm~2 range or below, with
the exception of the distorted perovskite compound ThMnQs3, where values ~1 uC cm™2
have been reached under high pressures [61]. On the other hand, values in the 10 uC

2 range are required for applications. It is believed that such small P values reflect

cm

the weakness of the spin-orbit interaction in non-collinear chiral spin structures [14],
where the polarization arises from the antisymmetric exchange striction (Dzyaloshinskii-
Moriya interaction) between neighbouring ¢ and j spins, i.e. P | s; x's; |. The atten-
tion has then been drawn to collinear spin structures, where large P | s; -s; | 2 1uC
cm~? induced by the stronger symmetric exchange striction has been predicted [36].
This possibility is supported by the aforementioned observation of stronger ferroelec-
tricity induced by a collinear E-structure in the above RMnOj3 system (R rare earth).
Recently manganese oxides with the quadruple perovskite (AMn3)MnysO1 structure,
which contains two distinct A’ and B Mn sites [42], have attracted the attention of the
multiferroic community thanks to the observation of an enhancement of P ~ 0.3 uC

? in single crystalline samples of (CaMn3)MnyO1o [40, 41]. This discovery has trig-

cm”™
gered a number of studies aiming at understanding the origin of this large polarization
[49, 62] which may foster the design of multiferroics with even larger P values. On the
other hand, in this compound, the polarization is concomitant to a complex interplay
of an incommensurate helicoidal spin structure and of a charge and orbital ordering of
the Mn®*" and Mn?" ions [48]. This hampers a comparison between experiment and
theory and to identify the distinct contributions of the symmetric and antisymmetric
exchange terms to the polarization. In conclusion, in spite of the increasingly large P

values reported recently, the mechanism of P enhancement in magnetic multiferroics

remains controversial.

Further progress in the field requires model systems where the principal contribu-

tions can be clearly identified and controlled. In order to respond to this need, in the
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present work, we focus our attention on the multiferroic properties of (LaMnz)MnyO1s
[46], where similar multiferroic properties are expected since this compound shares
with (CaMns)MnyO15 a similar quadruple perovskite structure and similar electronic
properties. Our choice is motivated by the fact that, in spite of these similarities,
(LaMn3)Mn4O;5 exhibits comparatively simple structural and electronic properties,
namely single-valent Mn®" characteristics and a simple C-type antiferromagnetic (AFM)
order of the B-site Mn** ions at Ty 5=78 K consisting of colinear antiferromagnetic
spins whithin the ac-plane canted along the b-axis, as reported in [46]. Consequently,
unlike (CaMns)MnyO19, in (LaMng)MnyO;2 there is no charge-ordering phenomena,
nor incommensurate structural modulations are found. Besides, the magnetic structure
of B-sites imposes that the average contribution to the polarization of the antisymmet-
ric exchange term (Dzyaloshinskii-Moriya interaction) is zero. The crystal structure
undergoes a cubic Im3 to monoclinic 72/m distortion at 653 K [63] and, within the
experimental resolution of powder neutron reported in [46], no further structural phase

transitions are observed at low temperatures down to 3.5 K.

II. EXPERIMENTAL

Poly- and single-crystalline samples of (LaMnz)MnyOq2 were synthesized under
high-pressure as described elsewhere [46]. Different poly- or single-crystalline mor-
phologies are obtained by varying the temperature during synthesis. Previous powder
neutron diffraction structural studies revealed that the samples are 95 % pure or better
and that the samples contain minor impurities of LaMnO3 and Mn3O,4. The as-prepared
samples are compact cylinders of 4 mm size in diameter and height that were sliced in
order to obtain thin disks of 0.2 - 0.3 mm thickness. In order to investigate the multifer-
roic properties by means of pyrocurrent and magnetoelectric coupling measurements, a

thin Au layer was deposited on both sides my magnetron sputtering.

For the pyroelectric measurements, such metallized disks were subsequently mounted
on a closed-cycle cryostat. Pyrocurents are measured between the two contacted faces,
upon warming up the disk using a Keithley electrometer and after having poled the

sample at high temperature by applying some appropriated voltage.
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In order to unveil the interplay between multiferroic and structural properties, the
powders were investigated by means of x-ray diffraction as a function of temperature
using a Nonius Kappa-CCD laboratory diffractometer equipped with a liquid helium

bath cryostat and a Mo-Ka source.

Finally, the possibility of fine structural changes or structural modulations occur-
ring at the AFM ordering transition, T g, was investigated by means of single-crystal
x-ray diffraction, carried out at room temperature in a commercial Fzcalibur diffrac-
tometer equipped with a Mo K,, source (A = 0.71073 A) and at low temperature at the
CRISTAL beamline (A = 0.6717 A) of the french synchrotron SOLEIL.

III. RESULTS

In Fig. 3.1, we show the refined unit cell parameters obtained from x-ray pow-
der diffraction data as a function of temperature in the 9-300 K range. Within the
experimental resolution, no anomalous behavior is found for any of these parameters,
except for the monoclinic angle, 3, which displays an abrupt increase of slope at Ty 5,
which confirms previous powder neutron diffraction data [46]. This indicates a sizable
magnetoelastic coupling which tends to stretch the ac-plane along the diagonal without

appreciable change of unit-cell volume.

Pyroelectric current and magnetoelectric coupling measurements show that this
structural distortion is concomitant to the appearance of ferroelectricity. A summary
of the results of the former measurements is given in Figs. 3.2, 3.3. Fig. 3.2 shows the
temperature dependence of the pyrocurrent measured at different heating rates for a
poling voltage of 900 V, corresponding to a field of 36 kV cm™!. The data consistently
show a pronounced peak in the vicinity of Ty g, which is the evidence of ferroelectricity
induced by the AFM ordering of the B-site Mn3* ions. The measurement gave repro-
ducible results for two different samples and was extended to high temperatures in order
to rule out the possible contribution of leakage currents or space charges. For instance,
from Fig. 3.2, one notes that, for sufficiently low heating rates, the pyroelectric current
vanishes above 100 K; a possible contribution of thermally activated space charges to
the pyroelectric current occurs only above 120 K. One also notes a small pyrocurrent

peak at Ty 4/, which indicates a minor contribution of the AFM ordering of the A’-sites.
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Figure 3.1: Temperature dependence of the unit cell parameters and of the unit cell
volume, V', of the monoclinic crystal structure of (LaMns)MnyO;5 powders. Note
the sudden increase of the monoclinic angle, 5, at the antiferromagnetic ordering tem-
perature of the B-site Mn** ions, Ty 5=78 K, which indicates a large magnetoelastic
coupling.

In Fig. 3.3, we show the temperature dependence of the remnant polarization P(T')
obtained by integrating the pyroelectric current curves measured at a heating rate of 1
K /min for three different poling fields of 12, 24 and 36 kV cm™!. As expected, the value
of remnant polarization increases with poling field and a value as high as P = 0.45 uC
cm~? is reached at the lowest temperature measured of 15 K. The dependence of P on
poling field plotted in the inset shows that the saturation of the polarization was not
reached. A simple fit of this dependence, using a classic Langevin function, suggests a

saturation polarization as high as P,, = 0.54 uC cm~2. To the best of our knowledge,
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these are record value for magnetic ferroelectrics, twice as large as the value previously
reported on (CaMnz)MnyO;o [40, 41]. Furthermore, as said before, about 6-10 times
larger polarizations are expected in high-quality single crystalline films or bulk samples
[64]. Hence, in such samples of (LaMn3z)Mn4O1,, polarizations in the 1-10 uC cm—2

range are expected.
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Figure 3.2: Pyrocurrent curves measured at different heating rates for a poling voltage
of 900 V on a 0.25 mm thin disk made of (LaMn3)Mn,O;5 sintered powders. Note the
peak of pyrocurrent located near the antiferromagnetic ordering temperature, Ty p="78
K. The inset shows the disk covered by a Au layer for metallization, as described in the
experimental section.

In order to confirm the picture of magnetic ferroelectricity in (LaMnz)MnyO;o, we
have carried out magnetoelectric measurements on a similar metallized disk by measur-
ing the dc magnetization as a function of temperature, M(T'), before and after poling
the sample with a 30 V voltage, corresponding to an electric field of 400 V ecm~!. The
curves shown in Fig. 3.4 exhibit a large difference in the magnetization, caused by
the poling field, at the AFM ordering temperatures of both A’- and B-site Mn®* ions,
Ty a=21 K and Ty =78 K. This gives evidence of a magnetoelectric coupling involving

the magnetic moments at both sites. The largest effect is observed at T p, in agree-
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Figure 3.3: Remnant polarization, P, of the polycrystalline (LaMn3)MnyO;5 sample
of Fig. 2 obtained by integrating the pyrocurrent curves measured at different poling

voltages. Inset: dependence of P upon poling field. A fit of the experimental points by
2

using a Langevin function indicates a saturation value P=0.54 pC cm™=.
ment with our previous observation that the dominant contribution to the pyrocurrent

occurs at this temperature.

IV. DISCUSSION

The above results raise a number of questions:

(i) The observation of a spontaneous ferroelectric polarization driven by the the
AFM ordering of the B-site Mn?" ions and concomitant to a large magnetoelastic
response of the monoclinic f angle, strongly indicates that the polarization lies along
the ac-diagonal. Within the ac-plane the magnetic structure displays AFM coupled
collinear moments. Since the magnetic structure of B-sites is responsible for a zero
average contribution to P of the antisymmetric exchange striction, we conclude that
the macroscopic mechanism of spin-driven ferroelectricity is the symmetric exchange
coupling whithin the ac-plane, consistent with the large polarizations observed. Indeed,

in the alternative scenario of antisymmetric exchange (or inverse Dzyaloshinskii-Moriya)

o6



Chapter 3. Multiferroic properties of (LaMnz)MnyO

. . 1,6x107
1,6x10" - . 521 K 77K ]
1 T | 4 1,4x10?
A0 i, | -
= 4] e, oy 4 1,2x10?
2 1.2x10 T, | ]
. : 2 % E }
2 p = o, B g : - 1,0x107
= 1,0x10" OOCOOAAAOOOO ]
o ] OOOOAAA oOO : i .
g 8,0X10'2_ OOOA?%&OO . é - 8,0x10
= T OOOAAAAOO /O/ 3
- ' g8 - 6,0x10
(&) 6,0X102— : OC%AO oot :
.-.8 T E O%Qggzo A
i AOO | -3
S 4,0x10° | o, | 4,0x10
© _ : S -
= 2,0¢10?- | 5% 4 2,0x10°
{LaMn.0_, - Polycrystalline pellet R/ 1
0,0 4100 Oe “Rippernomooon 40,0
|0V ! |
——30V ;
-2,0x10% : . . . . I . . . -2,0x10°
0 20 40 60 80 100

Temperature (K)

Figure 3.4: Left axis: magnetization curve of a polycrystalline (LaMng)Mn,O5 sample
measured in a field of 100 Oe before and after the application of a poling field of 30
V. Right axis: difference between the two magnetization curves showing the magneto-
electric coupling at the two AFM ordering temperatures Ty p=78 K and Ty =21 K
of the of the B-site and A’-site Mn3" ions, respectively.

contribution, smaller polarizations would be expected.

(ii) We experimentally found that the magnetic ferroelectricity is dominated by the
magnetic structure of the B-sites, while the magnetic structure of the A’-sites gives a
much smaller contribution. We recall that the latter structure is made of ferromagnetic
(FM) planes in the ac-plane AFM coupled along the b-axis and that the moments
are oriented along this latter axis [46]. Both structures are commensurate and rather
simple, so it might be possible to explain theoretically why the former structure is more

favorable for ferroelectricity.
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(iii) The existence of a large polarization below T p would imply sizable noncen-
trosymmetric structural distortion below this temperature. It is well known that it
is experimentally difficult to detect these distortions by means of ordinary diffraction
experiments when they are small and second-harmonic generation (SHG) experiments
are a more direct probe. In the present case, the SHG technique is not suitable either
for (LaMn3)Mn4O15 as it is a narrow-gap semiconductor with A=60 meV, as indicated
by resistivity [46] and optical conductivity measurements. Therefore, in the present
case, we limit ourselves to compare the crystal structures measured at 300 and 50 K on
high quality single crystals by means of x-ray diffraction. The two refined structures
are reported in Table I. The aim of this comparison is to detect any anomalous value
of thermal parameter or the appearance of satellite peaks that may reveal a noncen-
trosymmetric structural distortion or modulation, following a similar analysis performed
previously on the proper ferroelectric (BiMn3)Mn4O,5, where the polar Bi*™ was found
to induce a spontaneous polarization in the 12/m quadruple perovskite structure [65].
No additional satellite peaks were observed at low temperature. The high quality of
the structural refinement enables us to conclude that, in the present case, the 12/m
symmetry describes well the crystal structure in both, para- and ferro-electric phases
above and below Ty p. This conclusion is consistent with previous reports on the lack of
noncentrosymmetric distortions in other magnetic ferroelectrics [66, 11, 31]. By means
of resonant magnetic x-ray scattering, Walker et al. [67] succeeded in detecting minute
fm-size modulations of atomic displacements in the simple perovskite ThMnOgs. This
compound exhibits remnant polarizations one order of magnitude smaller than that
reported here, thus we expect that much larger structural modulations should be ob-
served in (LaMng)MnyOq5 single crystals or thin films, but resulting in a long-range

centrosymmetric structure.

(iv) The very large polarizations found in (CaMn3)Mn4O;5 and (LaMnz)MnyOqo sug-
gest that manganese oxides with quadruple perovskite structure, described by the gen-
eral formula (AMn3)MnyOqy, where A is a di- or three-valent cation, are particularly
favorable for hosting large magnetic ferroelectricity. Further theoretical and experi-
mental studies are needed to elucidate this point, which goes beyond the scope of this

work. To stimulate further work, we limit ourselves to recall the peculiar features of
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quadruple perovskites not found in simple perovskites that may be associated with the
observation of large magnetic ferroelectricity [68]. 1) In all (AMn3)MnsO;5 compounds
hiherto reported, no indication of oxygen defects has been found, which is attributed
to the fact that oxygen vacancies would destabilize the bonding of the low-coordination
number of the A’ sites. 2) In quadruple perovskites, the symmetry of the oxygen sites
is comparatively high as compared to that of distorted simple perovskites, which limits
strain-induced lattice distortions of the oxygen sublattice. As a result, the ability of
the oxygen atoms to screen the electric dipole moment formed by the distortion of the
Mn sublattice is also reduced. An extensive low-temperature structural study of the

ferroelectric phase of (LaMn3)Mn,Oqy is required to verify this scenario.

V. CONCLUSION

In conclusion, we have reported a ferroelectric phase, with a record value of remnant
polarization, Ps,;=0.54 1C cm™2 in the quadruple perovskite compound (LaMn3)Mn4O1,
concomitant to a C-type AFM ordering of the B-site Mn** ions at Ty p=78 K. This
observation is accompanied by the evidence of a sizable magnetostriction of the unit
cell and of a very large magnetoelectric coupling at the same temperature. This result
is striking in two aspects. (i) Considering that the above polarizations, twice as large
as that found in (CaMns)Mn,O;2 single crystals, have been obtained on polycrystaline
samples, 6-10 times larger values are expected in high-quality single crystalline films
or bulk samples [64]. This would correspond to extremely large values, ~ 3 — 6 uC
cm ™2, comparable to those obtained in proper ferroelectrics, which would open the
avenue towards multiferroic applications. (ii) If the above picture of polarization in
the ac-plane will be confirmed, the unique magnetic contribution to polarization would
come from the exchange-striction mechanism whithin the ac-plane. This result provides
clear hints for the optimization of the multiferroic properties of magnetic ferrolectrics
and we envisage that even better multiferroic performances may be found among novel

quadruple perovskites.
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Temperature 300 K 50 K
Radiation MoK, A=0.71073 A Synchrotron A=0.6717 A
a,b,c(A) 7.5072(5),7.3752(5),7.5164(5) 7.4980(4),7.3660(3),7.5055(4)
B(°),V(A)3 91.268(6), 416.06(5) 91.187(6), 414.44(3)
La 2a (0,0,0)
Ueq 0.0089(4) 0.0029(3)
Ur1, Usz2, Uss 0.0078(5), 0.0091(5), 0.0098(5) 0.0035(4), 0.0027(3), 0.0025(4)
Uss, Uiz, Uiz 0, -0.0009(3),0 0, -0.0014(3),0
Mn A’ 2b (0,1/2,0)
Ueq 0.0096(5) 0.0030(4)
Ur1, Uz, Uss 0.0059(10), 0.007(1), 0.0158(11) 0.0020(8), 0.0019(7), 0.0052(8)
Uas, Uis, Uia 0, -0.0013(9),0 0, -0.0001(7),0
Mn A’ 2¢ (1/2,0,0)
Ueq 0.0105(5) 0.0032(4)
Ur1, Usa, Uss 0.0065(10), 0.0172(12), 0.0077(10) 0.0015(9), 0.0069(7), 0.0012(8)
Uaz, Urs, Uiz 0, -0.0011(8),0 0, 0.0005(7),0
Mn A’ 2d (1/2,1/2,0)
Ueq 0.0090(5) 0.0035(4)
Ur1, Uz, Uss 0.0134(11), 0.0063(10), 0.0072(10) 0.0061(9), 0.0025(7), 0.0018(8)
Uss, Uiz, Uia 0, -0.0013(9),0 0, 0.0001(7),0
Mn B 4e (1/4,1/4,1/4)
Ueq 0.0068(4) 0.0025(3)
Ur1, Usa, Uss 0.0053(8), 0.0077(8), 0.0074(8) 0.0028(7), 0.0033(6), 0.0014(7)
Uaz, Urs, Uiz 0.0000(5), -0.0012(7),0.0007(4) 0.0000(3), -0.0006(6),-0.0001-(3)
Mn B 4f (1/4,1/4,3/4)
Ueq 0.0068(4) 0.0025(3)
U1, Usa, Uss 0.0050(8)), 0.0063(8), 0.0090(9) 0.0027(7), 0.0022(6), 0.0026(7)
Uss, Uiz, Uis -0.0001(5), -0.0011(7),-0.0001(4) 0.0001(3), -0.0005(6),-0.0001(3)
O1 4i (z,1/2,2)
2 0.1850(7),0.6813(8) 0.1869(6),0.6783(6)
Ueq 0.0098(12) 0.0027(9)
U11, Usg, Uss 0.008(3), 0.008(3), 0.014(3) 0.001(2), 0.0052(19), 0.002(2)
Uaz, Urs, Uss 0, -0.001(2),0 0, -0.0002(18),0
02 4i (z,1/2,2)
z,z -0.1920(7),0.6688(7) -0.1921(6),0.6685(6)
Ueq 0.0086(12) 0.0032(9)
Ur1, Uaa, Us3 0.006(3), 0.012(3), 0.007(3) 0.005(2), 0.0040(19), 0.001(2)
Uss, Uiz, Uis 0, 0.005(2),0 0, 0.0015(19),0
03 8j (z,y,2)
z,y,2 0.4864(5),0.3244(5),0.8131(5) 0.4873(4),0.3244(4),0.8124(4)
Ueq 0.0091(9) 0.0052(7)
Ur1, Uz, Uss 0.008(2), 0.009(2), 0.010(2) 0.0066(18), 0.0057(14), 0.0031(15)
Uss, Uis, Uia -0.0037(17), -0.0016(17),-0.0006(15)  -0.0011(11), 0.0004(14),-0.0005(11)
04 8j (z,y,2)
,y,2 0.6731(5),0.1895(5),0.5155(5) 0.6729(4),0.1904(4),0.5145(4)
Ueq 0.0084(9) 0.0052(7)
Ur1, Uz, Uss 0.009(2), 0.0061(19), 0.0011(2) 0.0044(17), 0.0060(15), 0.0050(16)
Us3, Uiz, Uis -0.0007(17), 0.0010(17),-0.0028(15)  -0.0001(11), -0.0018(14),-0.0027(12)
R [all data] R1=0.0411, wRo = 0.0995 R1=0.0318, wRa = 0.0795

Table 3.1: Crystal structure obtained from refinement in the I2/m space-group of
single-crystal x-ray diffraction data. 60
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Chapter 4

Raman and IR spectroscopy study
of the spin-lattice coupling in
(LaMn3)Mn 01

4.1 Introduction

Comme décrit dans le chapitre précédent, (LaMnz)Mn,O15 présente des propriétés mul-
tiferroiques remarquables, avec notamment la plus grande valeur de polarisation magné-
tiquement induite jamais reportée et un fort couplage magnétoélectrique. Cependant,
aucune évidence de distorsions ferroélectriques n’a pu étre identifiée par diffraction.
Or, pour étre ferroélectrique, un matériau doit forcément présenter des distorsions qui
brisent le centre d’inversion. Ainsi, la question légitime est: Ce composé est-il vraiment
ferroélectrique 7 Si oui, existe-t-il un moyen d’observer les distorsions attendues, méme
minuscules (1075 m) ? Une fagon indirecte d’identifier les distorsions du réseau est
d’observer 1’évolution du spectre de phonons en fonction de la température. Pour cela,
les techniques de spectroscopie infrarouge et Raman, ainsi que la mesure de la chaleur
spécifique sont particulierement appropriées. De plus, les techniques de spectroscopie
permettent d’identifier les phonons qui se couplent aux propriétés multiferroiques. Du-
rant ma these j’ai donc réalisé ces mesures en paralelle entre 'TMPMC et le laboratoire
de R. Lobo a 'ESPCI et ce chapitre en présente les résultats ainsi qu’une interprétation
théorique dans le cadre de la theorie phénoménologique des ferroélectriques impropres

développée en 1974 par A. P. Levanyuk et D. G. Sannikov [13].
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4.2 Article II: Evidence of strong magnetoelastic
coupling driving magnetic ferroelectricity
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Evidence of strong magnetoelastic coupling driving magnetic
ferroelectricity in (LaMn3;)Mn, O,
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Abstract

We report on a systematic infrared (IR) optical conductivity and Raman spec-
troscopy study on single crystals of the magnetic ferroelectric quadruple perovskite
(LaMn3)MnsO12  (LMO) as a function of temperature. We identified a large num-
ber of mutually exclusive IR and Raman modes consistent with a symmetry analysis
applied to the centrosymmetric monoclinic 72/m structure of LMO. We followed the
temperature dependence of the strongest modes in the vicinity of the AFM ordering
transition, Ty g, at which an electric polarization appears. The IR modes display
either a conventional hardening in the whole temperature studied or a phonon fre-
quency renormalisation at the temperature of magnetic ordering of B-sites, Ty p. The
renormalisation corresponds to either a softening or hardening of the mode, similar to

previous observations of AFM transitions in ordinary paraelectric materials, which is
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explained by including an exchange coupling between neighoring spins to the hamilto-
nian of an elastic crystal. On the other hand, much more pronounced anomalies are
observed at Ty p in the behavior of the Raman modes. These anomalies consist in a
pronounced critical enhancement of the mode frequency followed by an abrupt drop.
Both behaviors are explained qualitatively by previous phenomenological theories of
improper ferroelectrics and suggest the existence of fluctuating ferroelectric domains in
a long-range centrosymmetric structure. The magnitude of the anomalies observed in
the behavior of the Raman modes points to a strong magnetoelastic coupling at Ty g
concomitant to the onset of the fluctuating domains with no-long-range ferroelectric or-
der in the absence of poling. Complementary specific heat measurements as a function
of field carried out on polycrystalline samples show a large field-induced depression of
the lattice specific heat which reaches ~ 40% at 2 K in a field of 9 T. This depression

gives further evidence of an additional field-induced lattice hardening induced at Ty 5.

I. INTRODUCTION

Improper ferroelectricity, i.e. the appearance of a switchable macroscopic electric
polarization induced by another order parameter, has been the object of experimental
and theoretical studies since the 60’s [69]. First observed in ammonium fluoroberyllate
[70] and later in rare-earth molybdates [71, 72], this phenomenon has recently attracted
a renewed interest in the case of magnetic ferroelectrics (MFs), where the principal order
parameter is magnetic [73, 10, 74, 11, 75, 60, 76]. It is believed that these multiferroic
materials are promising for applications, as the magnetoelectric coupling is inherently
large it can be used to switch a magnetic domain by an electric field, or viceversa.
This may lead to novel concepts of electronics devices, such as fast and low-power
consuming non-volatile memories [14, 77, 7, 78] that would revolutionize electronics

and information technologies.

While the phenomenological theory of magnetic ferroelectricity has been well estab-
lished by including appropriate ME terms in the free energy [22, 21], the microscopic
mechanisms suitable to explain the experimental behavior observed remain controver-
sial. In spite of the important quantity of experimental data available and of the numer-

ous MFs hitherto discovered, clear experimental signatures of the onset of ferroelectric

64



Chapter 4. Raman and IR spectroscopy study of the spin-lattice coupling in
(LaMng)Mn4012

order, e.g. phonon anomalies at the critical temperature of magnetic ordering or non-
centrosymmetric structural distortions, are surprisingly missing. For instance, the ob-
served phonon anomalies in (CaMns)MnsO12 and RMnO3 multiferroics [79, 80, 81] are
not substantially different from the modest mode renormalizations previously reported
in ordinary paraelectric antiferromagnets like MnF, [82, 83]. These renormalizations,
fully explained by second-order perturbation theory, consist in a deviation from the con-
ventional mode-hardening with decreasing temperature predicted by Balkanski [84] and
the magnitude of renormalization is proportional to the square of the magnetic order
parameter (M) [85]. On the other hand, the structural distortions observed in the mag-
netic ferroelectrics previously studied are either minute modulations or not observed at
all [66]. For example, in recent studies, it was reported that in ThMnOj the dipolar
distortions associated with magnetically induced ferroelectricity are in the femtoscale
[67, 86] and previous spectroscopy studies on this compound failed to detect a center
of symmetry breaking [81]. One may argue that the reason of the missing signatures
of the ferroelectric phase in MFs is the comparatively small polarization characteristic
of these materials, typically smaller than ~ 0.1xC cm™2, which may hinder practical
applications. However, no clear signature was reported in (CaMngz)MnyO;5 either [87],

where polarization is found to be as large as ~ 0.3 uC cm™2 [40, 49, 41, 62].

Very recently, some of us reported (see chapter 3) record high polarizations Py, ~
0.54 uC ecm~? induced by a C-type antiferromagnetic (AFM) order of the B-site Mn®"
ions in (LaMn3)Mn4O;5 (LMO), which shares a similar quadruple perovskite structure
[46] with (CaMng)MnyOq5. These values, obtained far from saturation in polycrys-
talline samples, suggest that values in the ~ 10 uC cm™2 range are expected in single
crystals or epitaxial films, which is very promising not only for a direct spectroscopic
observation of the ferroelectric phase but also for applications. With this motivation,
in this work we carried out a systematic optical conductivity and Raman spectroscopy
study in LMO single crystals across the AFM ordering temperature of the B-sites at
Tn =78 K. The results confirm the centrosymmetric 12/m structure of LMO, since
no coincidence of the Raman and infrared (IR) modes is found. All IR modes are
found to display the conventional mode renormalization expected in ordinary AFM,

as said before. Conversely, the main Raman modes give evidence of a deviation from
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the normal Balkanski behavior around 150 K and strong magnetoelastic coupling that
manifests itself as a critical behavior at Ty 5. We propose to explain the results using
the phenomenological theory of improper ferroelectrics developped by Levanyuk and
Sannikov in [13] and hypothesize the existence of strong magnetic fluctuations above
Tx g, which turn out to affect the Raman modes but not the infrared ones because
of symmetry considerations. This theory explains the formation of several ferroelec-
tric domains with opposite orientations which accounts for the observed long-range
centrosymetric structure of LMO in the low-temperature phase, in the absence of a
poling field. A complementary specific heat study on a LMO polycrystalline sample
displays a very large magnetic field-induced suppression of the phonon contribution
at low temperature, which supports a picture of strong magnetoelastic coupling. A
straightforward analysis of the field-dependence of this suppression indicates that the
dominant magnetoelectric term in the free energy is quadratic in the field. This re-
sult confirms the centrosymmetric structure of LMO and sets a constraint as to the

microscopic mechanism of magnetic ferroelectricity relevant to the present case.
II. EXPERIMENTAL

Samples. As reported previously [46], (LaMns)MnysO;2 is a metastable phase syn-
thesized at high pressure. Depending on the synthesis conditions, both powders or
small 0.2-0.5 mm-sized single crystals are reproducibly obtained. The present spectro-
scopic study was carried out on single crystals, while a polycrystalline sample was used
for the specific heat study. x-ray single-crystal diffraction was performed to identify
the orientation of the single crystals. Neutron powder diffraction data taken at the
3T diffractometer of the LLB laboratory in Saclay confirm the purity of powder to be
above 95%.

Raman spectroscopy. A series of Raman spectra in the 150-750 cm ™' range was

taken as a function of temperature in the 10-300 K range by using a Jobin-Yvon/Horiba
T64000 spectrometer equipped with a CCD camera. The spectra were taken by focusing
an Ar laser beam (A = 514.5 nm) on a ~ 5um diameter spot on the surface of a freshly
broken (LaMnz)MnysO;2 single-crystals. To ensure a good thermalization, we used
silver paste to mount the sample on the cold head of a liquid-helium flow cryostat kept

under a high vacuum of 107 mbar. By monitoring the mode frequency as a function
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of the beam power measured before the optical window of the cryostat, we verified that
sample heating is prevented using powers up to 8 mW, so we decided to use a 5 mW
beam. For the strongest Raman modes, we achieved a typical energy resolution of 0.2

Cmil.

Infrared spectroscopy. IR spectra were collected as a function of temperature upon
warming-up the sample in a Bruker IFS66 /s Fourier-Transform spectrometer. We used
either a bolometer-Mylar Germanium or a 4.2 K Si:BPhototconductor-KBr:Ge detector-
beamsplitter combination for the 80-700 cm™! and 300-2500 cm ™! spectral regions, re-
spectivelly. The measurements were performed in the reflectivity geometry using a

Globar SiC source with a resolution of 2 ecm™!.

Spectra were taken on a 0.5 mm-
size single crystal polished using a Leica mechanical polisher equipped with a 0.1 pgm
diamond grain-paper and mounted on the cold finger of an Advanced Research Sys-
tems, Inc. Helitran cryostat. The polished surface does not correspond to a simple
crystallographic direction as the normal direction of the surface is [-2,4,-3]. In order
to investigate all modes, we used linearly polarized light with polarization along two

orthogonal directions, indicated as P01 and P02. In order to determine the absolute

reflectivity, we used an in situ gold overfilling technique, as described elsewhere [88].

Thermodynamic measurements. Temperature- and field-dependent magnetization,
M, and specific heat, C},, measurements were carried out on a (LaMn;)Mn,O12 pellet
using a Vibrating Sample Magnetometer (VSM) and a 27 relaxation method, respec-

T™

tively, implemented in a commercial Quantum Design physical properties measure-

ment system (PPMS) equipped with a 9 T superconducting magnet.

ITI. RESULTS

Fig. 4.1 summarizes the raw reflectivity data taken at 10 K in the 80-750 cm ™" range
for the two orthogonal polarizations, PO1 and P02. Note that the two spectra share
several modes, consistent with the fact that, according to the above x-ray diffraction
analysis, the sample surface is oriented along the [-2,4,-3] direction, which is not a prin-
cipal direction. Our data analysis enabled us to identify 28 and 34 modes in the P01 and
P02 polarizations, respectively. 23 modes are common to both polarizations, although

with different intensities, hence we observe 39 IR modes in total. This observation
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is consistent with a straightforward symmetry analysis of the IR- and Raman-active
modes predicted in the monoclinic I2/m symmetry of LMO. The 60 phonon modes
have the following symmetries: 10 A, + 18 A, + 8 B, + 24 B,, of which 39 (17 A, +
22 B,) are IR-active, 18 (10 A, + 8 B,) are Raman-active and the remaining 3 (A,
+ 2B,) are acoustic. Interestingly, the Raman-active modes involve only the oxygen
atoms. Specifically, 24, + B, modes correspond to the 4¢ Wyckoft sites, while the
remaining 34,438, modes concern the 8j sites. For both polarisations, the number of
modes is unchanged with increasing temperature, although their intensities decrease,
as expected. This confirms the conclusion of a previous structural study [46] that no
structural change occurs in the whole temperature range investigated.

In order to analyze the IR spectra, we used a Lorentz oscillator for each mode, which

yields the following contribution to the dielectric function:

0

02 — w? —ipw

€(w) = €0 + zk:Aek (4.1)

where €, is the contribution of the electronic transitions and each transverse-optical
(TO) k-th mode is described by a resonance frequency €, an dielectric strength Aey
and a damping 7. As usual, these parameters were fitted under the constraint that
the reflectivity calculated at normal incidence, R = |1 — /€|?/|1 + y/€|?, matches the
experimental value. Note from Fig. 4.1 the excellent agreement between the experi-
mental reflectivity curve and the fit. Using Eq. 4.1, we obtained the imaginary part
of the dielectric function, €”, whose maxima represent the TO-frequencies. This func-
tion is plotted in Fig. 4.2 for both P01 and P02 polarizations and compared with the
Raman spectrum taken at the same temperature (~ 10 K). The Raman spectrum dis-
plays 11 modes, which is consistent with the previous prediction of 18 Raman-active

1 may be

modes, considering that some modes, for instance those at 475 and 660 cm™
split in frequency, however the splitting is not clearly resolved because of the cubic
pseudosymmetry of LMO. Specifically, the a- and c-axis parameters are very similar.
Most IR modes are not present in the Raman spectra, and vice-versa, which confirms
the previous conclusion from a neutron diffraction study [46] that the space group of
LMO remains centrosymmetric 12/m down to low temperatures. In order to confirm

this result, we attempted to carry out ab initio calculations of the phonon frequencies
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Figure 4.1: Reflectivity of a LMO single crystal measured at 10 K using polarized light
with two orthogonal polarizations P01 (top panel) and P02 (bottom panel). Black dots
are experimental points; blue lines are fits to the data using transverse-optical (TO)
Lorentz oscillators, according to Eq. 4.1. The dashed vertical red lines represent the
positions of the fitted TO modes.
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in a relaxed 12/m structure within density functional theory (DFT) in the local density
approximation. The calculations led to six negative frequency values, which may reflect
the limitations of DFT to precisely describe the electronic and dynamical properties of

this system.
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Figure 4.2: Top: Raman spectrum of a representative (LaMng)Mn,Oo single crys-
tal measured at 10 K. Bottom: imaginary part of the dielectric function of a
(LaMn3)Mn4O;5 single crystal from the same batch obtained from the fit with Lorentz’s
model of the IR reflectivity curves taken at 10 K for two P01 (red) and P02 (black)
orthogonal light polarizations.

In the absence of phonon calculations, we tentatively assign the main Raman modes
observed experimentally by comparing them with those previously reported on per-
ovskitelike compounds with similar electronic and structural characteristics. We refer
to two studies by lliev et al. on LaMnOj [89] and on (CaMns)MnyO;5 [90] which exhibit

an orthorhombic Pmna and rhombohedral R-3 distortion, respectively, of the pristine
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cubic Pm-3m structure of simple perovskites. Similar to LMO, in both compounds,
only the oxygen atoms are Raman active. The analysis of the descent in symmetry
of the irreducible representations (IRs) indicates that: i) A; modes of the R-3 space
group are A, modes in I2/m as well; ii) £, modes of R-3 correspond to B, modes in
I12/m; iii) E, modes arising from a A, + E, decomposition in R-3 correspond to A,
modes of 12/m. This correspondence leads us to conclude that the Ry, Rio and Ry
modes observed in LMO correspond to a 7, mode of the pristine cubic Im-3 phase.
The frequency of the R;; mode at 660 cm™! is close to that of the Jahn-Teller (JT) B,
mode of LaMnOj3 observed at 693 cm™" [89]. Similarly, the frequency of the Rjq mode
at 620 cm ™! is close to that of the A, mode of (CaMn3)Mn4O12 at 612 cm™!. Hence,
according to the above correspondence of modes, the Ry mode of LMO is an A, mode.
In (CaMn3)Mn4O19, this later mode has been reported to be one of the two peaks of
a doublet arising from a splitting of a 7, mode of the pristine cubic phase, consistent
with the hypothesis that Ry, Rip and Ry; form a 7}, triplet in LMO arising from the
undistorted cubic phase. Thus, Ry is likely to be the B, mode of the triplet split by
the monoclinic 72/m distortion. The R;, Rg and Ry modes at 475, 438 and 223 cm™!,
respectively, are close to the 3 A, modes at 474, 428 and 211 cm ™! of (CaMn3)Mn,O1z.
Thus, the symmetry of these modes should be A, in LMO as well. We give a physi-
cal interpretation of the above Raman modes by noting that the polarization of these
modes should not be fundamentally different from that of the modes previously studied
in orthorhombic LaMnQOj. Following Iliev et al. [89, 90], the high-, intermediate- and
low-frequency regions 582-693, 462-509 and 218-347 cm~! correspond to the stretching,

bending and rotation modes of the MnOg octahedra, respectively.

In the following, we should analyze the temperature dependence of the main IR
and Raman modes by focusing on the anomalous behavior expected in the vicinity of
the AFM ordering transition temperature, Ty g = 78 K. We limit ourselves to study
the changes of mode frequency as determined by fitting the experimental peaks using
Lorentz and Fano-Lorentz functions for the IR and Raman modes, respectively. Follow-
ing previous work the latter function was chosen to take into account the asymmetry
of the Raman modes. In Fig. 4.3, the temperature dependence of the frequency is

plotted for six representative IR modes. Modes labeled as IR-12 and IR-26 exhibit a
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conventional behavior consisting in a progressive hardening with decreasing tempera-
ture which levels off at low temperature. This characteristic behavior, caused by mode
anharmonicity, is explained by Balkanski’s model [91]. The other four modes IR-11,
IR-21, IR-31 and IR-36 follow the above conventional behavior until the AFM ordering
temperature T p at which an anomalous softening or hardening occurs. This anomaly
is a consequence of AFM transition [82, 83|, previously observed in several compounds
including manganese oxides with perovskitelike structure similar to the present com-
pound LMO [79, 85, 89, 92, 80, 93]. In agreement with previous studies [85, 83] we
have found that the frequency change Aw caused by the magnetic order below Ty 5 in
LMO is well explained by Baltensperger and Helman (BH) theoretical expression [84]
obtained by including the spin energy to the Hamiltonian of an harmonic lattice. In
second-order perturbation theory, it turns out that Aw is proportional to the spin-spin
correlation function and that the proportionality coefficient is an appropriate average
of the exchange couplings between all neighboring magnetic ions. Hence, the BH the-
ory predicts that the sign of the frequency change in the magnetic phase reflects the
sign of the dominant exchange terms. According to this prediction, the experimental
results of Fig. 4.3 indicate that the magnetic structure of the B-sites of LMO is de-
scribed by exchange terms with opposite sign, in agreement with the previous report
of C-type structure [46], formed by ac-planes of AFM-coupled ions coupled ferromag-
netically along the b-axis. In agreement with the above BH prediction, Fig. 4.3 further
shows that, for all modes, the anomalous frequency change Aw below Ty p is well de-
scribed by the square of the ZFC susceptibility (see Fig.4.3). In conclusion, in LMO,
the anomalies of the IR modes observed at the magnetic transition are fully explained
by the effect of spin energy on mode frequency, as treated in the above BH theory,

without invoking the effect of electric polarization.

72



Chapter 4. Raman and IR spectroscopy study of the spin-lattice coupling in
(LaMng)Mn4012

240.0 429.0F 7
1
2398 42850
239.0 — i
— ~— 4280[ !
- 2385 = !
Q 1
5 238.0 Sl :
Q
& 2375 £ 470l |
c 0] 1
S 2370 > !
z : g 4wt
—_ 1
L %68 " a0l '
236.0 i
42550
235.5 |
364.6 ==t
1
36441 |
2340 , ! . -
r'E ®a.2p : ZFC M [(B/Mn’7Y]
— 1 1 [
(o] I
2 pras 2.0x10 g 340 ! !
I} . = H ' +-2.0x10°
o > w38, i i
= c
o . O 36360, n I
o -4.0x10° 3 . .
L 233.0 g | i AN
o B34 I --4.0x10°
3632} i i IR-21
2325 P02 \ -6.0x10° : : P02
wl |‘ w‘ wl 4 0 10{ 3630 : : L L L 1 4 U 10‘
14.0x 544 | 14.0x10°
602 ] '
1 1 5
. 543 {2.0x10°
{2.0x10° i i *
— 600 2 - i i
- ZFC M? [(uB/Mn*)] — 5420 0.0
£ 0.0 'E : :
- 598 .y G 4 i i {2.0x10°
& e, L, 5 4oL i .
o S 4-2.0x10 c : : +-4.0x10"
8— 596 T g 539 1 1
o h g i | 1-6.0x10°
I S, 1-4.0x10” E s3a| | .
594 ™ ! ! -
IR-36 ™| 57l | ! R-31 e {-8.0x10
P02 1-6.0x10° ! ! PO1 )
592 L ! ! L 536 1 ! Ly ! ! L 1-1.0x10
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature [K] Temperature [K]

Figure 4.3: Black dots: Temperature dependence of the frequency of representative IR
modes in the 10-300 K range. The magnetic phase transitions at T p and Ty 4/ are
indicated by red dashed lines. The green dashed lines show the Balkanski’s anharmonic
phonon hardening obtained from fitting of the high temperature range. The blue solid
lines represent the square of the ZFC magnetization measured on a single-crystal of
(LaMng)Mn4012.
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Interestingly, much more pronounced anomalies near Ty g are found in the behavior
of the Raman modes. Fig. 4.4 shows the temperature dependence of the frequency
of the three strongest modes in the 10-300 K range. Well above T g, in the 150-
300 K range, all these modes follow the conventional dependence predicted by the
aforementioned Balkanski model. However, upon approaching T g, below 150 K, all
modes display a strong hardening, followed by a marked drop of 2-3 cm™ at Ty p. At
the temperature corresponding to the magnetic orientation of A’-sites, Tx s, there is
a second renormalisation of the Raman-modes characterized by a slow softening. To
the best of our knowledge, such marked anomalies, characterized by a large frequency
drop at the magnetic ordering transition (T, ), were never reported before either in
conventional AFM or in magnetic ferroelectrics. For example, the anomalies observed in
related manganese oxides such as (CaMnz)MnyOq5 [93] or RMnOj [79, 85, 89, 92, 80, 93]
consist in discontinuities of the slope of the temperature-dependent frequency curves
similar to the one occuring at Ty 4 in our case. The peak behavior observed here is
similar to the critical behavior of thermodynamic quantities such as specific heat found
at second-order phase transitions. This similarity suggests a critical behavior of the

strain field, as the latter directly governs the Raman matrix elements.

In the following, we will try to interpretate the results in the framework of phe-
nomenological theory of improper ferroelectrics developped by Levanyuk and Sannikov
[13]. We recall that in improper ferroelectrics, the polarization (electric dipolar mo-
ment) is not the order parameter of the ferroelectric transition. In the particular case
of magnetic ferroelectrics, the order parameter is the magnetization. The authors show
that the generic order parameter entering in the Ginzburg-Landau thermodynamic po-
tential of improper ferroelectrics is formed by at least two scalar components £ and
n, forming two second-order invariants £énP and (£2 — n?)P. As a consequence, £n and
(€2 — n?) are polar, while ¢ and 7 are not. The above order parameter components
have the meaning of normal coordinates of modes. It results that the matrix elements
giving the contribution in IR and Raman spectrum of the polarization are < f|{nP|i >
and < f|¢nxE|i >, respectively, where y is the tensor of polarizability. In the high-
temperature paraelectric phase (T > T, = T ), because of symmetry constraints, the

IR term is equal to zero, that is, the polar soft mode associated to ferroelectric displace-
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ments is inactive in the IR spectrum. In the low-temperature ferroelectric phase, |i >
is polar, therefore both terms are allowed by symmetry. However, the IR term varies
continuously in P giving a very low contribution in intensity near the transition point
and might be difficult to detect in IR spectrum. Both theoretical results are coherent
the absence of anomaly driven by ferroelectricity in our reported IR spectra. On the
other hand the Raman term is allowed by symmetry in the paraelectric phase but its
contribution zero because by definition < £ >=< n >= 0 in the symmetric phase.
However, we envisage that strong fluctuations of the £ and n can give a contribution
to the raman-active modes. Finally, when going through the transition, the Raman
term undergoes a critical behavior due to the improper ferroelectric transition driven
by & and 1 which present simultaneously spontaneous non-zero mean values at 7.. The
link between the thermodynamic potential, the thermal expansion coefficient and the
relation between the relative variation of frequency of mode and the relative variation
of volume given by the Gruneisen parameter help us to conclude that a jump of specific
heat due to the second-order improper ferroelectric transition is equivalent to a jump
in frequency of the corresponding modes. Therefore, we can explain the deviation of
Raman frequencies from the normal thermal Balkanski behavior at 150 K by the effect
of strong magnetic fluctuations and the drop at Ty p by the coupling of Raman modes

with ferroelectric displacements.

The frequency dependence of the low frequency dielectric constant can be tracked
from the fitting parameters of IR spectra. In Fig. 4.5, we report the frequency depen-
dence of the low-frequency optical value (from P01 spectra)of the dielectric constant (€’
real part of the dielectric function ) at several temperatures with the very-low frequency
value, €, obtained from capacitance measurements. The figure shows a significant dis-
crepancy between the two values as, the IR data consistently yield €y=15-16, while
the dc value measured directly by means of the capacitance method is significantly
higher, ~25. As previously discussed in ThMnOj [81], this discrepancy can be ex-
plained by electromagnons in the ferroelectric phase, which should be detected in the

! region of the Raman spectra, not accessible to the present

low frequency 10-80 cm™
experiment. However in this case, the contribution of the electromagnons should dis-

appear at Ty p which is not the case. We should rather attribute the difference of the
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Figure 4.5: Comparison of the low-frequency dielectric constant of (LaMnz)Mn,Oq5 cal-
culated from the Lorentz fit of IR spectra (P01) as a function of frequency and he very-
low DC value, ey, obtained from capacitance measurements on polycristalline sample.

infrared and DC values to relaxor-like phenomena, since ¢y curves undergo a negative

slope as a function of frequency.

The above scenario of magnetoelastic coupling is confirmed by a systematic study
of the specific heat, C,(T, H), measured as a function of magnetic field, H, and tem-
perature, 7', at constant pressure in the AFM phase, T' < T p. Since the electronic
contribution to the specific heat is vanishing in insulating LMO, our expectation is that
the field-induced changes of C), directly reflects the changes in lattice dynamics. Ac-
cording to this expectation, we found the very large field-induced changes shown in Fig.
4.6 where it is noted that, at all temperatures below T g, C, is reduced by the field;
at the maximum applied field of 9 T, the relative reduction C,(H)/C,(0) reaches 40 %
at 2 K and progressively decreases with increasing temperature. This finding provides
further evidence of a large magnetoelastic coupling and indicates that the magnetic

field induces a lattice hardening, consistent with the previous Raman data.
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IV. CONCLUSIONS

In conclusion, the present systematic infrared (IR) optical conductivity and Ra-
man spectroscpy study unveils an opposite behavior of the IR and Raman modes at
the AFM ordering transition in the magnetic ferroelectric LMO. First, the absence of
simultaneously IR- and Raman-active modes confirms the picture of centrosymmetric
structure a priori not compatible with a long-range lattice induced electric polarization.
Second, the absence of pronounced anomalies in the IR modes is consistent with previ-
ous theories on the symmetry invariants characterizing the onset of ferroelectricity in
improper ferroelectrics. On the other hand, the pronounced mode hardening followed
by an abrupt frequency drop found in the Raman modes point to a strong magnetoe-
lastic coupling at T p consistent with the onset of fluctuating ferroelectric domains
that could explain the average non polar structure. The large depression of the lattice
specific heat in large fields gives further evidence of an additional field-induced lattice

hardening induced by the magnetic order at Ty p.
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Chapter 5

Effect of the chemical pressure
(La’t /Y3T substitution)

5.1 Introduction

En parallele de I'étude de la phase déja existente LMO, nous avons cherché a obtenir
une nouvelle phase de perovskite quadruple dans le but d’améliorer les propriétés mul-
tiferroiques. La particularité de la structure pérovskite quadruple par rapport a la
pérovskite simple réside dans l'inclinaison particulierement prononcée des octahedres
d’oxygene, a l’origine de ’angle de super-échange Mn-O-Mn, i) ~ 137°. Cette propriété
structurale est responsable de la compétition entre les intéractions d’échange antiferro-
magnétique et ferromagnétique en fonction de la direction et selon les deux trajectoires
B-O-B et A-O-B disponibles entre ions magnétiques premiers voisins. Notre idée a
donc été d’introduire sur le site A un atome de petite taille afin d’augmenter I'interaction
d’échange, mais sans changer la valence du site A afin de garder la monovalence 3+
de tous les manganeses dans la structure. Nous avons donc choisi 'atome d’Yttrium
qui est ~ 30 % plus petit que le Lanthane et qui, comme ce dernier, posséde le méme
état d’oxydation 3+. Comme attendu, pour stabiliser une telle phase, ou la pression
chimique est plus importante di a la petite taille de I'ion Y3*, il faut augmenter la
pression de synthese. Nous avons donc commencé 'étude du diagramme de phase au
dessus de 6.5 GPa. A l'aide de plusieurs syntheses nous avons pu déterminer la zone

de stabilité de la phase et obtenir des échantillons de poudre de grande pureté ( 98%).
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Abstract

We report on the successful high-pressure synthesis of single-phase powders of the
quadruple perovskite (YMns)MnyO12, where the chemical pressure exerted by the small
Y3t ion is expected to enhance the exchange interaction between Mn®* ions. According
to this expectation, powder neutron diffraction, specific heat and magnetization mea-
surements give evidence of a C-type antiferromagnetic ordering of the Mn®* ions in the
octahedrally coordinated B-sites at T p=108 K, 30 K higher than in the isostructural
and isovalent compound, (LaMn3)MnyO15. Surprisingly, we found no evidence of long-
range magnetic order of the square-coordinated A’-sites, although an indication of latent
magnetic order is given by a broad peak of the DC magnetization between 70 and 40 K
and by a sharp peak in the AC suscpetibility at T*=70 K. A further unexpected feature
of (YMn3)Mny4O12, not found in previously reported (AMn3)MnsO;5 compounds, is a
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second-order structural phase transition at 7,=200 K, attributed to a partial redistribu-
tion of charge involving both the B and A’-site Mn3* ions. The present results suggest
the existence of competing magnetic orderings, which may be linked to the occcurence

of magnetic ferroelectricity in the (AMn3)MnyOq5 system.

I. INTRODUCTION

Quadruple perovskites, described by the general formula (AA%) B,4O12, have recently
attracted a great deal of interest for they display unique charge, spin and orbital or-
derings not found in simple perovskites, ABO3. These properties arise from a unique
pseudocubic structure shown in Fig. 1, first reported by Marezio et al. [42], which
hosts two distinct A and A’ sites. The structure is stabilized by the Jahn-Teller dis-
tortion of the latter sites, typically occupied by Cu?*, as in the prototype compound
CaCu3Ti O15 reported by Deschanvres et al. [43], or by Mn®", as in the present case.
The distortion turns the pristine dodecahedral coordination of the A’ sites into square-
planar and drives a very large tilt of the corner-sharing BOg octahedra, the tilt angle
1 ~137° being much larger than that found in simple perovskites. The resulting struc-
ture is characterized by two distinct B-O-B and A’-O-B zig-zag superexchange paths
with competing antiferromagnetic (AFM) or ferromagnetic (FM) interactions, which
accounts for the variety of ground states observed. The square coordination of the
A’ sites also accounts for the absence of oxygen defects in quadruple perovskites, as
these defects would destabilize the bond structure. This feature constitutes a further
important difference as compared to simple perovskites where oxygen nonstoichiometry
greatly affects the physical properties. In the present paper, we consider the quadruple
perovskite (AMnz)MnyOqo family where both A" and B sites are occupied by Mn.
Among the remarkable properties observed in these compounds, notable are the full
charge order in the mixed-valence compound (NaMn3)MnyO15 [47] and the large values
of electric polarization induced by magnetism in (CaMnz)MnyO15 [40], attributed to a

peculiar helicoidal orbital and magnetic order [41, 49].

The above orderings remain poorly understood because of a complex interplay be-
tween charge, spin and orbital degrees of freedom, which makes the development of

realistic theoretical models challenging. In the absence of reliable models, in the present
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work we investigate the effect of chemical pressure on the stability of the magnetic struc-
ture, as the exchange interaction is sensitive to bond angles and bond distances of the
superexchange paths. We consider the comparatively simple case of single valent Mn3*
systems where only the spin and orbital degrees of freedom come into play. Specifically,
we report on the successful high pressure synthesis of high-purity (YMn3)Mn,sOq2 pow-
ders, where the Y?* ion (Rys+ = 1.1 A[94]) is significantly smaller than all the A-ions
(La®*T, Bi**, Ca?t, Na™, Pr3", Pb?") previously reported for the (AMn3)Mn,Oy5 sys-
tem [44, 65, 95]. According to our expectation, we achieved a significant increase of
the ordering temperature of the B-sites as compared to its isovalent counterpart with
A=La [46]. On the other hand, we surprisingly find no long-range magnetic order
of the A’-sites, which has always been observed in all (AMn3)MnsO5 compounds
previously reported. Instead, at high temperature, we observe a second-order struc-
tural phase transition never observed in any of these compounds. These unexpected

features suggest the existence of latent structural and magnetic instabilities in the
(AMn3)Mny,O;5 system.

The paper is organized as follows: in Section II, we report on the experimental tech-
niques employed for the synthesis and characterization of both single crystals and pow-
der samples of (YMn3)MnyO15. In Section III, we present and discuss the properties of
the nuclear and magnetic structure and the result of the magnetic, and thermodynamic
measurements. In particular, we discuss the results with emphasis on the unexpected

absence of long-range order in the A’-sites. In Sec. IV, we draw the conclusions.

II. EXPERIMENTAL

High-pressure synthesis. (YMng)MnyO4o single crystals and powder samples were
obtained from the solid state reaction of stochiometric mixtures of Y03 and MnyOs;
powders filling a Pt capsule at 9 GPa and 1300°C for 2 hours using a multi-anvil press,
as described in detail elsewhere [53]. A 1000 tons multi-anvil press installed in the
IMEM-CNR laboratory was used to optimize the synthesis conditions. A larger 6000
tons press installed at the Bayerisches Geoinstitut in Bayreuth was used to prepare a
larger (~ 1g) amount of powders required for the powder neutron diffraction study.

After the heat treatment, the samples were quenched to room temperature and the
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pressure was slowly released. Attempts to obtain the desired phase at lower pressure or
at lower temperatures were not successful. A room temperature powder x-ray diffraction
(xrd) analysis in the Bragg-Brentano geometry by means of a laboratory diffractometer
equipped with a Cu K, source was performed to check the purity of the as-prepared

powders after each run.

Single-crystal z-ray diffraction. Single-crystal X-ray diffraction data were collected
on an Oxford diffraction Xcalibur-S diffractometer equipped with a Sapphire CCD-
detector with Mo-Ka radiation (A = 0.71073 A, graphite monochromator) at 293 K.
Data reduction, cell refinement, space-group determination, scaling and multiscan ab-
sorption correction [96] were performed using CrysaAlisPro software [97]. The structure
was solved through Olex2 program [98] by direct methods using SHELXT [99]. The
refinement was then carried out with SHELXL-2013 [99] by full-matrix least squares
minimization and difference Fourier methods. All atoms were refined with anisotropic

displacement parameters.

Neutrons powder diffraction In order to systematically study the nuclear and mag-
netic structures as a function of temperature, a neutron powder diffraction experiment
was subsequently performed on a 920 mg powder sample at the high-intensity two-axis
D20 diffractometer of the Institut Laue Langevin in Grenoble (France) using A; = 1.54
A and 2.41 A wavelengths and a 90° takeoff set-up. The data were taken as a function
of temperature by warming-up the sample from 4 K up to room temperature at a rate of
0.25 K /min. The two wavelengths are optimized for an accurate determination of the
nuclear and magnetic structures, respectively. We employed the Fullprof package [55]
in the sequential and multi-pattern mode to perform, for each temperature, a Rietveld
refinement of the nuclear and magnetic structures using the two A\;- and As-patterns
with the same weight. Thermal displacement parameters were refined with anisotropic
model for A’-sites because of their anisotropic environnement and with isotropic model

for all the other atoms.

Thermodynamic and magnetic properties. Constant-pressure specific heat (C,) mea-
surements as a function of temperature in the 2-400 K range were carried out on
the same powders as above using a 27-relaxation method in a commercial Quantum

Design™ Physical Property Measurement System (PPMS). DC magnetization (Mpc)
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measurements were carried out in a commercial Quantum Design™ Superconduct-
ing Quantum Interference Device magnetometer (SQUID) as a function of temperature
and field. A first zero-field-cooling (0-ZFC) measurement was performed after having
completely removed the residual field by warming the superconducting magnet above
its critical temperature. A further series of ZFC and field-cooling (FC) magnetization
curves in the 10-100 Oe range were taken by minimizing the residual field before each
ZFC measurement. This was accomplished by discharging the magnet in the oscillating
mode. We verified that this procedure typically reduces the residual field below 0.02

Oe, as measured by means of a gaussmeter.

III. RESULTS
A. Structural properties

Crystal structure. The single-crystal X-ray diffraction study indicates that, at
room temperature, the system crystallizes in the monoclinic 12/m space-group, see
Supplemental Material (section 5.3) for tables refinement. This indicates that the
isovalent La/Y substitution does not alter significantly the structure of the pristine
(LaMn3)Mn4O12 compound, as expected, which is confirmed by a subsequent powder
neutron diffraction study (see Fig. 5.1). This study also shows that the purity of the
powder sample is 95 % or better. The diffractogram shows minor diffraction peaks
attributed to an unknown impurity phase formed at 9 GPa. In the following, we shall
limit ourselves to analyze the neutron data as a function of temperature. In the whole
4 - 285 K range investigated, no indication of symmetry change was detected within the
experimental resolution and all patterns were successfully refined in the 72/m symme-
try. In the refinement, all B thermal parameters were supposed to be isotropic except
those of the Mn A’-sites for which the square-coordination is expected to be anisotropic.
For all temperatures, we obtained good refinements, such as those shown in Fig. 5.1,
where the experimental and calculated patterns are compared for two representative
temperatures, 285 K and 4 K. The quality of the refinement did not change appreciably
in the whole temperature range studied. However, we noticed an anomalous increase
of the B parameter of Y below T,=200 K. This indicates that the structural transition

at Ty may be associated with a shift of Y ions from the centrosymmetric (0,0,0) posi-

85



5.2. Article III: Effect of chemical pressure induced by the La" /Y3 substitution on
the magnetic ordering of (AMn3)Mn4O;5 quadruple perovskites

tion. The inherent limitation of the present refinement of powder diffraction data does
no permit to unambiguously identify any symmetry change. A further high-resolution

single-crystal study, e.g. by synchroton x-ray diffraction, may elucidate this point.

In Table I, we report the results of the refinements of the 285, 190 and 4 K structures.
As expected, the smaller Y3+ ion leads to a 2 % smaller unit cell, V = 407.42(2) A,
as compared to the isotructural compound (LaMnz)MnsOq2. The room-temperature
unit-cell parameters are a = 7.4500(2) A | b = 7.3418(2) A | ¢ = 7.4500(2) A and
f =91.121(1)°. The evolution of the structure with temperature is shown in Fig. 5.2.
At high temperature, above T, the c-axis and the monoclinic angle 8 display an unusual
increase upon decreasing T'. Below Ty, the a-axis parameter also increases, hence the
unit-cell volume suddenly increases. This feature gives evidence for a second-order
phase transition at T, with no apparent change of space group. The neutron diffraction
patterns display neither extra Bragg peaks nor changes of intensity in any peak, which
indicates that the transition at T is non magnetic. A similar V-shaped behavior of the
unit-cell volume was recently reported in (CaMnz)MnsO15 [100] where the anomaly is
concomitant to a cubic-to-rhombohedral structural transition. At lower temperature,
i.e. below Ty p=108 K, V' turns back into a conventional regime with positive thermal
expansion. As discussed below, this temperature corresponds to the magnetic ordering
of B-sites. In this temperature, no anomaly is observed in the behavior of the unit-cell
parameters; all of them display a smooth temperature dependence and the cusp-like
behavior of V' at T p is less pronounced than that at 7;. This behavior is due to
a levelling-off of the a-axis dependence and to a smaller expansion rate of the c-axis

parameter, while b continues to decrease rapidly.

In order to gain an insight into the origin of the transitions at T, and at T 5, we
analyze the temperature dependence of the relevant Mn-O bond-length distances for the
A" (2b, 2¢, 2d) and B-sites (4e, 4f), as shown in Figs. 5.4 and 5.3, respectively. Repre-
sentative values of these distances and of the corresponding Jahn-Teller (JT) distortion
parameters, A, for the B-sites are reported in Table 6.1. The A p values for the
two octahedra are slightly different and somehow larger than in (CaMng)Mn,O42 [101]
but smaller than in (LaMn3)MnsOi5 [46]. At both transition temperatures, T and

Tn g, almost all distances exhibit more or less pronounced discontinuities in the slope.
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Figure 5.1: Red circles: Experimental neutron diffraction patterns taken at 285 K
(top panel) and 4K (bottom panel) on the (YMn3)MnyO15 powder sample using a
wavelength \; =1.54 A . Black line: calculated intensity obtained by refining the \;
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the magnetic ordering of (AMn3)Mn4O;5 quadruple perovskites

Temperature 285 K 190 K 4 K
ab,e(A) 7.45005(16),7.34182(14),7.45002(16) 7.44950(17),7.32773(15),7.45549(17) 7.47151(20),7.30317(18),7.46605(21)
B(°),V(A)3 91.1214(13), 407.415(15) 91.1546(14), 406.897(16) 91.4225(16), 407.265(19)
Y 24 (0,0,0)
Biso 2.12(13) 1.89(13) 4.63(30)
Mn A’ 2b (0,1/2,0) 2¢ (1/2,0,0) 2d (1/2,1/2,0)
Bi1, Baz, B3 0.0056(18), 0.0064(11), 0.0035(17) 0.0045(18), 0.0050(10), 0.0023(17) 0.0086(24), 0.0051(14), 0.0068(22)
Bi2, P13, Bas 0.0, -0.00312(78), 0.0) 0.0, -0.00339(80), 0.0 0.0, -0.0112(14), 0.0
Mn B 4e (1/4,1/4,1/4) 4f (1/4,1/4,3/4)
Biso 0.418(75) 0.368(79) 0.715(98)
O1 4i(z,0,z)
T,z 0.16367(85), 0.29432(79) 0.16354(80), 0.29504(82) 0.16314(83), 0.29389(89)
Biso O1 0.942(77) 0.808(79) 0.053(67)
02 4i(z,0,2)
T,z 0.17962(88), 0.68360(87) 0.17841(92), 0.68490((91) 0.17582(94), 0.69043(99)
Biso 02 0.942(77) 0.808(79) 0.053(67)
03 8j(z,y,2)
x,9,2 0.01260(78), 0.30824(68), 0.17224(64) 0.01311(71), 0.30816(72), 0.17168(67) 0.01341(93), 0.31512(108), 0.16776(95)
Biso 03 1.368(50) 1.363(54) 2.421(87)
04 8j(z,y,z)
x,Y,2 0.30977(65),0.17796(69),-0.00977(64) 0.30977(69),0.17867(72), -0.00928(68) 0.31427(95),0.18654(111),-0.00665(97)
Biso 04 1.289(57) 1.363(54) 2.421(87)
R-Bragg(Al, A2),Global x> 6.66, 6.24, 5.65 6.99, 6.60, 6.12 8.77, 5.99, 7.99
Magnetic R-factor 4.97

Table 5.1: Crystal structure of (YMn3)MnsO12 as obtained from the Rietveld refinement of powder neutron diffraction data in

the 12/m space-group, as described in the text. The structure is given for the representative temperatures of 285 K (above Tg),
190 K (above Ty,p) and 4 K (below T; N, B). Numbers in parentheses indicate statistical uncertainty.
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Figure 5.2: Unit cell parameters and unit cell volume of (YMn3)MnyO12 as a function of
temperature obtained from the refinement of the powder neutron diffraction data. Broken

lines indicate the temperatures of the second order structural phase transition at T and of
the antiferromagnetic ordering of the B-sites at Ty 5.
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Namely, the bond lengths having a dominant component along the b-axis, e.g. Mn(2c)-
04, Mn(2b)-03, Mn(2d)-O4, Mn(4e)-O1 and Mn(4f)-O2 (see Table 6.1), display a
conventional behavior in the Ty — Ty p range. On the other hand, the bond lengths
mainly contained in the ac-plane, e.g. Mn(4e)-O3, Mn(4f)-O4, Mn(2d)-02, Mn(2d)-O1,
Mn(2b)-O1 and Mn(2b)-O2, exhibit an anomalous increase with decreasing tempera-
ture. This difference is consistent with the change in the unit cell parameters discussed
above and suggests a magnetostriction below T p which mainly involves the two short-
est A’-O bonds, Mn(2b)-O3 and Mn(2¢)-O4. In order to further analyze the structural
changes occurring at T, and at Ty g, we calculated the bond valence sum (BVS) for all
B and A’-sites. For the latter sites, we included the four next-nearest oxygen neighbors
to obtain a realistic estimate of the valence. The result of the analysis is reported in Fig.
5.5. At first sight, the changes observed at T and Ty g are explained by a small charge
redistribution, as observed in other quadruple perovskites [102], or by a change in the
orbital occupancy. However, since the changes are much more pronounced at Ty g, the
changes may simply reflect a variation of internal strain, consistent with a scenario of
magnetostriction, as discussed by Goodenough in the case of doped manganites with

simple perovskite structure [45].

Magnetic structure. In Fig. 5.1, the temperature dependence of the diffraction pat-
terns reveals an increase of the intensity of the (110), (-211), (-121) and (121) peaks
at T g, which indicates a long-range magnetic ordering with k = (0,0, 0) propagation
vector. A straightforward symmetry analysis indicates two distinct irreducible repre-
sentations (irrep) corresponding to the I2'/m’ and 12/m magnetic groups describing
the magnetic structure. For each one of these two irreps, we have considered the three
possibilities of ordering of the A’-sites alone, of the B-sites alone and of both sites.
We obtained a successful refinement of the data only for the I2'/m’ structural model
where the B sites are ordered while the A’ sites are not. No refinement including
the ordering of the A’-sites converged. The absence of magnetic order of the A’-sites
in (YMn3)Mn,Oq, is surprising as the opposite result was reported for all previous

(AMn3)MnysO;2 compounds [46, 65, 47].

By taking into account the cubic pseudosymmetry of the 12/m crystal symmetry, we

shall finally propose the magnetic structure reported in Table 5.3 where the magnitude
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Temperature Bond orientation 285 K 190 K 4 K

A’ sites

Mn(2b)-01 (x 2) ac-plane 2.915(7) 2.908(7) 2.910(7)
Mn(2b)-02 (x2) ac-plane 2.776(8) 2.786(8) 2.839(8)
Mn(2b6)-03 (x4) be-plane 1.902(8) 1.898(8) 1.847(8)
Mn(2¢)-03 (x4) be-plane 2.826(8) 2.829(8) 2.835(8)
Mn(2¢)-04 (x4) ab-plane 1.934(8) 1.935(8) 1.941(8)
Mn(2d)-O1 (x2) ac-plane 1.983(7) 1.974(7) 1.990(7)
Mn(2d)-02 (x2) ac-plane 1.896(8) 1.897(8) 1.905(8)
Mn(2d)-O4 (x4) be-plane 2.752(8) 2.746(8) 2.679(8)
B sites

Mn(4¢)-O1 (x2) ~ baxis 1.973(3)  1.973(3)  1.966(3)
Mn(4e)-03 (x2) ~ a-axis 1.898(7)  1.895(7)  1.916(7)
Mn(4e)-04 (x2) ~ c-axis 2.061(7)  2.060(7)  2.040(7)
Ayt 0.00114 0.00117 0.00066
Mn(4f)-02 (x 2) ~ b-axis 1.969(3)  1.966(3)  1.958(3)
Mn(4f)-03 (x 2) ~ a-axis 2.101(7)  2.106(7)  2.129(7)
Mn(4f)-O4 (x 2) ~ caxis 1.909(7)  1.909(7)  1.927(7)
Ayr 0.00162 0.00171 0.00195

Table 5.2: Mn-O bond lengths (in A) for the Mn A’ and B-sites at the representative tem-
peratures of 284, 190 and 4 K obtained from the data of Table 6.2. Numbers in parentheses

72
indicate statistical uncertainty. A pr = %Z?:l {M indicates the Jahn-Teller parameter,
where ¢ labels the 3 inequivalent bonds of the MnOg octahedron.
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Figure 5.3: (color online) Temperature dependence of the Mn-O bond lengths of the
B-sites obtained from the structural refinement of the powder neutron diffraction data.
a: Mn (4e) sites. b: Mn (4f) sites. Red broken lines indicate the transitions at T and
at CTN7 B-
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Figure 5.5: (color online) Temperature-dependence of the bond valence sum (BVS)
of the Mn sites of (YMn3)MnyO;5. Upper-panel: B-sites (4e and 4f). Lower-panel:
A'-sites (2b, 2c and 2d). Red broken lines are as above.
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of the magnetic moment is the same for the two 4e and 4f B-sites. This is a C-type
structure similar to that previously reported for (LaMnz)Mn,O12, where the coupling is
AFM within the ac-plane and FM along the b-axis. The good quality of the refinement
is apparent from the inset of Fig. 5.1 and from Table 5.3, where we report the refined
structure for the lowest temperature measured, 3.7 K. At this temperature the refined
value of the magnetic moment is u = 3.5(7) pp/Mn, somehow lower than the value of
4.0 up expected for the Mn3* ion in the high spin state (S = 2). It is well known that
this reduction reflects the semicovalent character of the Mn-O bond in manganites.
Notable is the pronounced canting of the moments along the b-axis explained by a
Dzyaloshinskii-Moriya (DM) interaction [25] expected in tilted perovskitelike structures.
In the present case, the canting angle of the moment with respect to the ac-plane is
as large as ~ 20°, much larger than previously reported in the counterpart simple-
perovskite compound YMnOg [103]. This difference is ascribed to the much larger tilt
of the MnQOg octahedra characteristic of quadruple perovskites.

All diffraction patterns in the whole 4-285 K range measured were refined in sequen-
tial mode in order to obtain the temperature dependence of the nuclear and magnetic
structure. The temperature dependence of the moment (see Fig. 5.7) exhibits a typ-
ical mean-field behavior with no anomalies, which confirms the absence of additional
long-range magnetic orderings of the A’-sites. The refinement of the canted (M,) com-
ponent of the moment was carried out only below 80 K; at higher temperatures, this

component becomes too small to be reliably refined.

Mm My Mz M RBragg RMag
Mn (B-sites) | -2.2(1) 1.21(1) 24(1) 3.52(15) 8.86/6.13 3.52/5.10

Table 5.3: B-site magnetic moment of (YMn3)MnyOq5 in the 12'/m’ magnetic space
group obtained from the structural refinement of the powder neutron diffraction data
taken at 3.7 K.

B. Physical properties

Specific heat. Fig. 5.8 shows the temperature behavior of the specific heat, C,,
measured at constant pressure. As expected from the previous structural analysis, the
data show two pronounced jumps, AC!s ~ 65 J mol™" K=" and ACIY? 922 T mol !

K=, at the structural and magnetic phase transitions, respectively. The jumps indicate
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Figure 5.6: (Color online) C-type magnetic structure of (YMn3)MnsO15 as determined
from the refinement of the neutron data (see Table III). Note the pronounced canting
of the moments along the b-axis, as described in the text.
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moments obtained from the structural refinement of the powder neutron diffraction
data. For clarity, error bars are indicated only at low temperature.
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that the two transitions are of second order, consistent with the behavior of the cell
volume. The size of the jump at Ts ~ 2 x Ty p is more than two times larger than
the jump at T g, which is attributed to the fact that the transition at Ts involves the
lattice energy, whilst the transition at Ty g mainly involves the electronic energy. The
absence of any further transition at low temperatures comfirms the surprising finding
of no long-range ordering of the A’-ions. The C,, value at 300 K is 384 J mol™* K™ is
to be compared to the Dulong-Petit value of 498 J mol~! K=!, which suggests a Debye
temperature larger than 300 K.
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Figure 5.8: (Color online) Temperature dependence of the specific heat of
(YMn3)Mn,Oq5. Note the anomalies at the magnetic ordering of the B sites at
Ty =108 K and at the structural transition, 7;=200 K, as discussed in Sec. III.
A.

DC and AC Magnetization. In Fig. 5.9, we plot the ZFC and FC DC magnetiza-
tion curves, M (T'), measured at different fields of 0, 10, 50 and 100 Oe. The analysis
of the paramagnetic region above T g highlights an anomaly of the 1/x curve at T,
which indicates that the structural transition discussed above alters the superexchange
interaction between Mn ions. Above this temperature, the 1/x curve displays a con-
ventional Curie-Weiss behavior characterized by a Weiss constant Oy = —105 £ 5 K,

which confirms the predominant AFM nature of Mn-O-Mn superexchange interaction.
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In the ZFC curves, a sharp field-dependent Hopkinson peak [104] at T p reflects a
marked magnetic anisotropy, consistent with the C-type magnetic structure proposed.
A fit of the Curie constant yields an effective moment of 5.02 up, close to the value
4.9 up expected for the high-spin state (S = 2) of Mn3* ions by assuming a quenched
orbital momentum. Below T z, the ZFC and FC curves exhibit the characteristic be-
havior of a weak ferromagnet. This behavior, observed also in the ZFC curve measured
at zero-field (see black curve of Fig. 5.9), is quantitatively explained by a small dif-
ference of ~ 0.004 up in the magnetic moments of the two 4e and 4f B sites, which
is allowed by symmetry. This analysis justifies the above assumption of a tetragonal

pseudosymmetry.

In the magnetic phase below Ty 5, the magnetization of the DC ZFC curves displays
a broad peak in the at T*=50-70 K range. The intensity of this peak scales with the field
and no peak is observed in the first magnetization curve taken after having completely
suppressed the residual field of the magnet, as described in the experimental section.
Under these conditions, the field is not larger than the earth magnetic field. The absence
of any feature in the first magnetization curve below T p is coherent with the absence
of additional magnetic peaks in the neutron diffraction data, which are also taken at
zero field. The appearance of a broad peak in the ZFC data not observed in the first

magnetization curve suggests a latent magnetic ordering at 7.

In order to investigate the origin of this broad peak, we performed AC susceptibility
measurements as a function of frequency, f, up to 10 kHz for field amplitudes in the
0.01-10 oersted range. Interestingly, a sharp peak is observed at the same temperature
T, where the dc data exhibit a broad peak for all amplitudes and for all frequencies.
Neither the intensity, nor the shape of the peak changes significantly either with field
or with frequency up to 10 kHz. Fig. 5.10 shows representative curves of the real part
X’ for different fields taken at f=57 Hz. Further work is needed to elucidate the origin

of this magnetic response, which supports the picture of latent magnetic ordering.

Fig. 5.11 shows the dependence of the magnetization as a function of field up to 8
T measured at 5 and 65 K. At both temperatures, the linear behavior observed at high
field and the existence of a sizable hysteresis support the picture of weak FM. Interest-

ingly, the coercive field is significantly larger than in other (AMn3)Mn,;O15 compounds
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[46, 105, 40, 106, 107], which is attributed to a stronger magnetic anisotropy.
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Figure 5.9: (a) ZFC DC magnetization curves measured at 0, 50 and 100 Oe. Inset:

Curie-Weiss fit of the inverse susceptibility in the paramagnetic 200 - 300 K region (b)
FC DC magnetization curves at 0, 50 and 100 Oe.
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Figure 5.10: Real part of the AC susceptibility measured at a frequency f=57 Hz for
different AC fields indicated in the legend. No significant changes are observed by
changing either the field amplitude or f, as explained in the text.
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Figure 5.11: Magnetization as a function of field up to 8 T at 5 and 65 K.

IV. CONCLUSION

In conclusion, we have reported on the successful high pressure synthesis of the
single valent Mn®* (YMn3)Mn,O1o quadruple perovskite, where the insertion of the
small Y3* ion in the A site exerts a significant chemical pressure, which is expected to
enhance the strength of the superexchange interaction between neighboring Mn3* ions.
A systematic study of the structural and physical properties confirms this expectation;
we have found a significant 30 K enhancement of the AFM ordering temperature of
the Mn3t B-sites with respect to the case of the isostructural and isovalent compound
(LaMn3)MnyO;2 reported previously. We argue that this enhancement is promising
in view of future developments of quadruple perovskites as magnetic ferroelectrics. On
the other hand, we have surprisingly found no long-range ordering of the Mn3* A’-
sites; instead, a broad peak of the dc magnetization at T*=50-70 that disappears in
the first magnetization ZFC curve and a sharp peak of the ac susceptibility at the
same temperature suggests a latent order of these sites. A further unexpected feature
of (YMn3)MnyO15 is the occurrence of a structural second-order phase transition at

T, = 200 K, which concomitant to an anomalous behavior of the unit cell and of most
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Mn-O bonds. A BVS analysis suggests that this transition is associated with a partial
charge redistribution involving both A’ and B Mn sites, which may alter the AFM
interaction between neighboring Mn ions. Further experiments are needed to explain
the absence of long-range ordering of the A’ sites and to investigate the origin of the

structural transition at Ty and the possibility of magnetic ferroelectricity.
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5.3 Supplementary information on article III

In this Supplemental Information section, we provide a summary of the single-crystal
X-ray diffraction study carried out at room temperature on (YMns)MnsO,2 sample,

as described in the experimental section of the manuscript.
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Empirical formula YMn;0;,
Formula weight 665.49
Temperature 293 K
Crystal system monoclinic
Space group 12/m
a 7.4221(8) A
b 7.3219(7) A
c 7.4232(7) A
« 90°
I6; 91.100(9)°
0% 90°
Volume 403.33(7) A2
Z 2
Pcalc 5.480 g/cm3
W 17.767 mm ™!
F(000) 620.0
Crystal size 0.045 x 0.037 x 0.033 mm?3
Radiation MoK, (A = 0.71073)

20 range for data collection 7.69° to 52.736°
Index ranges -9<h<9 -8<k<9 9<1<3
Reflections collected 715
Independent reflections 441 [Rin¢ = 0.0209, Rgigma = 0.0390]
Data/restraints/parameters  441/0/56
Goodness-of-fit on F? 0.968
Final R indexes [[>=20 (I)] R = 0.0397, wRo= 0.0897
Final R indexes [all data] R; = 0.0765, wRa= 0.1102
Largest diff. peak/hole 0.91/-0.75 ¢ A3

Table 5.4: Single-crystal data and structure refinement for (YMn3)MnyOqs.

Atom X y z B(qu
Y1 0 0 0 1.69(5

Mnl 0 1/2 0 0.87(5)
Mn2 1/2 0 0 0.98(5)
Mn3 1/2 1/2 0 0.85(5)
Mnd 1/4 1/4 1/4 0.57(4)
Mn5 1/4 1/4 3/4 0.63(4)
01 0.1659(10) 0 0.3001(9) 1.07(11

02 0.1826(10) 0 0.6834(9) 0.63(4

03 0.0140(7)  0.3074(7) 0.1715(6)  0.95(10)
04 0.3113(7)  0.1728(7) 0.0114(6) 1.26(11)

Table 5.5: Fractional atomic coordinates and equivalent isotropic displacement param-
eters, B.,, obtained from the refinement of the single-crystal X-ray diffraction data.
B, is defined as 1/3 of the trace of the orthogonalized j;; tensor.
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Atom B B2z 33 P23 B3 B2

Y1 0.0091(4) 0.0066(4) 0.0075(4) 0 -0.0024(3) 0
Mn1 0.0076(5) 0.0022(5) 0.0022(4) 0 -0.0010(4) 0
Mn2 0.0037(5) 0.0018(5) 0.0078(5) 0 -0.0006(4) 0
Mn3 0.0038(5) 0.0064(5) 0.0015(4) 0 -0.0004(3) 0
Mn4 0.0033(3) 0.0023(3) 0.0022(3) 0.0000(2) -0.0005(2) 0.0003(3)
Mnb 0.0040(3) 0.0021(3) 0.0026(3) 0.0000(2) -0.0008(3) 0.0004(3)
01 0.0068(14) 0.0041(18) 0.0039(14) 0  0.0018(11) 0
02 0.0040(3) 0.0021(3) 0.0026(3) 0.0000(2 -0.0008(3) 0.0004(3)
03 0.0025(11) 0.0055(11) 0.0050(11) -0.0029(11 -0.0011(7) 0.0004(1)
04 0.0100(11) 0.0037(11) 0.0036(11) 0.0000(7) -0.0007(7) 0.0051(11)

Table 5.6: Anisotropic displacement parameters obtained from the refinement of the
single-crystal X-ray diffraction data.
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Chapter 6

Multiferroic properties of the new

quadruple perovskite
(YMn3)Mn O

6.1 Motivations

Dans le chapitre précédent nous avons présenté une étude complete des structures
cristalline et magnétique de la nouvelle pérovskite quadruple (YMn3)MnysO;5 obtenue
sous haute pression et qui présente a température ambiante le méme groupe d’espace
centrosymétrique que le LMO. Cette étude, couplée a des mesures mesures magnétiques
a permis de mettre en évidence une transition structurale du deuxieme ordre a T, =
200 K; une transition magnétique a Ty p= 108 K correspondant a l’orientation des sites
B et une anomalie magnétique induite par le champ a T*= 70 K dont 1'origine reste
inconnue ainsi que I'absence d’orientation magnétique des sites A’. Ces effets démon-
trent l'existence de plusieurs intéractions magnétiques en compétition qui pourraient
étre a l'origine des propriétés multiferroiques. Dans un deuxieme temps nous avons
donc cherché a caractériser ces éventuelles propriétés multiferroiques par des mesures
de pyrocourants et de la constante diélectrique ainsi qu’en determinant la structure
cristalline exacte a basse température par diffraction de rayonnement synchrotron. Ce
chapitre reporte les résultats de cette étude réalisée entre 'IMEM-CNR, 'TMPMC et la
ligne CRISTAL du synchrotron SOLEIL dans le cadre du projet BAG de B. Baptiste.
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6.2 Article IV: Evidence of centrosymmetry break-
ing in the magnetic ferroelectric (YMn3)Mn,0,

STATUS: Manuscript in preparation

Evidence of centrosymmetry breaking in the magnetic
ferroelectric (YMn3;)Mn O,

M. Verseils,! R. Cabassi,? B. Baptiste,! F. Mezzadri,? D. Delmonte, ? F. Bolzoni,? E.
Gilioli,? and A. Gauzzi!
Y Institut de Minéralogie, de Physique des Matériauz et de Cosmochimie - Sorbonne
Universitée, UPMC, CNRS, IRD, MNHN - 4, place Jussieu, 75005 Paris, France
2 Istituto dei Materiali per Elettronica e Magnetismo, CNR, Area delle Scienze, 43100
Parma, Italy

Abstract

We report on the unusual properties of magnetic ferroelectricity of the quadru-
ple perovskite (YMn3)Mn,O1o, where the comparatively small Y3 ion exerts a large
chemical pressure on the crystal structure. Pyrocurrent, dielectric constant and trans-
port measurements performed on polycristalline samples give evidence of spontaneous
electric polarization reaching the remarkable saturation value P, = 0.54 C cm™2, two
times higher than the value previously reported in the related compound (CaMng)MnyOs.
Surprisingly, ferrolectricity shows up at a characteristic temperature, 7*= 70 K, where
magnetic susceptibility shows a large anormal peak not compatiblewith a long range
magnetic order, as reported previously [108]. The observation of ferroelectricity is con-
sistent with complementary single-crystal synchrotron x-ray diffraction data showing
the appearance of a commensurate non-centrosymmetric structural modulation at the
structural phase transition Ty = 200 K. To the best of our knowledge, this is the first
unambigous observation of non-centrosymmetric distortion in a magnetic ferroelectric.
The P-values expected in single-crystals bulk or thin films samples being significantly
larger than those reported here suggest that (YMng)Mn,O;2 may be a suitable mate-

rial for practical multiferroic applications.
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I. INTRODUCTION

During the last years, magnetic ferroelectrics have attracted a great deal of interest
for their inherently strong magnetoelectric coupling; this property is promising for novel
concepts of electronic devices, such as nonvolatile rapid memories, where magnetization
can be switched by an electric field with a modest energy consumption. One funda-
mental step towards applications is the capability of tuning the multiferroic properties,
such as the strength and the orientation of the spontaneous polarization, P, in suitable
materials. At present, this long-term objective appears to be challenging considering
that the structural signatures of the magnetic ferroelectrics hitherto studied are elusive.
Indeed, only weak modulations of ionic positions could be evidenced in ThMnOj3 [67, 86]
and (CaMn3)MnyOq5 [87] which are the most studied magnetic ferroelectrics and, in
a large case of type-II multiferroics, experiments (diffraction, spectroscopy) failed to
reveal the expected symmetry lowering [66]. It is therefore important to elucidate this

point in order to single-out the control parameters of the spontaneous polarization.

We argue that the lack of strong structural or spectroscopic signatures in magnetic
ferroelectrics is due to the fact that, as discussed by Levanyuk and Sannikov [13], the
symmetry properties of the second-order phase transition in these materials are fun-
damentally different from those of ordinary ferroelectric transitions. We recall that,
in the latter case, the order parameter is the vector of spontaneous polarization, P,
which completely accounts for the reduction of symmetry at 7,.. On the other hand, in
magnetic ferroelectrics (improper ferroelectrics), the principal order parameter is the
magnetic order. Therefore (i) the symmetry of the ferroelectric phase is not described
by the maximal polar subgroup of the space group of the initial phase and (ii) the
symmetry properties of the magnetic order parameter differ from those of the ferroelec-
tric polarization. This circumstance implies that the order parameter entering in the
Landau thermodynamic potential of magnetic ferroelectrics is formed by at least two
scalar components, £ and 7, forming second-order invariants either of the type {&nP or
(€2 —n?*)P. Tt follows that the polarization is proportional to the square of the order
parameter, i.e. P o p?> = £2 + 7% and the bilinear product £n (or difference £ — n?)

transforms as a polar vector, while the individual components, £ or 7, do not.
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In practice, the components, £ and 7, correspond to normal coordinates describing
the lattice distortion at the transition. Thus, contrary to the case of ordinary ferro-
electrics, the soft mode in the paraelectric phase of magnetic ferroelectric is not infrared
active, which explains the lack of visible anomalies in the infrared spectrum at the tran-
sition. A similar situation occurs for the Raman-active modes, since the components
of the Raman tensor, y;;, are quadratic in the normal coordinates (i.e. in £ and 7).
Therefore, in the paraelectric phase, the soft mode does not contribute to the Raman
intensity either (see chapter 4). Finally, the lack of evidence of noncentrosymmetric
distortion by means of diffraction methods is explained by the existence of four de-
generate phases with different values of ¢ and 7 and with opposite orientations of the
polarization, as discussed in [13]. This leads to the formation of a domain structure

with zero average polarization, in the absence of a poling field.

In a recent work [108], we have reported on the successful synthesis of the new
quadruple perovskite [42] phase (YMn3)MnyO1,, on its crystal and magnetic structure
and on its magnetic and thermodynamic properties. This preliminary work has given
evidence of three characteristic temperatures, 7, = 200 K; T p= 108 K and 7*=70
K. Ty p was unambiguously attributed to the antiferromagnetic ordering of the B-
sublattice, while T, was found to correspond to a second-order structural transition
described by significant structural distortions with no apparent change of symmetry.
On the other hand, at 7™ we observed a marked field-dependent anomaly of the dc

magnetic susceptibility.

The strikingly different magnetic orderings observed in (LaMnz)MnyO;2 and in
(YMn3)MnyO;o are surprising considering the very similar crystal structures (space
group 12/m). This difference offers an ideal opportunity to investigate the sensitivity
of a potential ferroelectric polarization to the magnetic structure. In order to ad-
dress this issue, in the present work, we have studied the ferroelectric properties of
(YMn3)MnyO12 by means of pyrocurrent, dielectric constant and transport measure-
ments on several polycristalline samples. Considering that any modification of the
crystal structure or of the magnetic response is expected to affect the multiferroic prop-
erties of magnetic ferroelectric, in the present work, we have also investigated in detail

the structural modifications at Ty and the magnetic anomaly at T™ by means of high-
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resolution synchrotron diffraction on a single crystals and of magnetic susceptibility,
respectively. Our results give evidence of a large spontaneous polarization occuring at

T and of a structural modulation at T which breaks the inversion symmetry.

II. EXPERIMENTAL

Sample preparation Polycristalline samples and ~0.2 mm-size single-crystals were
obtained from a solid state reaction of a stochiometric mixture of Y903 and Mn,yOs3
powders at 9 GPa and 1300°C for 2 hours using a multi-anvil press, as described in
[108]. Electrical measurements were carried out on disk obtained by polishing the as-
prepared polycristalline samples using a Leica mechanical polisher. Typical diameter
and thickness of the disks were ~1 mm and ~ 60-600 pm, respectively. Suitable low
contact-resistance electrodes were made by covering each disk surface with silver paste.
The single-crystal used for X-ray synchrotron diffraction was selected from the pow-
ders.

Pyroelectric current and dielectric constant measurements Pyroelectric currents (I,)
were measured upon heating up the disk samples using a Keithley 65178 electrome-
ter after having poled the sample at a suitable temperature, 7},, using a source meter
Keithley 2400.

The capacitance of the polycristalline disks was determined from complex impedance
measurement performed with a commercial HP4824A LCR meter covering the 20 - 10°
Hz frequency range from and using an ac voltage of V;=200 mV. For both measure-
ments, the temperature control was acheieved by using the liquid helium cryostat of a
commercial Quantum Design magnetic properties measurement system (MPMS).
Transport Resistance measurements in the 60-300 K range were performed using either
a commercial Quantum Design Physical Property Measurement System or a commer-
cial Quantum Design SQUID. The resistivity measurements carried out in the van
der Pauw configuration showed low contact resistances, negligible as compared to the
sample resistance. This allowed us to perform impedance measurements in the simple
two-contact geometry suitable for our disk-shaped samples.

Single-crystal X-ray synchrotron diffraction Several single-crystals of (YMn3)MnyO15 were
tested in advance with a 4-circles diffractometer of the drx plateform of IMPMC
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(Rigaku/Oxford diffraction Xcalibur S). The less twinned crystal, of ~ 10um, was fur-
ther analyszed under synchrotron radiation by using a 4-circles diffractometer of the
beamline CRISTAL at SOLEIL (Saint Aubin, France). The sample was mounted onto
a kapton (MiTeGen) microwire with the help of high-vacuum grease. Three acquisi-
tions were collected, at 50, 150 and 300 K using the electron with 18.46 KeV energy
corresponding to a wavelength A = 0.6717 A. Data reduction, cell refinement, space-
group determination, scaling and multiscan absorption correction [96] were performed
using CrysaAlisPro software [97]. The structure was solved through Olex2 program
[98] by direct methods using SHELXT [99]. The refinement was then carried out with
SHELXL-2013 [99] by full-matrix least squares minimization and difference Fourier

methods. All atoms were refined with anisotropic displacement parameters.

III. RESULTS

Dielectric and ferroelectric properties

We first analyzed the influence of the poling temperature, 7},, on the pyrocurrent peak
shape. In Fig. 6.1 we report the curve obtained for a poling electric field of 3.2 x 105
V/m and a warming rate of 1.3 K/min. Note that the size and the width of the peak
is reduced and its position shifts towards lower temperature with decreasing 7,,. The
peaks obtained for T}, = 104 K or 75 K are similar; they are larger and higher than the
peak obtained for 7,, = 55 K indicating that the ferroelectric critical temperature lies
between 75 and 55 K. The peaks obtained at high 7, present a shoulder around 40 K
which seems to be the tail of the pyrocurrent peak obtained for 7}, = 48 K. This suggests
that it exists a secondary ferroelectric transition around 45 K. Thus we put forward
the hypothesis that the broad peak obtained for 7}, ~ 100 K is in fact a superposition
of two pyrocurrent peaks centered at T7= 65-70 K and T, = 45 K.

We also measured the pyrocurrent curve, I(7T), under various warming rates on the
same sample with constant 7, = 100 K and constant poling electric field E = 3.2 x 10°
V/m. As usual, the polarization P was obtained by integration of the I curve. The
results plotted in Fig. 6.2 show that the warming rate has practically no influence on
the saturation value of P, which consistently fall in the 0.20 - 0.22 uC cm~? range.
In addition, the I and P curves obtained by inverting the sign poling voltage, E, also
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change sign with no changes of magnitude, as expected.

[ 1.3K/min
[ E =3.2x10° V/m

Temperature (K)

Figure 6.1: Pyroelectric currents obtained for different poling temperatures 7,,= 48, 55,
75 and 104 K.

A recent study [109], considered the possibility of measuring pyroelectric currents
produced by extrinsic effects, such as thermally activated space-trapped charges at
grain boundaries. Such extrinsic effects are expected to vary as a function of warming
rate, which is not the case of our results. Our data analysis further indicates that the
contribution of trapped charges, if any, would be negligeable with respect to that of the
intrinsic polarization of the sample. The P-values at 8 K are reported on Fig 6.3 for
samples with different thicknesses. The experimental points nicely describes the full
P(FE) curve up to the saturation region where the P values level off at Py, =0.54 pC
cm~? for a poling voltage E = 3.5x10° V/m. This value is twice as large the record value
previously reported for the spin-spiral magnet (CaMns)MnyO12 [41, 49], which is very
promising by taking into account that much larger values are expected in single-crystals
or thin films [110]. Similar to the case of magnetic ferroelectrics reported previously,

such as (CaMns)MnyO12 and ThMnOg, our attempts to measure the ferroelectric
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Figure 6.2: Polarizations obtained by integration from pyroelectric current measure-
ments performed under various warming rates of 0.7, 1.2, 1.35, 1.33, 2.3 and 2.9 K/min.

hysteresis loop have been unsuccessful. This is attributed to the comparatively low
P-value as compared to the values of ordinary ferroelectrics, such as BiFeOs. Larger
single-crystals would be required to perform these alternative measurements.

In the lack of such direct measurement of the ferroelectric hysteresis cycle, it is a
widely use method to complete pyroelectric measurements with the measure of capaci-
tance (C) as a function of temperature, since a ferroelectric material must present an
anomaly in the dielectric constant at the ferroelectric transition. The capacitance of
(YMn3)MnyO;o disks vs. temperature at various frequencies is reported in Fig 6.4.
As explained in [111] a Schottky barrier can occur on the electrodes because of metal-
semiconductor junctions, as a consequence the value of C' is not indicative but we can
comment on its thermal dependence . The curves exibit two anomalies, one peak and
one discontinuity of the slope, at 71=72 K and at T5=45 K, respectively. This supports
our previous hypothesis of two critical temperatures for polarization in the material.
The position of these anomalies is independent of frequency, but the intensity of the
first one (7}) is enhanced with increasing frequency and is not visible at the lowest

frequency measured (1 kHz). We also have reported the curve of the ZFC magnetiza-
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Figure 6.3: Low temperature (7 K) P-values obtained as a function of poling elec-
tric field E from pyroelectric measurements performed on four samples under various
warming rate with a same temperature of poling Tp = 100 K.
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tion measured with an applied field of 100 Oe and already reported in [108]. What is
remarquable is that the two anomalies of C are located at the beginning and the end of
the field-induced anomaly reported in M. On the other hand at Ty p, the temperature

of magnetic orientation of B-sites, there is no anomaly in C for all frequencies.
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Figure 6.4: Capacitance vs temperature plot from impedance measurements performed
with AC voltage of 200 mV with frequencies 1kHz, 10 kHz, 100 kHz and 1 MHz.

Transport properties The resistivity, p(T'), on (YMn3)MnyO;5 polycrystalline disks
contacted on both sides was investigated by the van der Pauw method and with the two
points method. The measurements show the insulating behavior of (YMn3)MnyO1s ;
with a room temperature value of 43 Ohm m (see Fig. 6.5) and the contribution of
contacts to the total resistivity is negligible. In the 300-108 K range, the data follow a
thermally activated behavior, as shown by the Arrhenius plot in the inset of the figure.
With this analysis, we could find an activation energy E,=168 meV, which confirms the
isulating properties of (YMn3)MnyO15. At lower temperatures, the data deviate from
the above Arrhenius-like trend but neither polarons thermally activated, nor variable
range hopping at one, two or three dimensions can be identify preferentially to explain
the low temperature data. No anomaly or discontinuity is found as a function of tem-

perature.
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Figure 6.5: Electrical resistivity p(T) of (YMn3)MnsO1o. Inset: semilogarithmic In(p)
vs 1/T plot showing the thermally activated behavior predicted by the Arrhenius law.
Dashed lines indicate the T range of the fit.

Synchrotron X-ray diffraction Because of the polar nature of the polarization vec-
tor, symmetry constraints impose to a ferroelectric phase to break the inversion center.
From the neutron powder diffraction study reported in a recent work [108], we were not
able to identify any symmetry lowering as a function of temperature and the data were
refined in the centrosymmetric space group 12/m from 300 K to 4 K. The discovery of
ferroelectric properties in (YMn3)MnyO12 pushed us to perform further experiments in
order to identify the expected loss of inversion center. In order to reach this purpose, we
have performed X-ray synchrotron diffraction on a small (YMn3)Mn,O1, single-crystal
of few um at room temperature and at 50 K. As we can see in Fig 6.6, additional reflec-
tions are visible at 50 K and 150 K, and can be explained by integrating the data with
the cell-parameters a’ = 10.41 A, b’ = 14.58 A, ¢’ = 10.69 A and 8’ = 90.14° which cor-
responds to a super-cell, commensurate with the high temperature one (a= 7.44 A, b=
733A, c=744 A and B = 91.1566°). The super-cell is obtained from the high temper-
ature unit cell by the following transformation 2b — b’; (a + ¢) — a’; (c - a) — ¢’

as represented in Fig. 6.7 and corresponding to a wavevector k = (1/2,1/2,—1/2).
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A preliminar refinement has been performed in the super-cell and the space-group is
found to be Ia at 50 and 150 K and the corresponding structure is represented in Fig.
6.6. The space-group is non-centrosymmetric and allows ferroelectricity. Results of a
preliminar refinement of data at 50 K are reported in Table 6.2 but further improve-
ments in the integration of saturated reflections needs to be done in order to improve
the refinement and deduce accurate information on the distortion of the structure and

on the direction of P.

Along a* Along c*

Figure 6.6: single-crystal diffraction patterns obtained at 50 K and integrated in the
high-temperature (a,b,c) cell. Note the additive satellites peaks not explained by the
high-temperature cell.

b}

a b

Figure 6.7: Left:Scheme of the super-cell in red with respect to the high-temperature
cell in blue. Right: distorted crystal structure obtained from refinement of data in Ia
at 50 K. Green: Y; Yellow: square-planar Mn; Purple: octahedral Mn. Red: O.
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(YMH3)MH4012

Empirical formula Y>Mn 4,094
Formula weight 1330.98
Temperature 50 K
Crystal system monoclinic
Space group la
a’ 10.4059(4) A
b’ 14.5762(6) A
¢ 10.6913(3) A
@ 90°
B 90.137(3)°
0% 90°
Volume 1621.64(10) A2
Z 4
Pcalc 5.452 g/cm3
n 15.305 mm~*
F(000) 2480.0
Crystal size 7 x?Tx?
Radiation 18.46 keV (A = 0.6717)

20 range for data collection
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole
Flack parameter

4.466° to 49.64°

-12 < h <12,-18< k <15,-13 <1< 13
6504

3066 [Rint = 0.0774, Ryigma = 0.0824]
3066,/2/362

1.760

R; = 0.1325, wRo= 0.3670

R; = 0.1427, wRo= 0.3935

3.87/-6.57 ¢ A=3

0.476(12)

Table 6.1: Single-crystal
(YMD3)MH4012 at 50 K.

synchrotron data and

structure refinement
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Atom X y zZ U(eq)
Y00 0.8159(4)  0.3659(4)  0.3828(6) 0.0123(14)
Mnl  0.3184(3)  0.5043(3)  0.6137(6)  0.0001(15)
Mn2  0.3180(4)  0.3768(5)  0.3669(4) 0.0001(15)
Mn3  0.5662(3) -0.0002(4)  0.3665(3) 0.0004(17)
Mnd  0.5661(3) 0.2517(3)  0.3717(7)  0.0003(14)
Mn5  0.5657(4)  0.3727(5)  0.6186(7)  0.0015(14)
Mn6  0.8160(4) 0.31235(5) 0.63694(4) 0.0005(16)
Mn7  0.0659(3) 0.34986(4)  0.3650(4) 0.0007(17)
Mn8  0.3168(3)  0.2534(4)  0.6208(4)  0.0003(15)
Mn9  0.0681(4)  0.1245(5)  0.6222(7)  0.0001(13)
Mnl0  0.0681(4)  0.3737(5)  0.6178(6) 0.0006(13)
Mnll  0.0696(3) 0.2481(3)  0.3731(7) 0.0009(14)
Mnl2  0.3173(4)  0.0057(4)  0.6132(6) 0.0012(16)
Mnl3  0.8163(3)  0.2433(4)  0.6238(4) 0.0003(14)
Mnld  0.0657(4) -0.1213(5)  0.6186(7) 0.0003(14)
O00H  0.5460(20) 0.1247(14) 0.4310(20)  0.006(4)
0001 0.0520(19) 0.3738(13) 0.4330(20) 0.004(4)
000J  0.1540(20) 0.2273(14) 0.5540(20)  0.011(5)
000K  0.9550(20) 0.1983(17) 0.7190(20)  0.017(5)
O00L  0.4610(20) 0.2938(15) 0.7170(20)  0.010(5)
O00M  0.3850(20) 0.6317(14) 0.6110(20) 0.007(4)
OO0ON  0.3830(20) 0.1322(15) 0.6190(20) 0.006(4)
0000  0.2350(20) 0.2681(14) 0.3050(20)  0.010(5)
000P  0.7260(20) 0.2264(13) 0.2040(20)  0.005(4)
000Q  0.6650(20) 0.2803(15) 0.5400(20)  0.007(4)
O00R  0.7210(20) 0.0337(15) 0.2820(20)  0.011(5)
000S  0.4670(20) 0.4661(16) 0.6940(30)  0.024(7)
O00T  0.2535(19) 0.3797(14) 0.6210(20) 0.003(4)
000U  0.2110(20) 0.4549(16) 0.2740(20)  0.018(5)
000V 0.4210(20) 0.2926(17) 0.4580(30)  0.021(6)
000W  0.9120(20) 0.2177(15) 0.4480(30)  0.015(5)
000X  0.4730(20) -0.0229(17) 0.6840(30)  0.026(6)
000Y  0.2500(20) -0.1175(16) 0.6070(30)  0.015(5)
000Z  0.0520(19) 0.3738(13) 0.4330(20) 0.004(4)
0010  0.4010(20) 0.4815(17) 0.4260(30)  0.021(6)
02 0.6710(20)  0.4537(15) 0.5240(30)  0.014(5)
03 0.1740(20)  0.0500(16) 0.5160(30)  0.029(8)
O0AA 0.0830(20) -0.1245(13) 0.7950(20) 0.003(4)
YOA  0.3177(4)  0.1189(4)  0.3540(6) 0.0189(19)

Table 6.2: Fractional atomic coordinates and equivalent isotropic displacement param-
eters, Ugq, obtained from the refinement of the single-crystal synchrotron diffraction
data. U, is defined as 1/3 of the trace of the orthogonalized U;; tensor.
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IV. DISCUSSION AND CONCLUSION

The pyrocurrent curves reported in this work present two peaks as a function of
temperature, both corresponding to an anomaly of the capacitance at T, = 45 K and
T, = 72 K. It is quite remarquable that these two temperatures correspond to the be-
ginning and the end of the magnetic field-induced anomaly identified in a previous work
[108] and reported in Fig. 6.4. This result supports the scenario of a magnetic ferroelec-
tricity in (YMns)MnyO1s. Very surprinsingly, no long-range magnetic order of A’-sites
corresponds to the magnetic anomaly and, to the best of our knowledge, this is the first
time that such a phenomena is reported in a ferroelectric compound. From litterature,
we found that magnetic frustration can prevents for long-range magnetic orders like in
spin-glass or spin-liquids [112, 113]. However, in spin-frustrated magnets like RMnyO5
(R=Thb,Ho,Dt) ferroelectric distortions are known to release the geometric magnetic
frustration and thus tend to stabilize a long-range magnetic order [11, 31, 33]. Besides,
(YMn3)Mn,Oq5 loses its inversion center with the occurence of the supercell at 200 K,
as evidence by the synchrotron data that could be refined in the /a polar group at 50 and
150 K. In parent compounds like ThMnO3 and (CaMnz)MnsO12, modulation of ionic
positions of the order 10~!%m were reported by means of x-ray synchrotron diffraction
whithout clear loss of inversion center [87, 86, 67] and for frustrated ferroelectrics, even
x-ray synchrotron diffraction failed to evidence the expected symmetry lowering [66].
Thus, the case of (YMn3)MnyOq, is unique and needs further investigations in order
to understand if local magnetic interactions (fluctuations) with <M >=0 can stabilize
a non-zero macroscopic polarization (<P>=0) in the non-centrosymmetric structure
(space group Ia).

In conclusion, we have found that the new quadruple perovskite (YMn3)Mn,Oqo ex-

2 occuring below Ty = 72 K corresponding

hibits a large polarization of 0.54 uC' ecm™
to the beginning of the anomaly in the magnetization. From pyroelectric current and
capacitance measurements, we found that the ferroelectric phase presents also a second
critical temperature at T, = 45 K corresponding to the end of the magnetic anomaly.
By means of synchrotron X-ray diffraction, we were able to identify the structural tran-
sition leading to the polar space-group la which allows ferroelectricity. This transition

is characterized by the establishement of a super-cell commensurate with the high-
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temperature one and occurs at T, = 200 K, 128 K above the ferroelectric transition.
This scenario needs an extensive investigation of the particular distorsion occuring at
200 K and the determination of the local magnetic interactions by means of RMN
measurements. If such a scenario were confirmed, (YMn3)Mn,O15 would be a suitable

candidate for multiferroic applications as they require high P-value and strong coupling
between P and M.
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Conclusions and perspectives

In the present Thesis, we have addressed the open issue of the origin of the unusually
large magnetic ferroelectricity observed in the quadruple perovskite (AMng)MnyOqs.
Previous results were obtained on (CaMn3)MnyO;s, which displays a complex incom-
mensurate magnetic ordering combined with mixed-valence (Mn?**/Mn*") properties.
This complexity has hindered to establish a clear correlation between the magnetic
ordering and the electric polarization, hence the microscopic mechanism remains con-
troversial. In view of this difficulty, our research has been focused on two related
compounds, (LaMn3)Mn,O;2 (LMO) and (YMn3)MnsO2 (YMO), with much simpler
magnetic orderings and with simple single-valence Mn3* properties. Specifically, the
magnetic structures of these compounds are commensurate, so the analysis of the sep-
arate contributions of antisymmetric and exchange interactions is possible. Moreover,
the isovalent La/Y chemical substitution allowed us to single out the effect of chemical
pressure on the magnetic structures and on the multiferroic properties, which gives a
hint as the structural and electronic properties relevant to magnetic ferroelectricity in
the (AMn3)Mn,Oq, family. Below, we summarize the specific results of our research
which has been conducted in collaboration with several groups (see acknowledgment
section), based on the a wide range of experimental methods including high-pressure
synthesis, x-ray and neutron diffraction, thermodynamic, magnetic and transport mea-

surements, and infrared and Raman spectroscopies.

e In polycrystalline LMO samples, we have found a very high P-value of 0.54 uC
cm™? induced by the the C-type magnetic ordering of the Mn** B sites at Ty p=78
K. To the best of our knowledge, this is the highest value hitherto reported in
magnetic ferroelectrics even considering that the second highest value of 0.27 uC
cm 2 previously reported in (CaMn3)MnsO12 was obtained in single crystals.
The present result is very promising for multiferroic applications as 6-10 times

larger values are typically expected in single crystals or thin films [64].

e In LMO, our measurement of the temperature dependence of the unit cell param-
eters gives evidence of a large magnetostriction along the ac-diagonal, suggesting

that the polarization lies along this direction.
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e The above result combined with the symmetry properties of the C-type structure
is consistent with a dominant contribution of the exchange-striction to the fer-
roelectricity, consistent with the fact that this mechanism is required to induce

large spontaneous polarizations.

e Similar to the case of previously reported perovskitelike magnetic ferroelectrics,
such as (CaMng)MnyO12 or ReMnOj, we found no evidence of inversion sym-
metry breaking in the ferroelectric phase of LMO below Ty p since synchrotron
diffraction, Raman and IR data are consistent with the centrosymmetric 12/m

structure down to 50 K.

e In order to investigate the effect of chemical pressure on the above multiferroic
properties of LMO, we have succeeded in the reproducible synthesis of (YMng)MnyO12
(YMO) under high pressure at 9 GPa. To the best of our knowledge, this is a
new compound where chemical pressure is exerted by the isovalent substitution

of La3t with Y3 on the A-sites.

e As expected, the above substitution leads to a significant shrinking of the 12/m
unit cell, which explains a significant 30 K enhancement of the B-site ordering

temperature up to Ty p = 108 K.

e On the other hand, YMO is found to display unexpected features not found in
any other (AMn3)MnyOq2 compounds, namely a structural phase transition at
T, = 200 K associated with a commensurate structural modulation described by
a (1/2 1/2 -1/2) propagation vector. A preliminary structural refinement also
suggests a noncentrosymmetric /a space group consistent with the appearance of
ferroelectricity (see below). Furthermore, three independent measurements, i.e.
magnetization, specific heat and powder neutron diffraction, give evidence of no
long-range order of the A’ sites at low temperature, contrary to the case of LMO

and of all other (AMn3)MnyO12 compounds.

e On the other hand, a pronounced anomaly in the magnetization is observed at T

= 70 K, which is the temperature range where the A’ sites ordering is typically
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found in other (AMn3)Mn,O;5 compounds, upon application of an arbitrarily

weak field, which suggests a latent magnetic ordering.

e Interestingly, in YMO, a spontaneous electric polarization is observed at 7™, which
suggests a surprising scenario of ferroelectricity driven by magnetism even in the

absence of long range order.

e Within the experimental error, the value of spontaneous polarization measured
in YMO turns out to be identical (0.54 uC cm™2) to that found in LMO (see
above). Given the close similarity of structural and electronic properties of the
two compounds LMO and YMO, this would not be surprising. On the other
hand, by considering the completely different magnetic characteristics of the two
compounds, a different ferroelectric behavior would be expected within a scenario

of magnetic ferroelectricity.

The above results respond to some of the open questions raised at the beginning of

the present Thesis:

e The finding of large polarizations in both, LMO and YMO, twice as large as that
previously found in (CaMngz)MnyO;2 seems to support the idea that ferroelec-

tricity in the #C cm™2 range is a common feature of the (AMn3)MnyOys,.

e The above result has been obtained in single-valent Mn3* systems, which indicates

that charge ordering is not required to achieve such a large values of polarization.

e The above conclusion that exchange-striction is the dominant mechanism of mag-
netic ferroelectricity in LMO confirms that this mechanism is more promising that

the antisymmetric exchange interaction to achieve large magnetic ferroelectricity.

In addition, we believe that the present work may clarify some controversial issues

and raises new questions that may be the object of further work:

1. The present diffraction, Raman and IR study give no indication of inversion sym-
metry breaking in unpoled LMO samples, consistent with similar observations in

other magnetic ferroelectrics. This apparent inconsistency with the definition of
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ferroelectric order may be explained by a picture of ferroelectric domains whose
size is smaller than the spatial resolution of the above experimental probes (~ 100
nm in the case of x-ray diffraction). Indeed, the average polarization of a suffi-
ciently large number of domains would be zero in the absence of poling field. This
picture is consistent with the prediction by Levanyuk and Sannikov of degenerate
solutions for the multi-component order parameter necessarily leads to the for-
mation of domains with different values and different orientations of spontaneous
polarization. We envisage that the validity of this hypothesis could be verified by
means of experimental probes with improved spatial resolution, such as Coherent

Anti-Stokes Raman (CARS) spectroscopy.

2. In YMO, the unexpected observation of ferroelectric order in the absence of long-
range magnetic order of the A’-sites (or of any other type of long range order)
raises a similar question as above as to the minimum size of magnetic domains
required to induce a polarization of the lattice. In the case of YMO, we put
forward the hypothesis that the polar distortion of the crystal structure occurring
at T, may force the alignment of ferroelectric domains that would be otherwise

randomly oriented because of the random orientation of the magnetic domains.

3. In order to investigate the origin of the anomalous magnetic response at 7™, that
may explain the absence of long-range order of the A’ sites, we envisage that a
combines study of inelastic neutron scattering (INS) and of NMR spectroscopy
may unveil the spin dynamics and the range of the magnetic correlations involving
these sites. This would give a hint as to the possible role of small magnetic
domains in the formation of a macroscopic polarization stabilized by a polar
crystal structure. The proposed study would require the synthesis of suficiently
large single crystals for INS experiments. This appears to be very challenging

owing to the extreme conditions required to form the YMO phase.

4. Further low-temperature x-ray diffraction studies are required to establish a pre-
cise structural model of the structural modulation occurring at 7%, which is re-

quired to determine the orientation of the ferroelectric polarization.

5. The growth of larger crystals of both LMO and YMO would enable not only the
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above INS study but also the direct measurement of the polarization direction.
This measurement is required to confirm the preliminary indication of polarization
along the ac-direction in LMO and to unveil the polarization direction in YMO,

which remains to be determined.

6. The availability of larger crystals (or of epitaxial thin films) may also confirm
the expectation of significantly larger polarizations with respect to the values
~ 1C em™2 measured in polycrystalline samples. By taking into account previous
studies [64], we expect 6-10 times larger values, which would definitely be very

promising for practical applications.
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