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“...there was an effect produced on the polarized ray... ”
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Abstract

In this Thesis we have investigated the physical properties of different systems
based on functional transition metal oxides. These materials show a large variety of
properties -magnetism, ferroelectricity, superconductivity— that makes them interest-
ing to explore novel devices beyond today’s electronic and photonic technologies. The
driving force of our study has been the understanding of the fundamental physical
processes that explain a series of observed phenomena. In some cases, our interest
has been to understand why a particular material shows an atypically large magneto-
optical activity; in other cases, why and how ferroelastic domains move under electric
fields; finally, we have turned our attention to surface acoustic waves and their inter-
action with magnetic materials. In spite of the disparity of materials and properties
there is a common thread: our most important methodology to research these systems
has been the use of light and, more specifically, the exploitation of magneto-optical
spectroscopy and optical imaging. At the same time, efforts have been aimed at build-
ing, wherever possible, appropriate theoretical models that describe the experimental
data.

In the following, a concise and brief account is given of the most relevant outcomes
of the research described in this Thesis:

(i) We have determined the intrinsic contribution to the magneto-optical activity
of polarons in manganites. Our study has revealed a large magneto-optical response
in the visible, almost two orders of magnitude larger than the background response of
the material and comparable to photonic- or plasmonic-mediated magneto-optical en-
hancement. Additionally, we have identified the photoinduced electronic transitions
responsible for the intrinsic magneto-optical activity of self-trapped polarons. This
finding opens new perspectives to explore other pathways to obtain large magneto-
electric effects, using magneto-optics instead of magnetic properties.

(if) We have analyzed the incorporation of Cerium into Yittrium Iron Garnet (YIG)
and the consequences of this doping on the magnetic and electronic properties of YIG.
Summarizing, our results show that Ce-doping triggers a selective charge transfer
from Ce to the Fe tetrahedral sites in the YIG structure. This, in turn, causes a dis-
ruption of the electronic and magnetic properties of the parent compound, reducing
the exchange coupling between the Ce and Fe magnetic moments and causing atypical
magnetic behavior. Our findings represent an important step forward for the compre-
hension of the physical processes that determine the optical properties of YIG-based
compounds. This specially relevant, taking into account that these materials are nowa-
days present in commercial devices in optical communication technologies.
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(iii) We have used optical and magneto-optical imaging to analyze the spatial dis-
tributions of ferroelastic twin domains in SrTiO3 crystals under the application of
in-situ applied electric fields. Our work has enabled us to identify the sign of the
anisotropy of the low-temperature dielectric behavior of SrTiOs. Interestingly, the the-
oretical frame that we have developed to describe this anisotropy indicates the es-
sential role of the emergence of an antiferroelectric displacement of the Ti ions that
couples to polar and antiferrodistortive lattice modes. Our observations are very rele-
vant for applications where understanding and controlling the distribution of all types

of ferroelastic domains is essential for nanotechnology design.

(iv) Finally, we have used magneto-optical microscopy to access the magnetic prop-
erties of the individual piezoelectric/magnetic microstructured magnetoelectric de-
vices. Specifically, we have studied the effects of surface acoustic waves (SAW), prop-
agating on a piezoelectric (LiNbO3), on the magnetic properties of microstructured
Pt/Co/Pt squares with perpendicular magnetic anisotropy. Our results show that
SAW can induce large changes in the magnetic coercive field, up to 80% of the initial
value. By using a thermal proximity scanning probe we have shown that the changes
in the magnetic properties are largely due to an intrinsic SAW induced heat dissipa-

tion.
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Resum

En aquesta tesi s’han investigat les propietats fisiques de diferents sistemes basats
en oxids funcionals de metalls de transici6. Aquests materials presenten una gran
varietat de propietats -magnetisme, ferroelectricitat, superconductivitat- que els fan
interessants per a ser explotats com a nous dispositius més enlla de les tecnologies
electroniques i fotoniques d’avui dia. La forga motriu del nostre estudi ha estat la
comprensi6 dels processos fisics fonamentals que expliquen una serie de fenomens ob-
servats. En alguns casos, el nostre interés ha estat entendre perque un determinat ma-
terial mostra una gran activitat magneto-optica atipica, i en altres casos, entendre com
es mouen els dominis ferroelastics sota camps electrics. Finalment, hem concentrat la
nostra atencio en les ones acustiques superficials i la seva interaccié amb els materials
magnetics. Tot ila diversitat dels materials i de les propietats estudiades, hi ha un tret
en comu: la metodologia més important per investigar aquests sistemes ha estat 1'ts
de la llum i, més especificament, 1'explotacié de I'espectroscopia magneto-optica i la
microscopia optica. Alhora, els esfor¢os s’han dirigit a la construcci6, sempre que ha
estat possible, dels models teorics adequats que descriuen les dades experimentals.

A continuaci6, fem un recompte concis i breu dels resultats més rellevants de la

investigaci6 descrita a la tesi:

(i) La contribuci6 intrinseca de polarons en manganites a 'activitat MO. En resum,
el nostre estudi revela una resposta magneto-oOptica gegant i inesperada de polarons
auto-atrapats en el visible, que és gairebé dos ordres de magnitud major que la re-
sposta de fons del material i comparable a millores de tipus plasmonic o fotoniques
a l'activitat MO. A més, proporcionant un marc tedric, hem identificat les transi-
cions electroniques fotoinduides responsables de l'activitat MO intrinseca dels po-
larons auto-atrapats. Aquesta troballa obre noves perspectives per explorar altres
vies per obtenir grans efectes magnetoelectrics, utilitzant la magneto-optica en lloc
de propietats magnetiques.

(ii) L'estudi de la incorporacié de les terres rares en granats d’itri i ferro (YIG) i
les conseqtieéncies sobre les seves propietats magnetiques. Resumidament, els nostres
resultats mostren que el dopatge de Ce provoca una transferencia de carrega selec-
tiva des del ions de Ce als llocs tetraedrics dels Fe en l'estructura del YIG. Aix0 causa
una pertorbacié de les propietats electroniques i magnetiques del compost original i
que redueix I’acoblament de canvi entre el Ce i els moments magnetics del Fe causant
comportament magnetic atipic. Les nostres troballes representen un avang important
per a la comprensié dels processos fisics que determinen les propietats optiques dels
compostos basats en YIG. Propietats especialment rellevants, tenint en compte que
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aquests materials estan avui dia presents en els dispositius comercials en les tecnolo-

gies de comunicacié optica.

(iii) Hem utilitzat microscopia Optica i magneto-oOptica per analitzar la distribucié
espacial de domini de macla ferroelastics en cristalls de SrTiO3 sota camps electrics
aplicats. El nostre treball ens ha permes identificar el senyal de 1’anisotropia del com-
portament dielectric de baixa temperatura de SrTiO3. Curiosament, el marc teoric que
hem desenvolupat per a descriure aquesta anisotropia indica el paper essencial de
I'aparicié de modes antiferroelectrics dels ions de Ti que s’acoblen amb modes polars
antiferrodistortive. Les nostres observacions sén molt rellevants per a aplicacions en
les quals és essencial la comprensi6 i el control de la distribuci6é de tot tipus de re-
sposta ferroeldstica per al disseny nanotecnologic.

(iv) Finalment, hem utilitzat la microscopia MO per accedir a les propietats mag-
netiques individuals de dispositius magnetoelectrics de tipus piezoeléctric/ magnetic
microestructurats. Especificament, s’han estudiat els efectes de la propagacié d’ones
acustiques superficials (SAW) en un piezoelectric (LiNbOs) sobre les propietats mag-
netiques de microestructures de Pt/Co/Pt amb anisotropia magnetica perpendicular.
Els nostres resultats mostren que les SAW poden induir grans canvis en el camp co-
ercitiu magnetic, fins un 80% del valor inicial. Mitjangant I'tis d'una sonda térmica de
proximitat i rastreig hem demostrat que els canvis en les propietats magnetiques sén
en gran part causa d"una dissipaci6é de calor intrinseca de les SAW.
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Chapter 1

Introduction

1.1 Brief overview of transition metal oxides

Transition metal oxides represent a vast family of materials comprising a broad scope
of crystal structures. These range from simple binary oxides of MO composition -
where M is the transition metal-, which generally possess a rock-salt structure, to
dioxides, M0y, which can display fluorite, rutile, or even more intricate structures.
Beyond this, higher complexity can be found in many sesquioxides, with composition
M503, which may possess the corundum structure. Most relevant for the context of
this Thesis, are transition metals forming ternary oxides like perovskites, spinels, or
garnets.

One of the hallmark features of these oxides is the rich variety of physical proper-
ties, closely related to the structure of the materials, which are very sensitive to any
eventual phase transitions from one crystal structure to another. These properties -
which encompass several phenomena, such as magnetism, piezoelectricity, ferroelec-
tricity, superconductivity, birefringence, and many others- are very often signaled as
the basis for the design of future functional devices, offering alternative pathways for
the further development of today’s electronic and photonic technologies [1, 2, 3]. One
of the key futures of oxides is that, beyond the development based purely on device
miniaturization and increase of computational speed, they afford the additional pos-
sibility of increasing the functionality of devices to keep up with Moore’s law and the
impressive development of information technologies over the past decades.

The underlying premise for the fascinating diversity of physical properties dis-
played by oxides is rooted in the role played by the outer electrons in d-shells of the
transition metal ions. These d electrons can neither be described by a collective elec-
tron model (as in the case of s and p electrons) nor by a localized electron model (as
in the case of f electrons which are tightly bound to the nuclei) [4]. The intermediate
state of these electrons shows itself in terms of localized electron behavior in some
oxides and collective electron behavior in some others; in a few instances, both kinds
of d electrons can even exist simultaneously. Additionally, the bandwidth of the elec-
tronic states derived from the d-shells is much narrower than that s- or p- derived

electrons bands. In consequence, electronic correlations are vigorously promoted in
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states derived from d-bands. Not surprisingly, many of transition metal oxides display
magnetic ordering, including ferromagnetism, antiferromagnetism, ferrimagnetism or
more exotic forms of magnetism based on noncollinear spiral, conical spin textures.
Similarly, electron correlations in d-bands are behind the emergence of Mott or charge
transfer insulators, a class of materials that should conduct electricity under conven-
tional band theories, but are indeed insulators [5].

In this Thesis we have investigated the physical properties of different systems
based on transition metal oxides. In most cases, the magnetic properties have been
researched by the use of light and, more specifically, exploiting magneto-optical spec-
troscopy and optical imaging. Although magnetism is the common thread throughout
our investigations, other not less relevant phenomena have been subject to study, in-
cluding electron-lattice interactions, ferroelasticity or magnetoelastic interactions in
complex piezoelectric/magnetic systems. In the following of this introductory chap-
ter, this common thread is broken down into the different aforementioned aspects
related to the different topics and materials that have been addressed in this Thesis.

1.2 Lattice distortions and self-trapped polarons in CMR man-

ganites

In a solid, beyond the aforementioned interactions between electrons, the latter can
also interact with the lattice -for instance, via the electron-phonon coupling-. In this
context, an important phenomenon in transition metal oxides is the Jahn-Teller effect
[6, 7], by which the symmetry and energy of the solid is reduced by a geometric dis-
tortion. The Jahn-Teller effect is typically observed among octahedral complexes -for
instance, in oxides of the perovskite family- where the two axial bonds can be shorter
or longer than those of the equatorial bonds. This is schematically depicted in figure
1.1, where the distortions of an octahedral unit are shown.

The Jahn-Teller theorem requires a spatially degenerate electronic ground state
whose degeneracy, by reason of the geometrical distortion, is removed by reducing
the overall energy of the system [9]. In the case of a perovskite oxide, the five d atomic
orbitals are split into two degenerate sets by the octahedral oxygen coordination that
surrounds the transition metal. The split orbital levels are then represented by the
symmetry labels: the lower energy toy (ds., dy., dzy) states and the e, (d,2 and d,2_,2)
levels that are higher in energy. When in a given crystal phase the solid possesses a
degenerate electronic ground state -e.g., to, or e, levels are degenerate-, it will distort
by the Jahn-Teller effect to remove the degeneracy and form a lower energy -and by
consequence, a lower symmetry- system. The octahedral complex will either elongate
or compress the z ligand bonds as shown in the figure 1.1.
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FIGURE 1.1: The Jahn-Teller effect for Mn3* (3d%). An octahedral
complex (left) can distort (right), thus splitting the t2g and eg levels.
Adapted from [8].

The concept of Jahn-Teller distortions is closely related to the emergence of po-
larons, especially when the coupling of electrons and the lattice is particularly strong.
Since their first inception by Landau in 1933, polarons have grabbed the attention of
many other physicists (including, notably, prominent scientists such as Feynman [10]
or Rashba [11]). Since then, polarons have been shown to be a key ingredient to un-
derstand the physics of many materials, including high-Tc superconductors, colossal
magnetoresistance (CMR) oxides or semiconductors [12, 13].

Precisely, the case presented by self-trapped polarons in colossal magnetoresis-
tance manganites is described in Chapter 3. Manganite perovskites are compounds
with AMnOs3; chemical composition, in which A is usually a lanthanide or a rare earth,
and the physics of manganites is mainly derived from electrons in the e4-levels. An
important observation is that when an electron is localized in the e, shell of an octa-
hedral Mn complex the resulting degenerate state (see Fig. 3.3 of Chapter 3), triggers
a geometrical instability in the form of the Jahn-Teller effect. As a consequence, the
complex becomes elongated and electrons occupy preferentially orbitals with 3d; ,
symmetry. In the particular case of La,,3Ca;,3sMnOs this distortion can be experi-
mentally observed by EXAFS and is found to increase as the temperature approaches
the magnetic transition [14]. Interestingly, when polarons are intensely bound to the
lattice, the electronic states are intermixed with vibronic deformations, forming a new
kind of physical entity, the small polaron, which can have physical properties and elec-
tronic band structure markedly different from those of the background solid. When
electrons move around in a magnetic field, that motion generates a magneto-optical
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gyrotropic response, by which the polarization of light is rotated in proportion to the
induced magnetization. In consequence, the emergence of self-trapped polarons in
some compounds, such as the optimally doped ferromagnetic manganites, can give
rise to the appearance of a distinctive magneto-optical response, different from the
background response of the non-trapped free-like electrons. Our discovery of an un-
expectedly large magneto-optical response intrinsic to self-trapped polarons ina CMR
manganite is discussed in Chapter 3. In collaboration with P. Garcia Fernandez and J.
Junquera (U. Cantabria) we have established a solid theoretical framework to under-
stand the astonishingly large magneto-optical response induced by the self-trapped
polarons. It has been found that the answer lies in the nontrivial interplay between
different factors: (i) the spin-orbit coupling, which induces spin-mixed states that al-
low describing spin flips during the photoinduced polaron motion, (ii) the intersite
Mn-Mn polaron hopping that allows electronic e4-¢4 transitions that are forbidden by
parity, and (iii) the Jahn-Teller interaction that enhances the effect of the spin-orbit

coupling.

The uncovering of a large polaron-induced gyrotropic response is intriguing for
different reasons. Firstly, because an unsuspected mechanism for large gyrotropic ef-
fects comes to light. Secondly, the phenomenon is observed close to room temperature;
one can then envision strategies to raise the effect to higher temperatures by engineer-
ing materials suitably. And, finally, strain modulation by piezoelectrics may lead to a
large modulation of the magneto-optical activity by electric fields, thus opening novel
avenues for magnetoelectric coupling beyond the conventional modulation of magne-

tization, which are so far unforeseen.

1.3 Magneto-optical responses in oxides: rare-earth doped iron

garnets

Precisely, the large magneto-optical activity of some materials form nowadays the ba-
sis for crucial devices that integrate today’s optical networks. More specifically, the
communication of information along optical fibers requires the insertion of optical iso-
lators, i.e., devices that enable the propagation of light along one direction, but forbid
the propagation along the opposite direction. This ability is essential for the suppres-
sion of the damaging effects of backscattered light on the signal quality. Not surpris-
ingly, optical isolators are today a mainstay of any communication technology based
on light [15]. Most of the actual optical isolators are based on the magneto-optical
Faraday effect: in this case, a slab of a magneto-optical material, mostly the Y3Fe5O12
(YIG) garnet, is sandwiched between two crossed optical polarizers (figure 1.2). The
polarization of the light traveling along YIG is rotated by the magneto-optical Faraday
effect and is proportional to the optical path length along the YIG crystal. Since the
magneto-optical effect is non-reciprocal, light is only enabled to propagate forwards,
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while backward propagation is blocked (figure 1.2).

Forward
Polarizer (0°) Faraday crystal Polarizer (45°)
k
Backward
Polarizer (45°) Faraday crystal  Polarizer (0°)
k  Block

FIGURE 1.2: Optical isolator operation principle scheme.

Although YIG is the staple material for Faraday isolators, today’s drive for new
materials shifts the research towards other systems with even larger magneto-optical
responses that, eventually, could be integrated in smaller photonic devices. In this line,
a successful strategy to enhance significantly the magneto-optical response is to dope
YIG with rare earths and, in particular, with Ce. Indeed, Ce-doping on yttrium sites
yields a considerably enhanced near-infrared Faraday rotation and magneto-optical
figure of merit [16, 17, 18, 19, 20]. With these interesting properties, Ce-YIG is promis-
ing for nonreciprocal photonic device applications, such as the abovementioned opti-
cal isolators and circulators. Broadly speaking, the larger magneto-optical response of
Ce-doped YIG can be explained by the emergence of new optical transitions -absent in
the parent undoped YIG compound- involving ions (Ce in this case) with large spin-
orbit coupling. Yet, some fundamental physical mechanisms behind the Ce-induced
optical transitions are still under debate. In particular, most works propose two types
of electronic transitions: (i) intra-atomic orbital dipole transitions between the 4 f and
5d states of Ce or (ii) interatomic dipole transitions between the 4 f-Ce and 3d states of
Fe [21, 16, 22]. However, it is still unclear whether both transitions are equally relevant

or if, on the contrary, one of them is predominant.

To investigate the impact of Ce-doping on the magnetism and electronic prop-
erties of the YIG parent compound, we undertook an ambitious experimental ap-
proach, combing magneto-optical and synchrotron x-ray spectroscopies. As described
in Chapter 4, our work shows that doping YIG with Ce generates a disruption of the

5
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electronic and magnetic properties of the parent compound, which causes a reduction
of the exchange coupling between the Ce and Fe magnetic moments. Our element-
and site- specific soft x-ray spectroscopy measurements demonstrate that this disrup-
tion is caused by an electron charge transfer from 4 f-Ce states towards 3d-Fe states.
More importantly, we find that such charge transfer is found to occur only towards
some of the iron sites in the YIG structure -namely, the iron ions that are located in
tetrahedral sites in the YIG structure, while those at octahedral positions are left spare-
. As a consequence of the perturbation of the ionic electronic states, the site-specific
(Ce and Fe) sublattice magnetizations are disturbed in such a way that their respec-
tive magnetization hysteretic curves show atypical signatures, departing from the de-
viations from the conventional saturation-magnetization behavior. As described in
Chapter 4, although we cannot anticipate what of the aforementioned Ce — Ce or Ce
— Fe transitions is most relevant for the higher magneto-optical response of Ce-doped
YIG, our study establishes a step forward in the comprehension of the fundamental
physical processes caused by rare-earth doping in the YIG electronic and magnetic
properties that, as aforementioned, is an indispensable knowledge to further optimize
and tailor the optical properties of these important materials.

1.4 Low-temperature dielectric properties and ferroelastic do-

mains in SrTiO;

Noble Prize-winner Alex Miiller once described strontium titanate as the “drosophila
of solid state physics” [23, 24]. This assertion has a good reason, since SrTiOj is
host to many intriguing condensed matter states, including the most dilute known
superconductivity [25], incipient ferroelectricity suppressed by quantum fluctuations
[26], or the emergence of two-dimensional electron gases (2DEGs) with very large
Rashba spin-orbit fields [27, 28, 29, 30, 31, 32, 33]. All these phenomena occur below
the cubic-to-tetragonal transition where SrTiO3; undergoes antiferrodistortive (AFD)
lattice distortions, whereby octahedral units of the perovskite structure are counter-
rotated along different axes and ferroelastic twins emerge as a consequence of the
lower symmetry (figure 1.3). It is well known that the formation of such twins has a
strong impact on the transport properties of 2DEGs and on superconductivity [28, 34,
35, 25, 36, 37, 38], and, obviously, could play a key role in the dielectric properties,
including the emergence of ferroelectricity. Nevertheless, surprisingly, the knowledge
of the low-temperature dielectric properties of SrTiOj is rather partial. In particular,
although it is known that the dielectric properties are anisotropic —as expected for a
tetragonal symmetry- the relation of this anisotropy to the AFD rotation axis is still not
clarified. This knowledge gap is particularly detrimental for the full comprehension
of the physical properties of SrTiOj3 since, as mentioned above, a detailed understand-
ing requires an accurate description of the ferroelastic twin distribution and its motion

under electric fields.
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FIGURE 1.3: Schematic twin boundaries and domains in the SrTiO;
crystal structure in the tetragonal phase. Extracted from [36].

In order to shed light on the dielectric properties of SrTiO3;, we have carried out a
detailed analysis intended to visualize the evolution of the spatial distribution of fer-
roelastic domains under the action of in-situ applied electric fields. For that purpose,
we have relied on the magneto-optical imaging of the domain pattern of magnetic thin
films -CousoFes0Bao (CoFeB) in our case- grown on the surface of SrTiO; crystals. This
approach is similar to the previously reported imprinting of ferroelastic domains into
a magnetostrictive film on BaTiOs [39, 40, 41, 42, 43, 44, 45, 46, 47, 48], in which a strain
transfer takes place from the ferroelastic twins, causing a modulation of the magnetic
anisotropy of the magnetic overlayer via inverse magnetostriction. As discussed in
Chapter 5, in an appropriate magnetic state configuration, it is possible to establish
a biunivocal correspondence between the magnetic domains observed in CoFeB by
magneto-optical imaging and the ferroelastic twin domains in SrTiO3. Thus, magneto-
optical microscopy is used in this case to image directly the changes in the space dis-
tributions of ferroelastic twins upon the application of electric fields. As shown in
Chapter 5, our analysis has confirmed that the low-temperature dielectric properties
of SrTiO3 are anisotropic and, additionally, has revealed that the dielectric susceptibil-
ity is higher along the normal to the axis of the octahedral tilts in the AFD tetragonal
phase.

Interestingly, the collaboration with Prof. M. Stengel (ICMAB-CSIC) has enabled
the identification of the driving force of this anisotropic behavior. More specifically, an
analysis based on first-principles and Landau theory, associates the observed anisotropy
to the emergence of an antiferroelectric (AFE) lattice instability of the Ti ions that cou-
ples to polar and AFD lattice modes. Consequently, the results presented in Chapter
5 are all-important to understand the motion and distribution of ferroelastic twins in
SrTiO3 under electric fields.
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Beyond this important conclusion, we have also studied how the electric field-
induced changes of the ferroelastic twin distributions are related to macroscopic di-
electric measurements. This is a relevant aspect of the physics of SrTiOs. In general,
there is a common acceptance that SrTiO; is a non-ferroelectric material; yet, ferro-
electricity has been reported several times in this system. For instance, it has been
claimed that ferroelectricity can be induced under strain [49, 50] or by doping with
O'8 isotopes [51]. Beyond this, a giant piezoelectric effect has been reported in the
SrTiOj3 surface [52], and even nominally stoichiometric SrTiO3 has been reported to be
ferroelectric under large applied electric fields [26]. Moreover, it has been shown that
the twin domain walls exhibit a polar character [53, 24, 54] and some works attribute
this fact to the origin of the observed changes under electric field [55, 56].

Our magneto(optical) approach to the study of the ferroelastic domain structure of
SrTiO;3 crystals has enabled an unprecedented analysis in connection with the macro-
scopic dielectric properties. More specifically, we have been able to track down the
evolution in small regions (typically about a few tens of ym or even less) of ferroe-
lastic twin distributions as a function of the electric field, as it is changed over a com-
plete cycle. These efforts were aimed at identifying any ferroelectric-like features in
the twin’s reconfiguration under electric fields. Studying the optical images obtained
over the entire sample area, we have identified different regions that were character-
ized by hosting ferroelastic domains with different orientations with respect to the
surface and with respect to the applied fields. We have found that, while some ar-
eas do not show a significant redistribution of twins with fields, other regions over
the sample do exhibit significant changes in the spatial distribution of the ferroelectric
domains. Interestingly, we find that those regions displaying higher ferroelastic twin
mobility are those that show at the same time ferroelectric-like features in the optical
signal. This seems to point to a correlation between ferroelastic motion and redistri-
bution and ferroelectric-like dielectric responses, a point that justifies further research
to better settle this relationship.

1.5 Localized heating generated by pulsed surface acoustic waves

In the last section we have described how we imaged ferroelastic twins by magneto-
optical imaging, exploiting the fact that the strain generated by the ferroelastic do-
mains is transferred to the modulation of the magnetic anisotropy of the magnetic
overlayer via inverse magnetostriction. This is a particular case of a magnetoelastic
interaction taking place across the interface between two systems. Yet, this topic is of
a much broader scientific and technological interest and is indeed a very active field of
research. More specifically, over the recent years, there has been a high interest to find
mechanisms to control the magnetization of nanodevices alternative to the application
of magnetic fields, which usually requires the use of electrical currents to generate the
magnetic fields, with consequent increase of power consumption [57, 58]. In this line,
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the possibility to control a nanomagnet with an electric current via the spin-transfer
torque effect or with an electric field through the magnetoelectric coupling has in-
spired a considerable amount of technological concepts. Particularly, magnetoelectric
materials such as artificial or intrinsic multiferroics are particularly promising [59, 60,
61, 62,63, 64, 65, 66, 67, 68]. There are two essential different mechanisms by which an
electric field can exert a control of the magnetic state of multiferroic system, involving
either electronically driven interface coupling [69, 70] or via strain-mediated mecha-

nisms, involving the converse piezoelectric effect and magneto-elastic interaction.

Following this kind of magnetoelectric systems mediated by strain, we have ex-
plored new scenarios with the purpose to control dynamically the magnetic states.
Along this line, as described in Chapter 6, we have considered the case where the
strain is generated by the propagation of surface acoustic waves (SAW) [71]. Indeed,
SAW devices that operate at high GHz frequencies are of prime interest for applica-
tions in communications applications [72]. This proposition is reinforced by recent
studies that indicate that magnetic states can be dynamically changed at the SAW fre-
quencies (MHz) [73, 74, 75]. In the work presented in Chapter 6, we describe our re-
search on the effects that SAWs generate on magnetic devices consisting in multilayers
exhibiting perpendicular magnetic anisotropy (PMA). Our choice of PMA magnetic
devices is motivated by the fact that these materials are considered advantageous for
their high-capacity and high density for nanomagnetic devices, such as STT-MRAMs
memories [76, 77, 78]. Bearing this in mind, we selected to grow Pt/Co/Pt thin films
with PMA on the surface of ferroelectric LINbO3 substrates. The use of LiNbQOs is
justified by its extensive use in the telecoms market, e.g. in mobile telephones and op-
tical modulators, and it is indeed the material of choice for the manufacture of surface
acoustic wave devices. As discussed in Chapter 6, the operating frequency of SAW
devices is proportional to the substrate’s acoustic wave velocity and inversely propor-
tional to the spatial periodicity of the interdigital transducers (IDTs); the fabrication of
GHz frequency devices thus requires the fabrication of IDTs with periods in the mi-

cron range.

In our research, we have used polar magneto-optical microscopy to access the mag-
netic properties of the individual Co/Pt microstructured devices, and to analyze the
effects that SAW propagation has on the magnetization reversal process of these de-
vices. Interestingly, we observed that SAW propagation can alter some magnetic prop-
erties and, in particular, the coercive field. Although certainly SAWSs can induce spin
precession effects on the magnetic overlayer, thus causing an alteration of the mag-
netic state, our detailed study suggests instead a prominent role of the propagation of
heat associated to SAWs and to subsequent increase of temperatures that they carry
with them.

A key aspect of our investigation has been the use of space- and time-resolved
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scanning thermal microscopy to analyze the propagation and spatial distribution of
the heat generated by SAWs on the surface of LiNbOj3 crystals. Our study has revealed
that the heat generated by SAWs is strongly directional and causes local temperature
increases up to 10 K and above. We have tested the effects of heat dissipation in the
Co/Pt structures induced by SAW pulses, showing that SAWs can be exploited to gen-
erate fast and local heating, which can be used to alter the magnetic properties of the
devices. Allin all, our work shows that beyond the control of magnetic states by strain,
our approach provides interesting perspectives to control magnetic nanodevices using
heat dissipation induced by SAWs.

1.6 Epilogue

Over the previous sections, the different topics covered in this Thesis have been briefly
overviewed. In the next Chapter, before plunging into the detailed explanation of
the research activities and outcomes, a description will be given of the experimental

methodologies that have been exploited in this Thesis.
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Chapter 2

Experimental Section

“I'was led some time ago to think it very likely, that if a beam of plane-polarized light were reflected under
proper conditions from the surface of intensely magnetized iron, it would have its plane of polarization
turned through a sensible angle in the process of reflection.”

John Kerr, Phil. Mag. 3 (1877) p.321

When polarized light interacts with a magnetic material, its polarization state can
be modified as a function of the magnetization giving rise to the so-called magneto-
optical effects (MO). The most relevant MO responses are the Faraday effect, in which
the change of polarization state of the light occurs through the light transmitted (figure
2.1) and the Kerr effect (MOKE), in which the effects are caused in the reflected light
(tigure 2.1) [79].

FIGURE 2.1: Magneto-optical effects scheme. Polarized light has
changed its polarization state after being reflected or transmitted
through a magnetic material. Extracted from [80].

For instance, in the case of MOKE, when s-polarized light is reflected from a mag-

netic material also p-polarized wave appears on the reflection, thus, the reflected light
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Chapter 2. Experimental Section

exhibits an elliptical polarization (figure 2.1). The changes on the polarization state
can be depicted as a rotation of the polarization plane (Kerr rotation ) and as a
change of the polarization ellipticity (ellipticity ex). Analogously, the same angular
magnitudes are defined for the Faraday effect.

Magneto-optics (MO) can be exploited in two different ways. On the one hand, the
ability of magnetic materials to change the polarization of light is useful for sensing
and optical telecommunications. That is why efforts are put on finding materials to
enhance the magneto-optical activity. In the present thesis we have explored two ways
into this field:

¢ The intrinsic contribution of polarons in manganites to the MO activity.

¢ The study of rare-earth incorporation into Yittrium Iron Garnet (YIG) and the

consequences on its magnetic properties.

On the other hand, MO can be used as a probe for magnetism. We have used this
capability to understand the role of strain-mediated responses (ferroelastic twin do-

mains and surface acoustic waves) in the magnetic properties of thin films.

In the this Chapter, we describe the experimental strategies used in the present
thesis to measure the MO activity of a magnetic sample and to resolve via imaging its
magnetic domain configuration. In addition, the main techniques used to grow the

studied materials are explained.

2.1 Magneto-optical spectroscopy

The MO spectroscopy is a technique that study the MO effects as a function of the
photon energy. In the following, we will describe the physical origin of MO effects.

2.1.1 Magneto-optical effects

The optical properties of a material are originated from the interaction between light
and matter. In particular, the electric field of the light exerts a force to the free and
bound electrons in the solid. In a first approximation, this interaction between elec-
trons and light can be described by a classical model, in which electrons are consid-
ered as classical oscillators. Using this picture, one can assume that the displacement
of electrons generated by the electromagnetic waves creates dipoles in the material.
How these dipoles are created is governed by the dielectric permittivity e of the ma-
terial that is a complex magnitude. Figure 2.2 shows schematically a typical spectral
response of the dielectric permittivity. The resonances in the spectra are associated to
the different vibrational modes of the material structure which, at optical frequencies,
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2.1. Magneto-optical spectroscopy

are coupled to electronic vibrational modes.

FIGURE 2.2: Schematics of the spectral response of the dielectric per-
mittivity. Adapted from [81].

Two main contributions related to light interaction with bound and free electrons
are necessary to model the permittivity response:

¢ A Lorentz term that describes the electronic transitions between two energy lev-
A
w?—w+iyw

A is the probability of the absorption, w is the photon energy, wy the energy be-

els induced by the absorption of a photon (figure 2.3 a): € = ; where
tween the levels and ~ the sharpness of the absorption related to the lifetime of
the electronic states.

¢ A Drude term that describes the absorption of photons by free electrons (wy = 0,
figure 2.3 b).

Under an applied magnetic field, the permittivity will be affected by the Lorentz
force acting on the electronic motion. Therefore, the propagation of electromagnetic
waves (governed by the permittivity) will be changed.

Considering this simple model we can write the Maxwell’s equations to describe
the electromagnetic wave propagation in a magnetic material. We obtain the general

form for the permittivity tensor ¢;;, that for a magnetized material with negligible
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Chapter 2. Experimental Section

a) Photon Energy (eV) b) Photon Energy (eV)
0.1 1 0.01 0.1 1

2000 ! . . 300,000 T T .

&
ot ]
o?
— L
\ 1

1500 200,000

T
-

1000 100,000

1]

=100,000 -

=500 =200,000

£
o
=]
(=]
LI N B
\
o
[.A
ISR NN NN AN NN e |
€
T
/
/

|
-1000 . L . ~300,000 L L - 1
100 1000 10,000 10 100 1000 ., 10.000 1
1 x
Frequency (cm ') Frequency (em ')

FIGURE 2.3: Real ¢; and imaginary e, permittivity response of (a) the
Lorentz term and (b) the Drude term. Extracted from [82].

losses can be written as following:

/ / /A - I
€ra Ewy + 9z €z — Zgy
-~ / ] / / ./
€ij = | €yy — 195 €y €y> 19y (2.1)
/ /A ./ /
€z T 9y €yz — W9z €2z

where g.//, g,// and g.// are the gyration components, which are odd as a function
of the magnetic field (¢ (H) = —g/(—H)) and ¢;;/ is the real permittivity components,
which are even as a function of the field. In general, this dielectric tensor can be de-
composed into symmetric and antisymmetric parts. The normal modes of the sym-
metric tensor are linearly polarized light which does not give rise to MO effects. The
off-diagonal components (antisymmetric parts) produce the difference in the refrac-
tive indexes between the two circularly polarized modes originating the MO effects.

In general €;; can be expanded in terms of the magnetization components:

&j = ety + KijhMy + Gigra My My + ... (2.2)
where 5%‘ are the components at zero magnetization, K;j; the third rank magneto-

optical tensor that describes the linear dependence on the magnetization and the G,
is the fourth rank tensor describing the quadratic dependence on the magnetization.
Usually, the measured MO signal has a linear dependence on the magnetization be-
cause linear terms K;;;, use to be larger than the quadratic ones G/;y;.

It is known that the MO response is strongly dependent on the material and, for
a given material, on the wavelength. This is not surprising, since the photon absorp-
tion at a given material depends on the electronic transitions. The largest contribu-
tion to the absorption is given by the so-called electric-dipole approximation allowing
electric-dipole transitions that comply with selection rules [79]. The most relevant en-
ergy scales to the analysis of the light induced electronic transitions is described briefly
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2.1. Magneto-optical spectroscopy

in the following. In the first place, spin-orbit interaction originates the energy splitting
that allow different electronic transitions for left and circular polarized light and thus,
creating a difference in absorption for both polarizations. However, the Heisenberg
exchange and Zeeman interaction are needed to generate a difference in absorption
between spin up and down or under a magnetic field. In the figure 2.4 a simple tran-
sition diagram is shown with the aforementioned energy splittings giving rise to a
difference in the spectrum between spin up and down.

spin-down e spin up e absorption
1101) spectrum
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FIGURE 2.4: Transitions scheme for MOKE. The spin-orbit coupling
and the exchange interaction are the origin of the main energy split-
ting that give rise to a different absorption for left and right circularly
polarized light. Courtesy of Dr. Jaroslav Hamrle.

All materials, even those without any magnetic order, can display MO effects, but
the specific MO response per unit of optical path is very weak, unless the material has
a magnetic order with net magnetization. MO effects, generally observed by changes
in the polarization state of light, can be measured in different optical configurations.
One particular case is when light is transmitted through a sample; in this case we talk
about the Faraday effect when the wavevector of light is parallel to the magnetization
(k|| H) or the Voigt or Cotton-Mouton effect if they are normal to each other (x L
H). On the other hand, when the magneto-optical effects are measured by measuring
the changes in the reflected light we talk about magneto-optical Kerr effects (MOKE).
Usually, MOKE is very convenient to study ferromagnets because most of them are
metals, hence, almost all the light is reflected making very difficult to measure MO ef-
fects in transmission. In the following, we give a more detailed description of MOKE.

15



Chapter 2. Experimental Section

2.1.2 Magneto-optical Kerr effect (MOKE)

In reflection, the polarization state is defined respect to the plane of incidence of the
light. With this reference, two orthogonal linearly polarized states can be taken as the
basis to define the polarization of light, whose components are: s—polarized, which
is the component perpendicular to the plane of incidence and p—polarized, with the
component contained in the plane of incidence. The components of an arbitrary po-
larized light are (E?, E}) for incident light and (E, E},) for the reflection in the (s, p)
basis. Thus, all the optical effects in reflection can be modeled by the Jones matrix

formalism with the reflection matrix:

R=| "= TP (2.3)
Tsp Tpp
Where r,s = Ee

T ET
_ B . . . .
i and 7y, = 7 describe the intensity and phase changes for a certain

E'L and 7, = ’; describe the ratio of the
polarization conversion from s to p and from 1 p to s respectively and quantify the MO

polarization. The off-diagonal terms ry, =

response of a material. Therefore, for a small angles, the complex Kerr angle 6 + i for
s and p polarized light is defined as:

05 + ies = Tsp
Tss
(2.4)

r
. _ pSs
O, + i€, = ———

Tpp
Three main geometries are distinguished with respect to the angle between the
plane of incidence and the magnetic field (or magnetization). These geometries are
called: polar, longitudinal and transverse (figure 2.5).

FIGURE 2.5: MOKE geometrical configurations, a) Polar, b) Longitudi-
nal and c) Transverse.

In the polar configuration the complex Kerr angle is sensitive to the out of plane
magnetization component. Generally, near normal incidence is needed to avoid any
in-plane projection of the propagation vector k giving also sensitivity to the in-plane
components. For the longitudinal configuration, an angle of incidence is needed to
give sensitivity to the in-plane magnetization components. In the case of transverse
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2.1. Magneto-optical spectroscopy

configuration, there is no projection of k on the magnetization. This case is sensitive to
the in-plane component but, unlike the previous configurations that measure the com-
plex Kerr angle, a change of p-polarized light intensity is measured in the transverse
configuration. Therefore, in this case, the observable is a change of the r,, coefficient

(Arpp).

2.1.3 Experimental approach for MOKE measurements

The Kerr angles are usually in the order of ~mrad. For this small signal amplitudes,
the sensitivity of light detectors and the responses of optical elements become very
important. In order to decrease the signal-to-noise ratio, modulation techniques are
required for a clear improvement of the Kerr detection [83]. In the case of magneto-
optics, three magnitudes can be modulated: magnetic field, light intensity and light
polarization (phase modulation). The most successful technique in terms of Kerr res-
olution is the phase modulation of the light. One of the important arguments is that
the phase of light can be modulated at higher frequencies than magnetic field or light
intensity using for example a conventional optical chopper. Another advantage is that
both real 6 and imaginary ¢ Kerr angles can be measured independently. For these
previous reasons, our selected experimental method has been the phase modulation.

In order to realize phase modulation, a photo-elastic modulator (PEM) device is
needed. The PEM is composed by a birefringent slab of quartz coupled to a piezoelec-
tric that via strain, introduces a retardation phase between the two orthogonal light
components respect to the optical axis of the PEM’s birefringent crystal. The retarda-
tion is modulated between +¢ and —¢ at 50 kHz. As an example, if the retardation is
¢ = m/2, the light after the PEM will change its polarization state between left circular
polarized to right circular polarized through all the intermediate elliptical and linear
states (figure 2.6).

2
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FIGURE 2.6: Polarization state of the light modulated by the PEM for
0.5 retardation. Adapted from Hind’s Instruments ©.

PEM can be modeled using the Jones matrix formalism as following where ¢ =
©o sin(wt) and g is the maximum retardation:
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Chapter 2. Experimental Section

e 2

eis 0
PEM = ( 0 e > (2.5)

In the following, with the help of the Jones matrix formalism, we will describe the
details of the experimental instrumentation needed to measure the MOKE effects in
the three aforementioned optical configurations, namely, polar (PMOKE), transverse
(TMOKE) and longitudinal (LMOKE).

Polar Magneto-optical Kerr effect (PMOKE)

The experimental setup to measure PMOKE is shown in the figure 2.7. Other optical
arrangements can be considered but always guaranteeing near normal incidence and
out of plane magnetic field. In our case, monochromatic light is generated using a
Xenon lamp and a monochromator. The monochromatic light is polarized at P = 45°
respect to the PEM’s optical axis in order to have equal orthogonal components before
being modulated by the PEM. Up to this point, all these optical elements will have
the same configuration for all the Kerr geometries. In this setup, a beam splitter and
a mirror are needed to give an accurate normal incidence parallel to the applied mag-
netic field. The reflected light is detected using an analyzer (polarizer) and a photo-
multiplier tube (PMT). Although part of the light intensity is lost through the beam
splitter and the mirror can also introduce non desired signals [84], these detrimental
effects can be corrected properly and signals down to ~ prad can be resolved.

g > |
= N
(I |
w Sample

Analizer (A) PMT

Beam splitter »-
o e

Polarizer (P)

Monochromator

Xe lamp

FIGURE 2.7: PMOKE configuration scheme.
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2.1. Magneto-optical spectroscopy

The detected signal in the PMT can be calculated using Jones matrix formalism
The simplest system can be modeled taking into account the Polarizer (P), the PEM,
the sample (reflection matrix) and the analyzer (A). The reflection matrix has been
rewritten substituting 2.4 into 2.3. Thus, the polarization state of the reflected light
(Ey, Ey) (before the analyzer) is given by:

ET\ 1 —7pp (0, + i€p) ¥’z 0 cos(P) 2.6)
Er )\ res(Bs + ies) 1 0 e ie/2 sin(P) '

where P is the angle of the polarizer set at 45°. The intensity at the detector is given
by conjugate product of the Jones matrix Jy, = (E7, Ey):

Ly = Juy T2, 2.7)

Multiplying the matrix, the intensity (without analyzer) can be decomposed as the
sum of the s and p components I, = I; + I,,. Experimentally, both components can be
measured individually setting the analyzer at A = 0° for Iy and A = 90° for I

1
I, = 3 |7“SS|2 [1 4 205 cos(p) + 2¢e5sin(p)] + 13(03, eg) (2.8)

1
I, = 2 |7"pp‘2 [1 —20p cos(ip) + 26, sin(p)] + Ip(9§’ 612:) (2.9)

Where I,(62,€3) and 1,(62,¢2) are neglected quadratic Kerr terms. Using the Jacob

s1Cs P
expansion by the first kind Bessel functions .J,:

sin(¢p sin(wt)) = 2 nij:l Jon—1(po) sin[(2n — 1)wt] 210)

~ 2.J1(po) sin(wt) + 2J3(pg) sin(3wt) + ...

cos (o sin(wt)) = Jo(¢o) + 2 nz::l Jan(po) cos|(2n)wt] @.11)

~ Jo(vo) + 2J2(¢po) cos(2wt) + . ..

We can rewrite the equation in terms of w and 2w (neglecting the 3th harmonic) as
following;:

1
Iy = 57"33 + Jo(00)r2,0s + 271 (00)r2 s sin(wt) + 25 (0)r2,0, cos(2wt)
(2.12)

1 .
I, = §T§p - Jo(gao)rgpep + 2J1(g00)r§pep sin(wt) — 2.J3 (goo)rgpf)p cos(2wt)

The modulated terms w and 2w can be measured independently using a lock-in ampli-
fier that gives the root mean square (RMS) value of the amplitude. Then, the measured
amplitude will be normalized by the non-modulated term that can be measured by a
dc voltmeter. However, the non-modulated term depends also on the Kerr rotation 6, ,,
unless Jy(¢o) = 0 [85]. The first kind zero order Bessel’s function is zero at ¢y = 2.405
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rad, corresponding to a retardation of 0.383\. Thus, the polarization as a function of
time after the PEM settled at 0.383) is schematically represented in the figure 2.8.
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FIGURE 2.8: Polarization state of the light modulated by the PEM for
0.383 ) retardation as a function of time.

In order to give a graphical view of these equations, we simulated the intensity I,
of the system 2.6 given by the expression 2.7 changing the Kerr ellipticity from -1 to
+1 mrad and keeping the rotation constant at 1 mrad and oppositely. The intensity
as a function of the time for the Kerr ellipticity and rotation variation is plotted in the
figure 2.9 a) and b) respectively. Applying the Fourier transform, notice that only the
odd (1%, 3"!) harmonic changes when changing the ellipticity (figure c) 2.9) and only
even harmonic (2"4, 4th) changes when the rotation changes (figure d) 2.9). This is a
graphical proof that the rotation 6 and the ellipticity e can be measured from the 1%
and 274 harmonics in the lock-in detection.

We consider 1, and Iy, as the terms modulated by sin(w) and cos(2w) respectively
and I, are the non-modulated terms. Thus, the Kerr rotation and ellipticity are given

by:

. — ; Iw,s p— # vap
S AkS (o) Laes” T Ak (o) Lacp (2.13)
1 IQw,s 1 IQw’p '

0

s 4k1]2(§00) Idc,s 7 b _4k<]2(<100) Idc,p

Where k is an added calibration constant which is obtained experimentally by chang-
ing the smallest possible angle in the analyzer (typically > 5 yrad) and measuring the
respective change of intensity, therefore, the constant has units of rad .

20



2.1. Magneto-optical spectroscopy

(b)

1 0.5015 1
=\

0.501

]
04 E / 0.4
T8 0.5005¢ | :
- 02 — i 0.2
= I =
3 0 = § o5 0
= = &
— -02g = -0.2
-
04 5 0.4995 o4
w
06 0.499 06
-0.8 -0.8
-1 0.4985 -1
0
5 1 5 1
4 08 4 08
3 06 3 06
<
2 04 2 0.4
1 ‘ 02 — 1 0.2
E, J I E/ J |
0 0 < 0 0
= T S & |
= -027g R -02
-
-2 -04 8 -2 -0.4
-3 -06 V -3 -0.6
-4 -0.8 -4 -0.8
-5 -1 -5 -1
0 50 100 150 200 0 50 100 150 200
frequency (kHz) frequency (kHz)

FIGURE 2.9: (a) and (b) show the light intensity measured by the PMT
when varying the ellipticity and keeping constant the rotation and op-
positely. (c) and (d) show the fast Fourier transform of (a) and (b)
respectively. Notice that even harmonics exhibit changes for a pure
change of ellipticity and odd harmonics changes for a pure change of
rotation.

Transverse Magneto-optical Kerr effect (TMOKE)

The complex Kerr effect is defined as the change of the coefficient r,, under a magnetic
field, thus A7y, (M) = rpp(M)—rpp(0). The real and imaginary part are related to small
perturbations of the ellipsometric angles i) and A. Taking into account the complex
reflectance ratio % = tan(¢) exp(¢A) and assuming by symmetry reasons that 7
does not change under magnetic field, the complex transverse Kerr can be written as
[86]:
Arpy(M) _ 2
T'pp tan(2¢)

The usual experimental setup [86] is shown in the figure 2.10 where the magnetic field
is applied in the plane of the sample and perpendicular to the plane of incidence of
the light. The system can be solved using Jones matrix formalism as previous configu-
rations but now adding a quarter wave-plate as a compensator set to +45°. Following

b + 6 A (2.14)
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FIGURE 2.10: TMOKE configuration scheme.

similar steps than previously, the intensity measured at the PMT is given by [86]:

% =(£)c(x)a sin(2w)%(ATZp) + sin(2¢) (s — 0,) sin(A) — (es + €p) cos(A)
B (o (@)p ()4 sm@OREE) + () sin(20) 0, +6) cos(8) + (e — &) sinA)

(2.15)

Where 3‘3(%) and %(%) are the real and imaginary parts of the transverse effect.
pp
In order to measure purely the transverse effect, two angles of the analyzer are needed

for a fixed angle of the compensator and the polarizer [110, 86].

Longitudinal Magneto-optical Kerr effect (LMOKE)

In the longitudinal configuration an angle of incidence is needed to probe the in-plane
magnetization. The plane of incidence of the light contains the applied magnetic field.
The figure 2.11 shows the experimental configuration. It is modeled as previously giv-
ing rise to the Kerr rotation and ellipticity expressions 2.13. Usually this configuration
is used to resolve the angular dependence of the in-plane magnetization.

2.2 Magneto-optical imaging

Magneto-optical imaging exploits the MO activity of the materials to map their mag-
netization over the space. This technique is useful to resolve the magnetic domain
structure and its dependence with applied magnetic fields. There are two main kind
of Kerr effect microscopes:
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FIGURE 2.11: LMOKE configuration scheme.

* Polarized optical microscopy. The structure of the microscope is mainly a confo-
cal optical microscope but with a polarizer after the light source and an analyzer
before the CCD camera (see figure 2.12).

* Scanning optical polarized microscopy [87]: The light is focused at the diffrac-
tion limit and scans the sample’s surface using a piezoelectric system. Phase
modulation techniques can be used in this setup.

CCD camera

©  Analyser
E

limat i
Colimator Polarizer Tube Lens

g Beam Splitter

White light source Objective lens

A Electric field

L

Electromagnet - 2% Optical cryostat

FIGURE 2.12: Experimental setup scheme of a Kerr microscope.

Usually the most common setup is the polarized optical microscopy because the
image acquisition times are faster than the scanning one. However, phase modula-
tion techniques can not be implemented unless each pixel of the camera has a lock-in
amplifier. Therefore, the scanning setup can give more sensitivity and resolution. In
order to increase the sensitivity in the CCD camera setup, in general, a background is
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generated at the magnetic saturation state (where no domains are present). Hence, the

magnetic domain pattern can be modified each time that a new background is needed.

We have compared both imaging techniques in our lab by mapping out the MO re-

sponse of a sample with perpendicular magnetic anisotropy (PMA). More specifically,

the test sample was a (Pt/Co)n=15 multilayer, in which the MO response was mea-

sured in PMOKE configuration (because of its PMA). Figure 2.13 shows the magnetic

domain pattern of the (Pt/Co)n-15 multilayer measured at remanence using the two

approaches outlined above, a CCD camera (2.13 a) and scanning with PEM (2.13 b)

where the inset show the out of plane contrast convention. The image (b) takes sev-

eral minutes to be acquired due to the integration time in the lock-in amplifier limited

by the modulation frequency of the PEM.

FIGURE 2.13: Out-of-plane magnetic domains of (Pt/Co),=15 multilayer
measured by a polarized light microscope (a) and by scanning polar-
ized microscope (b) in the PMOKE configuration.

Different strategies are used to maximize the MO contrast [80]:

24

Kohler illumination is used for an homogeneous illumination of the field of view.

White light is commonly used for imaging, in order to maximize the total MO
effects in the case of a polarized light microscope. By contrast, monochromatic
light is a requirement for phase modulation techniques.

The analyzer position. The maximum contrast is reached near the extinction
condition, meaning that the polarizer and analyzer are almost crossed.

The angle of incidence (for longitudinal and transverse-like). The larger angle,
the larger contrast but it is limited by the numerical aperture of the objective.

The camera system is also important, since it can limit the resolution and it has
a significant contribution on the signal-to-noise ratio. Typically the MO suitable
CCD have a bit depth of 12-16 bit, a maximum quantum efficiency above 70%
and a cooler system for the sensor chip.



2.2. Magneto-optical imaging

* Digital image processing is a key point for improving the contrast and suppress
background effects. Usually, a background image taken at the saturation state of
the material is subtracted from the as-taken images in order to enhance the MO

contrast.

2.2.1 Geometric configurations in the optical illumination for imaging

In order to resolve the magnetic domain structure and its dependence on the applied
magnetic field, it is convenient to map out the MO response using more than one opti-
cal configuration to obtain the magnetization projections along different orientations.
In general, all the possible configurations, i.e., polar, longitudinal and transverse-like
are needed for that purpose. Figure 2.14 shows the domain configuration and its
contrast depending on the effective plane of incidence. The alignment of the light
source on the rear aperture plane of the objective defines the effective plane of inci-
dence. To do so, a mobile Kohler illumination has been mounted on the experimen-
tal setup (shown in the figure 2.15). Polar configuration (figure 2.14 a) is sensitive
to the out of plane magnetization component and the light source is placed in the
middle of the objective aperture reaching normal incidence. Longitudinal (figure 2.14
b) and transverse-like (figure 2.14 c) configurations are sensitive to the longitudinal
and transverse components of the magnetization. In both configurations the plane of
incidence is created placing the light source in one side of the objective plane. In this
section, transverse configuration is called transverse-like to differentiate from TMOKE
because it measures a change of Ary, and transverse-like imaging configuration mea-
sures the transverse component of the magnetization. In Both cases the plane of inci-
dence of light is perpendicular to the applied magnetic field.

Longitudinal ¢ Transverse-like

FIGURE 2.14: Kerr microscopy configuration vs domains contrast, (a)
Polar, (b) Longitudinal, (c) Transverse.
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FIGURE 2.15: Experimental setup of a lab-made Kerr microscope. A
mobile stage has been mounted on the Kohler illumination in order to
create an effective plane of incidence.

2.3 X-ray magnetic circular dichroism (XMCD)

Analogous to magnetic circular dichroism (MCD) due to magneto-optical effects, XMCD
is the difference in absorption between left and right circular polarized x-ray light. The
magnetic response in the x-ray region of the spectra becomes very relevant for a fun-
damental understanding of the materials properties. Since photons in the x-ray region
are more energetic than in the visible, deeper electronic levels (from the core electrons)
can be excited. Generally, the initial and final states of these transitions are pure atomic
states, that gives the element specificity and gives information of the valence state, the
spin moment and orbital moment. Synchrotron light source is needed in order to gen-
erate light with enough energy to excite M, L, and K edges, typically in the 80-4000 eV
range. These core level transitions are illustrated in the figure 2.16 (a) for the case of
2p-3d excitation of Fe as an example of 3d transition metals [88, 89]. The Fe 2p level
is split, due to the spin-orbit interaction, into a more bound (I + s) 2p3/, and a less
bound (I — s) 2p, /, state excitation. The 2p3,, (2p;/2) transition is also called L3 (L2)
edge respectively. Opposite spin polarization of the edges gives more absorption of
positive helicity for spin down and vice versa. The related change in the absorption
called X-ray absorption spectroscopy (XAS) is shown in the figure 2.16 (b) for left and
right circular polarized light (black and red curves). Thus, the XMCD (figure 2.16 c)
is the difference between both absorptions. Notice that XMCD gives information of
the magnetization state, for instance, no XMCD signal can be observed for a demag-
netized state or for an antiferromagnet. Taking into account the XMCD sum rules the
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orbital m, and spin moment m, can be derived [90, 91]. Similarly to the Kerr effects,
the angle of incidence of the x-ray beam gives the optimal signals when is aligned to
the magnetic moment.
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FIGURE 2.16: XMCD for Fe, (a) 2p-3d excitation scheme, (b) XAS for
left and right circular polarized light (black and red curves), (c) XMCD.
Extracted from [92].

2.4 Growth techniques: PLD and Sputtering

Thin films are made by depositing atoms onto a substrate. Their properties depends
on different features such as composition (stoichiometry), structure, thickness and
strain state. In order to reach the desired properties, accurate growth methods are
needed. Even though same material can be grown with different techniques, gener-
ally each technique has specific advantages and disadvantages making it unique and
appropriate for certain objectives [93]. In this thesis, magnetic materials, specifically,
magnetic oxides and ferromagnetic metals are on the main focus. Common techniques
to grow such materials are pulsed laser deposition (PLD) and magnetron sputtering
(rf, dc). These physical growth methods allow easily to change the growing conditions
and the deposited thickness with very high accuracy. In order to give a general view
of how these techniques works, we describe it briefly:

PLD is a vapor deposition technique [93], that uses high-power pulsed laser ra-
diation to vaporize the material of the target. Since most nonmetallic materials have
strong absorption in the ultraviolet spectral range, the used beam is a gas excimer
of KrF with A = 248 nm. The absorbed energy is converted into thermal, chemical,
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Chapter 2. Experimental Section

and mechanical energy, causing electronic excitation of the target atoms, ablation of
the surface and plasma formation. The vapor form a plume above the target and its
contents are propelled to the substrate where they condense and form a film. Usually,
gases, such as Nj or O, are introduced in the deposition chamber in order to maintain
the desired stoichiometry. An sketch of the PLD system is shown in the figure 2.17.
PLD technique has been used in this thesis for the growth of La;,3Ca; ,3sMnOj (chapter
3), Y3Fe501, and CeY;Fe501; (chapter 4) thin films.
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FIGURE 2.17: PLD setup scheme. Extracted from [93].

Magnetron sputtering is also a vapor deposition technique [93] but instead of a
laser radiation, it uses Ar plasma to eject material from the target. An electric field
is applied between the target and the substrate, a small amount of argon gas is intro-
duced to the deposition chamber. The electric field ionize the argon atoms, acceler-
ating them toward the negatively charged target. The resulting collision leads to the
ejection of atoms and electrons from the target. Part of the ejected atoms are deposited
on the substrate, building up the film. The emitted electrons are confined close to the
surface by a magnetic field generated by an array of magnets beneath the target. This
confinement increases the ionization rate of argon atoms and therefore increases the
deposition rate. Magnetron sputtering is a conventional technique to grow metallic
thin films. In the present thesis it has been used for the growth of CoyoFesByo, ul-
trathin Co/Pt thin films (chapter 5). However, it can be also used to grow insulator
materials, for that purpose, a radio frequency source is needed in order to avoid charg-
ing effects on the target and on the substrate. This rf technique has been used for the
growth of La, /3Ca;,3MnO;s thin films (chapter 3).

The samples used in this thesis have been grown on the thin films scientific service
at ICMAB in collaboration with Professor Florencio Sdnchez. Thin films of CoggFe40Bog
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have been grown in collaboration with Prof. Sebastiaan van Dijken (Nanospin group)
in Aalto University, Finland.

ubstrate free electrons @
O 0007 © T 0.  aaom®
Cg\ O Ar ions o
O target atoms O

negatively charged electrode

magnets

FIGURE 2.18: Magnetron sputtering working principle. Extracted from
©polifab, Politecnico di Milano.

2.5 Dielectric/Polarization characterization

Ferroelectricity is a phenomenon that takes place in materials that present the capa-
bility to display switchable spontaneous polarization. This switchable polarization is
concomitant to the presence of ferroelectric domains with opposite sign which exhibit
a hysteretic behaviour under electric field (figure 2.19 a). First, saturation polarization
(Ps) is achieved after applying a large electric field. After zeroing the external field, the
polarization decreases to the remanence (F,), or remanent polarization. The electric
field required to change the polarization sign is called the electric coercive field (E.).

The most suitable method to measure the ferroelectric hysteresis is the I(V) char-
acterization, which provide an abrupt current peak where the ferroelectric switching
(switching between P and P~ at coercive field) occurs, and allows to easily disclose
the extrinsic ferroelectric effects. A typical I(V) loop for a ferroelectric is shown in the
figure 2.19 (b). In order to obtain the polarization derived from the I(V) response, first,
charge is obtained integrating the current through the time. Thus, modeling the mea-
sured dielectric material as plano-parallel capacitor with known geometry (area A,
and thickness d), the polarization and electric field can be obtained by computing the
charge per unit surface (P = % [ I(t)dt ), and the electric field is obtained by dividing
the applied voltage (V) by the thickness of the measured sample (E = V//d). We should
stress that the polarization response can be affected by non-remanent polarization ex-
trinsic to the measured ferroelectric material, such as, parasitic resistances or linear
capacitances. In the following we describe an additional experimental method that
suppresses all these non-desired effects.
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FIGURE 2.19: (a) P(E) loop for a standard ferroelectric. Ferroelec-
tric domain configuration at different points of the ferroelectric loop
is sketched. (b) I(V) loop measurement for an standard ferroelectric.
Extracted from [94].

Positive-Up-Negative-Down (PUND) technique which is a well-known method to
obtain reliable values for remanent polarization [95]. In the used PUND measurement
five voltage pulses are applied to the sample. The first is negative and pre-polarizes
the sample to a negative polar state. The second and the third pulses are positive:
the second (P) polarizes the sample and therefore the corresponding current contains
the ferroelectric and non-ferroelectric contributions, while current during the third
(U) pulse only contains the non-ferroelectric contributions; therefore, their subtraction
allows to obtain, in principle, only the ferroelectric contribution. The same applies
for the fourth (N) and fifth pulses (D), for the negative state, so that the current loop
Ipynp(V) is obtained from Ip — Ij; for the positive voltages and from Iy — Ip for the
negative voltages. Consequently, PUND current only contains the switchable ferro-

electric contribution and all the other contributions are excluded.

In Chapter 5, P(E) loops have been performed on SrTiO3 crystals with the electric
field applied out of the plane by using a TFAnalyser2000 (Aix-ACCT Systems GmbH.
Co.). For that purpose, the top and bottom surface of the measured dielectric must be

metallic contacts.
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Chapter 3

Magneto-optical activity intrinsic to
polarons

3.1 Introduction

The MO activity of a material is conditioned by the balance of different energy scales,
related mainly to Zeeman splitting, spin-orbit coupling and exchange interactions [79,
89]. In consequence, the MO responses are intrinsically associated with the features
of the electronic properties and band structure of solids and, therefore, any changes
on them will strongly affect the MO response of a material. A canonical example is
given by yttrium iron garnets (YIG), where the doping with rare earth ions induces the
emergence of new optical transitions -absent in the parent undoped YIG compound-
involving ions with large spin-orbit coupling. The appearance of these new optical
transitions is at the origin of the enhanced magneto-optical response of doped YIG
[96, 16]. Regarding this topic, in this Thesis we have considered the case of Ce-doped
YIG, which is discussed in Chapter 4.

Inspired by the aforementioned observations, we turned our attention to polarons,
which is the subject of the present Chapter. Polarons, first conceived by Landau [97],
are quasiparticles formed by electrons that are bound to lattice deformations. Their
physics is underpinned by electron-phonon interactions, which dominate transport in
semiconductors, many poor metals, and organics [98]. Since their inception, polarons
have been shown to be a key ingredient to understand the physics of many materials,
including high-Tc superconductors, colossal magnetoresistance (CMR) oxides or semi-
conductors [12, 98]. When polarons are intensely bound to the lattice, the electronic
states are inextricably interwoven with vibronic deformations, forming a new kind of
physical entity, the small polaron, which can have physical properties markedly dif-
ferent from those of the background solid. In particular, because of these properties,
it is expected that the electronic band structure is locally deformed by the presence of
polarons. In view of this and the expected strong impact of the electron band struc-
ture on the optical properties, it is reasonable to presume the existence of a magneto-
optical response intrinsic to polarons, different from the background magneto-optical

response of the material.
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In this Chapter we present our experimental approach to this problem and the re-
sults and interpretation of the experimental data. Our research has been focused to
the Lay/3Caj,3MnO; manganite which, as discussed below, is a convenient material
to investigate the magneto-optical response of polarons. Briefly, our study reveals
an unexpected giant magneto-optical response of self-trapped polarons in the visible,
which is almost two orders of magnitude larger than the background response of the
material. The crux of the matter is the fortunate coincidence of a large coupling of
electrons to phonons -mediated by Jahn-Teller interactions- together with strong spin-
orbit interactions, all that in a ferromagnetic system. Such a favorable state of things
occurs in optimally doped manganites, such as La,/3Ca;,3MnQO;3, since in the colos-
sal magnetoresistance (CMR) materials the electrons are prone to deform the lattice,
particularly around the ferromagnetic transition and, thus, the transport is dominated
by small polarons. Another crucial ingredient is the spin associated with the polaron
photoconductivity, since we argue that the unexpected large magneto-optical response
arises only when the spin is reversed during the polaron motion. In the next section
we describe the basic concepts involved in the polaron photoconductivity.

3.1.1 Polaron photoconductivity

In the small polaron limit -which is commonly accepted to be valid for CMR manganites-
the polaron binding energy £} /2 is larger than the half-bandwidth, i.e., A = (2E,/w) >
1. In this situation, the coupling to the lattice is so strong that electronic states are heav-
ily dressed by phonons and electrons are self-trapped, forming the so-called small
Holstein polarons [99, 100, 101]. In the latter, the transport rather than diffusive pro-
ceeds by thermally activated hopping. Interestingly, thermal agitation or phonons are
not the only ways to prompt polaron hopping; light provides an additional pathway,
thus generating a polaron photoconductivity. In particular, the absorption of photons
may deliver the required energy to jump between sites, i.e., approximately E}/2 or
half the polaron binding energy. In the presence of a magnetic field breaking time-
reversal symmetry, the conductivity tensor acquires asymmetric nondiagonal terms,
thus generating gyrotropic responses associated with the photoconductivity [102]; as
a consequence, light with different circularly polarized states is absorbed differently,
inducing rotation and ellipticity in the polarization of light [98, 103, 79, 89]. Coherent
with this picture, magneto-optical absorption measurements in the THz range have
revealed signatures of polaron contribution to the measured signal in a number of
semiconductors [12, 98, 103]. So far, however, there has been no reported contribution
of polarons to the magneto-optical response at optical frequencies. This contrasts with
the fact that the interaction of small polarons with the lattice implies vibronic states
with energy scales close to the eV, so that magneto-gyrotropic responses are expected
in the optical range [102].
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3.2. Lay,3Ca;/3MnQOs: an ideal material to probe the MO properties of polarons

Bearing on mind these considerations, we undertook the investigation of the magneto-

optical activity of polarons in optimally doped ferromagnetic manganites of compo-
sition RE;AMnQO3 (r ~ 0.3), where RE is a rare earth and A an alkaline element
(figure 3.1). As described in the next section, in these systems the formation of self-
trapped polarons occurs in a particular range of temperatures and can be tuned by
an external magnetic field, providing an excellent platform to investigate the specific
magneto-optical response of polarons.

e % ° o
o R ®
2 e

O Mn
FIGURE 3.1: RE;4AMnO; (z =~ 0.3) cubic perovskite structure.
Adapted from [104].

3.2 Lay;Cay3MnOj;: an ideal material to probe the MO prop-
erties of polarons

As described in the following, colossal magnetoresistance (CMR) manganites provide
an ideal playground to study polaronic effects. Indeed, the physics of polarons is a key
ingredient to explain the CMR phenomenon, defined as the resistivity change under
magnetic field. In the case of La;,3Ca; ;3sMnO3 (LCMO), the metal-insulator transition
is tuned under magnetic fields around the Curie temperature (figure 3.2). This effect
is related to the electronic conductivity in strongly electron-correlated and electron-
lattice-coupled systems such as the LCMO manganite. The electronic structure of the
LCMO is explained in the following.

The crystal field induced by the oxygen ions in the perovskite structure splits the
3d levels of the Mn®"-site into a low energy triplet (t25) and a high energy doublet
(eg) giving to the Mn3* site the electronic configuration of tgge;.
are always localized due to the more stabilization of the crystal field energy and the

The t9, electrons

lower hybridization with the oxygen 2p states. The ¢, electrons are the charge carri-
ers that become localized forming self-trapped polarons when the hopping interac-
tion gets smaller (around T.). This localization has two reasons: one is the electron
correlation, similar to the t5, electrons. The other is the Jahn-Teller (J-T) distortion
formation, coupling the e, electrons with oxygen displacements that deform the octa-
hedral coordination surrounding the Mn ions (3.3 a). A large part of the polaron bind-
ing energy E can be identified with the Jahn-Teller energy E;r arising from strong
electron-phonon interactions. The Jahn-Teller coupling breaks the degeneracy of the
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Chapter 3. Magneto-optical activity intrinsic to polarons

FIGURE 3.2: CMR behaviour for La,/3Ca;,3MnOj3 single crystal at dif-
ferent applied magnetic fields (1-7 T). Extracted from [105].

ey orbital into 322 — r? and 22 — y? orbitals by deforming the MnOg octahedra (figure
3.3 a), generally an apical deformation of the oxygen position when coupled to the
322 — r? occupied orbital or in-plane when coupled to the 2 — y? occupied orbital.
Due to the Hund’s-rule exchange energy, the inter-site hopping of the e, electrons be-
tween the neighbouring Mn sites preserves the spin orientation. The system becomes
ferromagnetic due to the so-called double-exchange mechanism which is the transfer
of an electron from the Mn®* to the oxygen and from the oxygen to the neighbouring
Mn** preserving its spin (figure 3.3 b). The effective hopping depends on the relative
angle between the neighbouring spins and therefore, on the ferromagnetic exchange
interaction. Hence, fully spin polarization of the conduction band is expected at the
ferromagnetic metallic phase. Around the critical temperature, the spin alignment
decreases, and therefore, the hopping reduces. Thus, the e, electrons becomes self-
trapped forming magnetic small polarons. Under the presence of a magnetic field
aligning the spins, the double-exchange mechanism hopping is favored and the small
polarons are suppressed. These changes on the electronic conductivity give rise to a
colossal change in the measured resistance (CMR).

The coupling of electrons in e, states to phonon modes can stabilize J-T polarons.
Specifically, the electron-phonon coupling strength \._,, depends on the ratio between
the energy cost of the J-T-driven lattice distortion and the electronic bandwidth A._,, ~
QE# [106]. A way to enhance the strength of A\._), is to decrease the Mn-O-Mn bond
angle [107] (tigure 3.4 a) by reducing the size of the Rej.x A, ions. In previous studies
[108], the polaron effects on the optical response has been studied as a function of A._,,
by changing the Rej.c Ay cations. Figure 3.4 (b) shows schematically the J-T interaction
strength and the Curie temperatures (Tc) for different compounds extracted from ref-
erence [108]. Notice that the J-T strength increases giving larger CMR response when
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FIGURE 3.3: 3d orbitals in Mn®*. Extracted from [105]. (b) Double ex-
change mechanism scheme.

Tc is lower [109]. In the present work, we have chosen LCMO because is the com-

pound with bigger J-T strength for a Tc closer to room temperature.
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FIGURE 3.4: (a) Mn-O-Mn bond angle as a function of the bandwidth.
The electron-phonon coupling A._, decreases for larger bond angles
and larger bandwidth. (b) Table of transition temperatures for the ox-
ides . Dotted circles under the J-T column symbolize graphically the
strength of the J-T interaction in each compound. Adapted from [108].

3.3 Magneto-optical activity intrinsic to small polarons

3.3.1 Optical responses in CMR manganites

The optical response of polarons can be observed by the magnetoreflectance effect
(MR), largely studied in CMR manganites [108, 110, 111, 112, 113]. The observation
of the MR is a consequence of the formation or polarons and their suppression under
magnetic fields. More specifically, in the absence of any magnetic field, self-trapped
polarons emerge close to the ferromagnetic transition. If the energy of a photon is
comparable to the inter-site hopping energy, it will be absorbed (figure 3.5 a). Under a
magnetic field favoring again the double-exchange mechanism, polarons are reduced
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because the field favors the alignment of the spins of the Mn ions in neighboring sites,
thus increasing the bandwidth and weakening the J-T interaction. Under these circum-
stances the eg orbitals become degenerate and therefore, the photon-induced inter-site
hopping cannot take place (figure 3.5 b). As a consequence, the optical reflectance
is substantially modulated by the change of polaron photoconductivity induced by
magnetic field, giving rise to MR. We stress that MR is a non-gyrotropic effect be-
cause it only entails a change in the intensity of light, without mixing its polarization
components (figure 3.6 a). In other words, the MR phenomenon does not change the
polarization of light. Due to its temperature cusp-like response around Tc (figure 3.6

b), the MR can be identified as the optical counterpart of CMR.
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FIGURE 3.5: (a) Polaron photon-induced inter-site hopping in the
absence of magnetic field. (b) Under magnetic field, polarons are
suppressed and eg orbitals become degenerate canceling the photon-
induced inter-site hopping. Adapted from [108].
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FIGURE 3.6: Schematic depiction of (a) gyrotropic (MO) effects (up) and
non-gyrotropic (MR) effects (down) on the light polarization in CMR
manganites. (b) Temperature dependence of MO (red) and MR (blue)
effects. (c) Hysteresis measured signal (black) is decomposed into odd-
(MO) and even-parity (MR).
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Transverse MOKE (TMOKE)), is the most suitable approach to measure the MR
signal of polarons because, as discussed in Chapter 2, it measures the change of re-
flectance under magnetic fields. In the TMOKE signal, the MR (non-gyrotropic) is
mixed with the intrinsic MO activity of the manganite. Contrary to the magnetore-
flectance, the MO activity does change the polarization of light, i.e., is a gyrotropic
effect. Since the MO activity depends on the sign of the magnetic field (H) while the
MR does not, we can distinguish the MR and MO taking into account the parity of each
effect as a function of the magnetic field (figure 3.6 c). The decomposition into odd-
parity and even-parity components of the TMOKE signal has been done according to
the expressions 3.1 where [ is the measured signal and H is the applied magnetic field.
Odd-parity and even-parity correspond to the MO and MR responses respectively.

Iodd = I(H) _21(_H)7 Ieven = I(H) +2I(_H) (31)

3.3.2 Magneto-optical spectroscopy in LCMO

In this section we describe the analysis of the contribution of polarons to the optical
properties of LCMO films. To illustrate this issue, we focus on data measured in a film
with thickness of 80 nm grown by rf magnetron sputtering on (110)-oriented SrTiO;
single crystals. As previously mentioned, TMOKE is a convenient configuration to
explore the optical responses of manganites because it measures both MR and MO
effects. Specifically, it probes the relative change of p-polarization intensity éx (chap-
ter 2). In order to simplify, we will focus our analysis on the imaginary part of the
TMOKE signal 3(dk ). Firstly, the general behavior of the temperature dependence of
the TMOKE signal is summarized in the following. Figure 3.7 shows three hysteresis
loops measured at A = 400 nm and extracted at T=230 K (T<Tc), T=260 K (T=Tc) and
at T=286 K (T>Tc), in which data in black represents the as-measured signal and in
red and blue the MO and MR components, respectively, computed applying the par-
ity relations from the expressions 3.1. As can be appreciated, the response below Tc is
almost governed by MO, while near Tc the raw loop is strongly distorted by the large
MR contribution as it is expected from the changes of optical conductivity induced by
the suppression of self-trapped polarons with fields [108, 110, 111, 112, 113]. Finally,
above the ferromagnetic transition, both MR and MO signals vanish.

Now, we will analyze the wavelength dependence of the polaron signatures mea-
suring hysteresis loops as a function of the temperature across the visible spectra. For
that purpose, the wavelength response is evaluated by tracking the amplitude of the
MO (3(dx)mo) and MR (3(0x ) mr) hysteresis defined as the change between maxi-
mum and zero magnetic field (expressions 3.2).

I
&L K

AS(0x)mo

& ((SK)]\/[O[H =12 kOe] — %(6[()]\/[0[[{ =0 kOe]
AS(Ox) MR

(3.2)
(5K)MR[H =12 kOe] — %(5K)MR[H =0 kOe]
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FIGURE 3.7: TMOKE as measured signals increasing the temperature.
At the lower temperatures the TMOKE signal is mainly odd. Close to
the Tc the even contribution becomes larger. Both odd and even contri-
butions vanish after Tc.

To illustrate this analysis, we discuss the particular case of the spectroscopic measure-
ments done near the Curie temperature T=260 K (figure 3.8 a).Focusing first on the
magnetoreflectance, we see in figure 3.8 (a) (upper panel) that MR spectroscopic re-
sponse almost vanishes around 530 nm dividing the visible spectra in two regions
where the MO response is enlarged below 550 nm and almost constant above 550 nm.
These two regions in the MR spectrum plausibly indicate that two broad electronic
transitions are excited by photons, corresponding to transitions occurring below (blue
region) and above (red region) 550 nm (2.3 eV). Indeed, variable angle spectroscopic
ellipsometry corroborates this view, as shown in figure 3.8 (b), the imaginary part of
the dielectric function (e2) can be also described by two transitions. The involvement
of these two broad transitions also seems to be reflected in the spectral dependence of
the MO response shown in the lower panel of figure 3.8 (a). We call the two spectral
regions defined by these two transitions as SP as (spin-preserved) and SF (spin-flip)
for reasons that will be discussed later in this section.

In order to study the evolution of these two regions as a function of the tempera-
ture, we have measured one hysteresis loop per each temperature around Tc (from 230
K to 290 K) and at two different wavelengths representing the SF (400 nm ) and SP (700
nm) regions respectively. If we draw our attention first to the MO signal measured at
A = 700 nm (see figure 3.9 a), we see that its temperature dependence reproduces
the temperature dependence of the magnetization of the LCMO film. This is what is
expected for a conventional MO response which, generally, is proportional to the mag-
netization. In particular, the data displayed in figure 3.9 (a) show the ferromagnetic
transition occurring at Tc ~260 K. Now, if we turn our attention to the temperature
dependence of the MO response measured at shorter wavelength A = 475 nm, we
observe that close to the Tc there is an anomaly that consists of a bump around the
ferromagnetic transition (signaled by an arrow in figure 3.9 b), indicating that the MO

signal is enhanced around the Curie temperature. Interestingly, we observe that the
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FIGURE 3.8: (a) TMOKE hysteresis decomposition into odd (MO) and
even (MR) at T=260 K and A = 475 nm. (b) MO and MR spectral re-
sponse at T=260 K. (c) Dielectric function measured by variable angle
spectroscopic ellipsometry.

appearance of the anomalous bump around Tc is concomitant with the emergence of
the cusp-like MR response at those temperatures (upper panel of figure 3.9 b) and,
therefore, related with the emergence of self-trapped polarons. In order to have a bet-
ter understanding of the relation between the anomalous MO signal and the presence
of self-trapped polarons, we have carried out a detailed spectroscopic study in order
to characterize with accuracy these anomalous distortions. For that purpose, the MO
and MR signals have been measured systematically across many values of the tem-
perature and wavelength. The results of this exhaustive analysis are shown in figure
3.10 and, as discussed in the following, reveal again the emergence of an anomalously
large MO signal around Tc at the range of short wavelengths (A < 500 nm). In particu-
lar, figure 3.10 (a) shows the MO amplitude (0 ) a0 as a function of the temperature
for different wavelengths normalized to the MO amplitude at 230 K. The areas shaded
under the bumps correspond to the difference between the curves measured at dif-
ferent wavelengths and that measured at A = 700 nm. These shaded areas are used
to estimate the enhancement of the MO signal that is shown in the mappings of fig-
ure 3.10 (c). Having this information, the MO and MR amplitudes are mapped as a
function of wavelength and temperature. In particular, the MR response is mapped
out in figure 3.10 (b), and shows two prominent areas around Tc where the intensity is
particularly large, indicating the presence of self-trapped polarons. These regions are
in agreement with the spectral response previously analyzed (figure 3.8 b), in which
there were signatures of two different electronic transitions in the optical response.
However, unexpectedly, the MO enhancement, shows only one prominent peak at
shorter wavelength and around Tc. Put in other words, the data can be interpreted
as if two kinds of self-trapped polarons could be excited at two different wavelengths
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(two peaks in the MR mapping of figure 3.10 b), but only one of these polarons is able

to enhance the MO signal.
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FIGURE 3.9: TMOKE transition at A = 475 nm (a) and A = 700 nm (b).
The temperature axis is normalized by Te=260 K.

The emergence of a MO enhancement is visible in the temperature dependence of
the TMOKE signal shown in figure 3.10 (a). Subsequently, we have investigated if in
other optical arrangements the MO increase could be even larger. For that purpose, we
measured the Kerr ellipticity in Polar MOKE geometry, because in this configuration
the MO effects are usually larger. The ellipticity (e) of the polarized light as a function
of temperature at three wavelengths (402, 632, 700 nm) is shown in the figure 3.11 (a).
As expected, a remarkable enhancement of the ellipticity at A\ = 402 nm occurs around
the Curie temperature. This enhancement vanishes while increasing the wavelength.
Thus, just a tiny bump is seen at A = 632 nm and no visible enhancement is observed
at A = 700 nm as it is expected from the TMOKE previous experiments. The inset of
3.11 (a) shows the as-measured hysteresis loops for three temperatures representing
the regions below Tc (246 K), close to Tc (258 K) and just after Tc (272 K). Notice that
the hysteresis loop at 258 K has larger amplitude than the loop at 246 K due to the MO

enhancement.

In addition, we have studied the magnetic field dependence of the polaronic en-
hancement. More specifically, figure 3.11 (b) shows the ellipticity as a function of the
temperature normalized by the ellipticity measured at 230 K. The data displayed in
figure 3.11 (b) shows that the enhancement becomes more prominent when the field
is reduced. As discussed in the following, this fact can be explained by the suppres-
sion of self-trapped polarons by magnetic fields. More specifically, one would expect
that more polarons survive at lower fields as they are suppressed by magnetic field;
hence, the relative increase of MO is expected to become larger as the applied field is
reduced. In order to quantify the MO enhancement as a function of the applied mag-
netic field and temperature, we have plotted the ratio between the ellipticity measured
at A = 402 nm and 700 nm (¢(402 nm)/e(700 nm)) where there is any MO enhancing
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FIGURE 3.10: (a) MO ferromagnetic-paramagnetic transition at A =
700, 600,475,450, 425,400 nm. A bump appears near around the transi-
tion at shorter wavelength (b) MR spectral response as a function of the
temperature. Two regions can be distinguished. (c) MO enhancement,
mapped taking the area under the bump shaded in (a). A single peak
appears at shorter wavelength around Tc.

(figure 3.11 c). This analysis shows an enhancement up to 60-fold for low applied
magnetic field and it reduces up to 30-fold at the maximum applied field (12 kOe).

The fact that the MO enhancement is strongly modulated by magnetic fields (see
data in figure 3.11 a) suggests that the shape of the hysteresis loops should be largely
distorted in the vicinity of the transition for wavelengths were the action of polarons
modify the MO response. Indeed, the experimental data corroborate these expecta-
tions. We have plotted in figure 3.12 the ellipticity curves measured at 402 nm (where
polarons enhance the gyrotropic response) and at 632 nm (where polarons are inactive
for that matter). At T =230 K, we are far enough from the Curie temperature Tc, so
that polarons have little effect on the magneto-optical signal; on the contrary, at T= 260
K and 264 K and at short wavelengths polarons exert a strong effect on the gyrotropic
response. In the main panels of figure 3.12 we display the as-measured values, while
in the insets we show the loops normalized by the ellipticity at 12 kOe. In a conven-
tional system, even though the magnitude of the magneto-optical signal depends on
the wavelength, it is always proportional to the magnetization. Therefore, if we nor-
malize to the unity all the hysteresis curves measured at the same temperature they
should superimpose to each other. At T =230 K, where the effect of polarons is ex-
pected to be residual, we see in the inset of figure 3.12 (a) that the normalized loops
measured at 402 mn and 632 nm have indeed a rather similar shape, although a small
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FIGURE 3.11: (a) Normalized PMOKE ellipticity as a function of the
temperature at A = 402 nm, 632 nm, 700 nm. Inset: raw hysteresis loops
measured at A = 402 nm at T=246 K, T=258 K and T=272 K. (b) Normal-
ized PMOKE ellipticity transition as a function of the magnetic field at
A = 402 nm. The bump increases for lower values of magnetic field.
MO enhancement as a function of the temperature and magnetic field.
A 60-fold enhancement is observed at the Tc at low magnetic field.

change in shape may be due to some remaining slight effect of polarons. However, the
shape of the normalized loops measured at 402 nm and 632 nm is manifestly changed
at temperatures just next to Tc (T=260 K, 264 K) (3.12 a, b). As aforementioned, this is
at odds with what is expected for a conventional magnetic system and is attributable
directly to the influence of polarons, which enhance strongly the magneto-optical ac-
tivity measured at 402 nm, especially at low fields. As a consequence, the shape of the
loops measured at short wavelengths change their shape significantly with respect to
those measured at longer wavelengths. We note further that the gyrotropic enhance-
ment is so strikingly conspicuous that the magneto-optical signal measured at longer
wavelengths (632 nm) is reduced by more than one half as the temperature goes from
T=230 K to T=264 K, whereas the signal measured at shorter wavelengths (402 nm)
barely changes its value at the selected three temperatures. Again, this is at variance
with what is expected in a conventional material, where the magneto-optical signal
measured at both wavelengths should be reduced by the same amount.

In the previous paragraphs we have described all the evidence that support to a di-

rect relationship between the observed large MO enhancement at shorter wavelengths
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FIGURE 3.12: PMOKE ellipticity loops at: (a) T=230 K <Tc, (b) T=260 K
~Tc and (c) T=260 K >Tc for A = 402 nm and 700 nm. The inset show
the loops normalized by the signal at 12 kOe.

in the visible (up to 60-fold increase with respect to the baseline MO signal at low ap-
plied magnetic field) and the emergence of self-trapped polarons around Tc. In order
to better understand these relationship, we need to give a more detailed discussion
of the spectroscopic measurements of the MR and MO responses shown in figures 3.8
and 3.10. We remind that the data shown in those figures indicate the involvement of
two different electronic transitions excited by photons of different wavelengths. The
discussion in terms of two optical transitions are indeed consistent with a large num-
ber of spectroscopy studies in CMR manganites showing two main bands extending
around E,, ~1—2eVand E,;, ~ 3 — 5 eV, respectively [114, 115, 116, 117, 118, 119].
Such spectral features have received different interpretations in terms of either intra-
site [115, 117] or intersite transitions between e, states for bands at ,, ~ 1 —2eV as
well as intra-atomic charge transfer excitations for optical bands at E,;, ~ 4 — 4.5 eV
[119]. We make a special mention here of the interpretation put forward by Quijada et
al. [114], who claimed the polaronic character of the observed spectral features [114,
117]. The authors of those works assigned the lower-energy bands at E,;, ~ 2eV to
intersite e, — e, photoinduced transitions of small polarons that hop between neigh-
bouring Mn sites without changing their spin, while optical bands at E;, ~ 3 eV were
assigned to intersite e, — e, transitions in which the spin state is changed [114]. In
view of this, we have defined two spectral regions distinguished in the figures 3.8 (b,
¢) and in 3.10 (b, c) as a function of photon wavelengths at which the spin is either
preserved (SP) or flipped (SF) during the photoinduced transitions of small polarons
(see figure 3.13). We, then, reach the conclusion that the MO enhancement only occurs
when the photoconducitivity is associated with the motion self-trapped polarons that
reverse their spin during the hopping between two neighboring sites. On the contrary,
motion of self-trapped polarons in which the spin is preserved do not induce any MO
enhancement. In order to understand why SF photoinduced transitions increase the
MO activity around Tc, we have developed a theoretical model in collaboration with
Profs. Javier Junquera and Pablo Garcia Fernandez (Universidad de Cantabria), which
is described in the following.
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duced polaron hopping. Electrons in e, states of Mn*" jump into an
empty state of a neighbouring Mn** site, with their spin unchanged.
Contrarily, spins are flipped in transitions induced by higher energy
photons in region SE.

3.4 Theoretical model to understand the intrinsic MO response

of polarons

In the metallic and ferromagnetic state of La,,3Ca; ,3MnOj3 ¢4 electrons have relatively
large mean free paths before they are scattered. As the temperature is raised towards
the magnetic transition this length is reduced due to the higher probability of finding a
Mn site with opposite spin that acts as a scattering site. As soon as the transition tem-
perature is reached, the optical activity drops abruptly since the eg electrons are essen-
tially localized in a single Mn ion and intrasite d — d transitions are forbidden by parity.
In order to understand qualitatively the origin of the magneto-optical properties close
to the ferromagnetic-paramagnetic transition in La,/3Ca;,3MnO3; we will consider a
model in which an electron is moving in the conduction band of this perovskite, which
has a strong Mn(e,) character, and has to hop into a Mn!Y ion with an empty eg shell
(figure 3.14 a). An important fact to take into account is that when an electron is local-
ized in the e shell of an octahedral Mn complex the resulting degenerate state (figure
3.14 b), triggers a geometrical instability in the form of the Jahn-Teller effect. As a con-
sequence, the complex becomes elongated and electrons occupy preferentially orbitals
with 3d3,2_,2 symmetry. In La, 3Ca; ,3MnO; this distortion can be experimentally ob-
served by EXAFS and is found to increase as the temperature approaches the mag-
netic transition [14]. This can be understood in terms of the interactions that cause the
Jahn-Teller effect, which are proportional to the occupation of each complex and are
thus enhanced by electron localization. This effect allows the electrons to self-trap and
form polarons. In larger bandwidth perovskites like Lay/3Ca; ,;3MnO3 the localization
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is much smaller and electron self-trapping is impeded.

3.4.1 Mechanism of the photoinduced hopping

To understand how the polaron moves between complexes we will take a two-site
model where the electron is initially localized in the mainly 3ds,>_,2 orbital (|2?)) of
one manganese ion with nominal charge +3(Mn'") and moves towards a contiguous
Mn!V that presents an empty e, shell. First, we will establish that the most probable
mechanism for this hopping mechanism involves the direct charge transfer from |2?)
to the mainly 3ds,2_,» orbital in the second center (|23)). To do so, we will consider the
movement of an electron in a generic two-center tight-binding model where each site
has a coupling to local vibrations @);. The energy of this system is:

E=1
2

KQi+ S KQ3+a (33)
where K is the local force constant associated to the distortions and ¢; is the energy
of the electron, obtained as the lowest eigenvalue of the Hamiltonian matrix. In order
to build this matrix we will consider that the electronic state on each site can be de-
scribed by a single Wannier function. Defining V' as the linear electron-lattice coupling
constant (equivalent to the Jahn-Teller linear coupling in systems with degenerate elec-
tronic levels) and « as the tight-binding constant associated to the interaction between

the two Wannier functions, we obtain the following interaction matrix:

h= ( Vo v ) (3.4)
Y -VQ2

Using equation 3.3 we can now calculate the polaron’s binding energy,

By~ — 3.5
T oK (55

and the adiabatic barrier for the charge transfer of the electron from site 1 to site 2 at
first order in :

2

~ Vo 3.6
B~ v + (3.6)

Hence, we see that the barrier reduces as the interaction v becomes larger. We can
now determine the smallest barrier for polaron hopping by using standard Koster-
Slater constants to find the largest hopping constant between the (|27)) orbitals and
the d-orbitals of the surrounding Mn ions. As already anticipated, the result is that
the most probable hop is to the mainly 3ds,2_,2 orbitals of the complexes along the

z-direction.

While we developed this simple model for a generic non-degenerate case, its ex-
tension to the two Jahn-Teller sites necessary for its application in the manganites
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FIGURE 3.14: (a) Scheme of the main process describing the polaron
hopping around Tc. A spin-up self-trapped electron moves from the 22
orbital in an elongated Mn''O¢ complex into the 22 orbital of a Mn'VOg
complex that can have the same spin-up (blue box) or spin-down (green
box) (b) Local d levels in Mn'"! and Mn! complex where the effect of
the Jahn-Teller distortion (Q ), is seen, effectively reducing the energy
spacing between the z? levels and those of zz and yz states in tetrag-
onal symmetry. This distortion helps the mixing of occupied and un-
occupied levels due to the spin-orbit coupling (shown in purple). (c)
Electrons with a particular spin polarization can only absorb circular
polarized light that rotates in a specific direction to invert the spin upon

hopping.
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follows the same pattern where the binding energy can be directly identified with the
Jahn-Teller energy (this is an approximation given that other vibrational modes like
the octahedral breathing and rotation modes also participate in the stabilization of the

polaron).

3.4.2 Optical activity associated to the photoinduced polaron hopping

It is well known that due to the even character of the 3d-levels of an octahedral com-
plex, d—d transitions in a single transition site are forbidden by parity. However, in the
two-site model a new dipole-allowed transition is opened. In particular, if we consider
that the electron is initially spin-up (S =7) we find that the only non-zero transition
dipole matrix element is (2%, S|z|23, S) associated to the spin-conserving transfer of
the electron from the mainly 3d3,2 ,2 orbital in one center to the other. Thus it is clear
that, at this level of theory, no magneto-optical effect can be found associated to po-

laron hopping.

In order to find these effects we will include the effect of the spin-orbit coupling
between the mainly 3ds,2 ,2 levels with other d-levels in the same site. We take the

usual expression for the one-site spinorbit operator,
~ —
hsoc =((r) I3 (37)

where ((r) is the radial part of the spin-orbit interaction and 7 and F are the or-
bital and spin angular momentum operators. Given that the |2?) state has zero orbital
angular momentum - it has the same symmetry as the Y3 spherical harmonic - it
can only couple to functions with +1 orbital angular momentum, i.e. |zz) and |yz),
through the 1, and lAy operators. Given that the spin-orbit coupling interaction is rep-
resented here as a one-electron operator, the energy of the system can only become
lower when occupied and unoccupied orbitals are mixed (figure 3.14 b). We find that,
at first perturbation order, the initial state with the electron spin-up is corrected to
V3 ¢

28 1) ~ |27 0+ 5 x gy (e D ilya )+ (3.8)

while the corresponding spin-down case is corrected to

V3 ¢ :
25 1) ~ |+ ¢>+7A_7VQJT(\$21 M +ilyzi 1) +- - 3.9)
It is important to note that the second term in equations 3.8 and 3.9 corresponds to
functions with well-defined orbital angular momentum (I, = +1 for equations 3.8
and 3.9, respectively), so the above equations can be rephrased into
V6 ¢

72 ~ 2 —_—
Z0 T =~ 2 1)+ A—VQJT”“ b+ (3.10)
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~ 6
A=A )+ \Q[A_CVQJTU—l DR (3.11)

The well-defined angular momenta in the spin-orbit-corrected states of Equations 3.10
and 3.11 influence decisively on the sensitivity of the states with spin-up and spin-
down to absorbing right and left-handed circularly polarized light.

For the second site, which initially contains the Mn!Y jon with the empty e, shell,
we find that the first-order spin-orbit correction to the orbital receiving the electron is
null both when the global spin of the ion is up,

75 1) = |25 1) (3.12)
175 1) =25 1) (3.13)

In the above equations 3.8 to 3.11, ( is the covalency-corrected spin-orbit coupling con-
stant of Mn, A is the so-called 10Dq crystal splitting for the Mn!! ion, V is the linear
Jahn-Teller coupling constant and @ ;7 is the Jahn-Teller distortion (an illustration of
the meaning of these magnitudes can be found in the figure 3.14).

Now we can consider the optical properties associated to two photoinduced hop-
ping processes denoted in the previous section as spin-preserving (SP) and spin-flipping
(SF). We are going to study each situation considering that the initial electron is spin-
polarized up or down to find the differences in interaction with polarized light. In the
case of SP, the spin is conserved during the charge transfer so that,

Mt () + MntY (1) = MY (1) + Mot (1) (3.14)

Mn™ (1) + Mn'™Y (}) = Mn!V (1) + Mn' () (3.15)

In spectral region SF the spin is reversed so the two processes to consider are:
Mn™ (1) + Mn' (}) = MnV (1) + Mn'({) (3.16)

MnM (1) + MV (1) = MV (1) + M (1) (3.17)

To qualitatively estimate the optical activity we will use Fermi’s Golden rule that says
that the transition probability is proportional to the squared modulus of the transition
matrix element. We will consider here the radiation-electron interaction Hamiltonian
of the form,

he=—E®T (3.18)

Thus, we need to evaluate the corresponding dipole transition matrix elements,
(22, 81| 7|23, Sa), for each case (SP or SF) and starting with spin-up or spin-down.
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For the case SP and using equations 3.8-3.9 and 3.10-3.11 we find that the only non-null
matrix elements are,

(F2112122,1) = G2, 12123, )) = (23]2]22) (3.19)

while for case SF we get that the non-null elements are,

(22 ) = ?A_Cw<le|x|z§> (3.20)
CRIVE NIDIRLCA SME 621)
(7 L |2[z5 1) ~ ?A_‘C/QJT<ZCZ’1|.Z‘|Z§> (3.22)
(L lylz 1) ~ i\égA_CVQJT@zlyLz%} (3.23)

where (z,y, z) designate the projections of the vector 7 along the three directions in
space. We will now consider an experiment in polar configuration (the main magnetic
axis is along direction z) with light propagating also along z and a polarization de-
scribed by a phase factor ¢ between the electric field components along the directions

x and y.

Let us focus first on case SP (spin-conserving electron transfer). Given that no
electric field component is along z, equation 3.19 tells us that we would not expect any
optical activity along this direction. However, the matrix element (z?|y|23) is equal to
(z3|z|23) and (y}|y|y3), which are their equivalents along the = and y directions. Note
that |z?) and |y?) represent, respectively, 3ds,2_,> and 3ds,2_,2 orbitals. Thus, the
transition probability for case SP (processes described by equations 3.12 and 3.12) are:

1 - 1 2

Plp o< SIE T [2[Z3 1)+ S1GE 1 1ylg8 1P = S1(312123) (324)
1 - 1 " 2

psip o 51 @ L1217 DI + 1@ L1wlds DI° = SlE1=15) (3.25)

Thus, we see that for the SP case -independently of the magnetic polarization of
the sample- the optical signal is insensitive to the polarization of light, i.e. the transi-
tions in spectral region SP do not present magneto-optical activity.

Operating in a similar fashion for the spin-flip processes (case SF) described in
Equations 3.16 and 3.17 we get,

¢

php o [ 1712 D) = 3(m

) {z21]a]23)* (1 + sin(y)) (3.26)
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6
A-VQyr

where we plainly see that systems with starting spin-up or spin-down electrons in-

pe o (B LT D = 3( )2[(x212]22) 2(1 — sin(p)) (327)

teract with polarized light in a clearly different way. In particular, we observe that
each case (either equation 3.26 or 3.27 is sensitive, respectively, to just one circularly
polarized state (either ¢ = +7 or ¢ = —7) and is completely insensitive to the other.
Thus, we can conclude that equations 3.23 and 3.24 describe the magneto-optical effect
associated to the polaron hopping in the spectral region SF (when the spin is reversed
during the transition).

Looking at equations 3.10 and 3.11 we can easily understand why these transi-
tions are sensitive to polarized light. In our set-up for the polaron movement, we
have an initial angular momentum J, = 1/2 and an axial symmetry. Thus, processes
must conserve this total angular momentum and simple spin-reversal is forbidden as
it alters this quantity. However, under polarized light the necessary orbital angular
momentum can be gained through the radiation, yielding the magneto-optical effects
associated to spectral region SF (figure 3.14 c).

Moreover, using equations 3.26 and 3.27 we can now understand the enhancement
of the gyrotropic activity as the system gets closer to the transition temperature. As
previously remarked, the average Jahn-Teller distortion ) ;7 gets larger as the temper-
ature rises towards Tc. This means that as electrons get more localized approaching
the magnetic transition the denominator in equations 3.26-3.27 gets smaller and the
transition probability increases. Thus, the electron-lattice coupling in these systems

(perovskites) plays an important role enhancing the effect of the spin-orbit coupling.

3.5 Influence of the structure quality on the polaronic response

Finally, we have explored the influence of the structure quality on the intrinsic MO ef-
fect of polarons by measuring LCMO films with different thickness and with distinct
SrTiO3 substrate orientations. This idea has been motivated by previous studies [120,
121] where the structural features have been studied as a function of the thickness and
the substrate orientation. These features plays a role on the cationic disorder having
an impact on the transport properties of manganites [14], hence, we expect a direct im-
pact on the polaronic response of LCMO. To test this idea, La; /3Ca; ;3MnO3 thin films
were grown by rf sputtering on (110) and (001)-oriented SrTiOj3 single crystals. During
the deposition, the substrate was held at a temperature of 800 °C and a pressure of 330
mTorr, with an O,/ Ar pressure ratio of 1/4. After growth, the samples were annealed
in-situ at 800 °C for 1h in an O, atmosphere at 350 Torr.

We have measured the MO effects with PMOKE configuration at A = 402 nm
around the ferromagnetic transition on three different samples: (110)- and (001)-oriented
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93 nm thick samples and (110)-oriented 17 nm sample. As shown in the figure 3.15 (a),
only the 93 nm thick sample (110)-oriented SrTiO3 shows a MO enhancement similar
in nature to the 80 nm thickness sample on (110)-oriented SrTIOj3 (results presented
in the section 3.3). However, the MO transition for the 93 nm thick sample on (001)-
oriented SrTiO; shows a much broader and less pronounced enhancement than in the
(110)-oriented sample (figure 3.15 a). In addition to the 93 nm-thick film, we have also
measured the MO transition of a 17 nm thick (110)-oriented sample. The temperature
dependence of the MO signal indicates that there is also some sort of MO enhance-
ment around Tc, although the peak around the transition temperature is still broader
and smaller than in the case of the 93 nm-thick sample. In order to correlate the MO
enhancement observed in these films with the emergence of self-trapped polarons,
the MR response has been measured in a TMOKE configuration at A = 475 nm. These
results of these measurements are shown in figure 3.15 (b), where the data of the 80
nm-thick (110)-oriented thin film analyzed in previous sections is also included. The
data in figure 3.15 (b) show that the highest and narrower MR peak is observed for
the sample of 93 nm on SrTiO; (110), while a weaker and broader MR peak is mea-
sured for the 93 nm-thick 001 oriented film. Finally, the thinnest sample (17 nm) on
(110) substrate shows only a small and much broader MR response (figure 3.15 b).
Summing up, the data displayed in figure 3.15 shows that in order to have a clear
well-defined and large MO enhancement, the emergence of self-trapped polarons —re-
vealed by the measurement of the MR response— has to be restricted to a very narrow
range of temperatures around Tc. If, for whatever the reason, the emergence of self-
trapped is distributed across a wide range of temperatures —as the MR data show-
for the case of the (001)-oriented 93 nm and 17 nm-thick samples, see figure 3.15 (b),
then the MO enhancement is much less pronounced. As discussed next, the temper-
ature dependence of the distribution of self-trapped polarons is presumably strongly
dependent on the structural properties of the thin films.

The strong sensitivity of the optical properties on the structural features may be
explained in terms of cationic disorder. For instance, previous studies describes how
LCMO grows on SrTiO;3 [120, 121]. Due to the mismatch between the cell parame-
ter of LCMO and SrTiO3, different mechanisms of relaxation takes place depending
on the LCMO thickness, the substrate orientation and affecting the cationic ordering.
General features can be summarized: cell parameters of LCMO films grown on (001)
SrTiO;3 are closer to cell parameters of SrTiO3; bulk than LCMO films on (110) SrTiO;
and becomes more pronounced lowering the thickness. Another important observa-
tion is the appearance of a Mn*" peak in the NMR spectra measured at temperatures
below the ferromagnetic transition in the (001) samples indicating the presence of fer-
romagnetic insulating phase with localized charges. This phase is absent in the (110)
films [120]. This Mn** peak depends on the thickness, decreasing for large thickness.
This behaviour is a consequence of a mechanism for cell-parameter matching that uses
cation migration for elastic strain accommodation, due to the larger ionic size of La®*
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FIGURE 3.15: (a) MO response measured with PMOKE at A = 402 nm
of a 93 nm (black squares) and 17 nm (blue triangles) thick LCMO sam-
ples on (110) SrTiO; and 93nm thick LCMO sample on (001) SrTiO; (red
rhombus). (b) MR response measured with TMOKE at A = 475nm.

than Ca?*, an enrichment of La3* is found close the SrTiOj; interface [121]. Therefore,
two relaxation mechanisms are present on (001) and (110) films giving rise to small
differences in the functional properties of these films [120, 121]. Our observation fits
on this view. The MO and MR responses of thinnest sample on (110) are similar to the
93 nm sample on (001) because the transition is broader as the thickness decreases and
due to the different relaxation mechanisms for (001) and (110).

Birefly, the MO enhancement intrinsic to polarons described in the present chap-
ter has been only observed for samples around 80nm on (110)-oriented SrTiO; with
a sharp metal insulator transition. The effects of the MO enhancement are strongly
reduced and more difficult to observe when the thickness of LCMO films is decreased
or when the growth proceeds on (001)-oriented substrates, where structural relaxation
mechanisms can, as discussed above, lead to important changes in the cationic spatial
distribution across the sample. We can conclude, then, that the distribution of self-
trapped polarons around the transition temperature is extremely critical to observe
the phenomenon. Therefore, a sharp ferromagnetic transition —with a narrow distri-

bution of self-trapped polarons, particularly peaked around the transition—is required
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to observe the giant gyrotropic enhancement.
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FIGURE 3.16: (a) MR response of thin films grown by PLD (725 °C, 0.3
mbar PO,) for 6400 pulses (red circles, signal multiplied by 5) and 9600
pulses (green triangles). As a comparing reference, the MR response
of the 93 nm sample grown by sputtering is plotted (black squares).
(b) MO response of the 9600 pulses sample measured with PMOKE. A
typical transition is shown at A = 650 nm (blue squares). However, a
peak in the ellipticity appears at A = 440 nm (red triangles).

In order to corroborate this view, we have grown new films on SrTiO; (110) with
a different growth technique (PLD) changing the growing conditions as a function
of the feedback of the optical measurements trying to reach the narrowest MR peak.
First we have adjusted the growth parameters in order to get reasonable values of
magnetization and a Curie temperature close to 260 K. After reaching these growth
conditions (700 °C, 0.3 mbar Pp,) we have played as a function of the thickness vary-
ing the number of pulses, guessing that a similar relaxation process than the previous
growth using magnetron sputtering occurs also by PLD. In the figure 3.16 (a) show the
MR response of two samples grown by PLD using the same growth conditions but in-
creasing the thickness, the sample with 9600 (90 nm aprox.) pulses show a narrow MR
peak and notice that, as it is expected, the sample of 6400 pulses (60nm aprox) show
a broader MR peak with much lower response. Therefore it seems than the previous
view can also explain this behaviour. In the same figure is plotted the MR peak of the
93 nm sample grown by sputtering as a reference. Any visible peak appear in the MO
activity measured using TMOKE in both samples. However, measuring around the
transition by PMOKE, a peak appears in the MO activity at A = 440 nm in the thickest
sample. In order to check if this peak have the same polaronic origin, as described
previously, we have measured the same temperature range at A = 650 nm and as it
is expected, the MO peak has completely vanished (figure 3.16 b). Comparing this
response to the sample of similar thickness grown by sputtering, even though there
is a peak in the MO activity, this enhancement is now much lower. However, similar

thickness dependence is observed suggesting a similar relaxation mechanism than the
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samples grown by sputtering, playing also a role on the cationic ordering and modi-
fying the polarons formation around the curie temperature. We can conclude that, to
observe a clear peak on the MO activity, a narrow MR peak is needed, indicating that
the polaron’s formation is narrowly around the Tc. Further characterization is needed
to improve our knowledge of how to maximize the intrinsic contribution of polarons
in LCMO manganites.

3.6 Conclusions and perspectives

As a conclusion, our finding reveals an unreported physical mechanism for enhanced
gyrotropic responses. Interestingly, the observed polaron-induced enhancement is
comparable in magnitude with the gyrotropic increase observed in magnetic media
coupled to plasmons, where the magneto-optical activity is enhanced by more than
one order of magnitude for wavelengths that are correlated to the excitation of propa-
gating or localized surface plasmons [122]. Yet, the latter represent extrinsic routes for
the magneto-optical enhancement, which require the gyrotropic media to be suitably
nanostructured to couple the magneto-optical effects to either photonic band edges
[123, 124], or to plasmon resonances [125, 126]. In contrast, here we show that there is
another mechanism, which is intrinsic to the material by which self-trapped polarons
can increase remarkably the magneto-optical response. The case of polarons is par-
ticularly interesting, since they are ubiquitously inherent to many strongly correlated
electronic systems. One can, therefore, imagine that the exploitation of polarons may
be also instrumental to achieve large gyrotropic responses in other materials. This
opens up enticing perspectives. On the one hand, because the phenomenon has been
observed in the vicinity of room temperature and rising the effect to higher tempera-
tures may be envisioned by materials engineering, e.g., by partial substitution of Ca by
Sr or Ba [127, 128], which are known to increase the Curie temperature in manganites.
On the other hand, polarons may be rather sensitive to strains, so that their emergence
might be adjusted eventually by electric fields through the piezoelectric effect. If suc-
cessful, the latter prospect might enable a very large modulation of the magneto-optic
activity by electric fields, thus opening novel avenues for magnetoelectric coupling
beyond the conventional modulation of magnetization. This last possibility is very ap-
pealing. However, as discussed in Section 3.5 the structural quality, which ultimately
determines the distribution of self-trapped polarons in the system, is a very important
aspect to have a large MO enhancement. In this sense, growing LCMO films on piezo-
electric substrates with the high structural quality required to have the appropriate
distribution of self-trapped polarons is not an easy task and poses an interesting and
challenging problem of materials engineering.
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Chapter 4

Cation-specific contributions to the
magnetism of Ce-doped YIG

4.1 Introduction

In the previous chapter we have shown an enhancement of the MO activity in LCMO
films due to changes in its electronic structure caused by the emergence of small po-
larons. In the present chapter we describe our research in material in which the MO
enhancement is due to the effects of chemical doping on the electronic band structure.
Specifically, we have studied the effects of doping Yttrium Iron Garnet (YIG), with a
rare-earth ion, Ce in this case, on the MO response and the magnetization.

YIG is an insulator ferrimagnet with remarkable small Gilbert damping parame-
ters and for these reason YIG becomes an appropriate material for magnonics [129],
spintronics [130, 131], and spin caloritronics [132, 133, 134]. Moreover, because of its
transparency and its large MO activity specially in near IR, it has been used in non-
reciprocal devices for optical communications [135, 136, 20, 19, 137, 138, 139]. The
incorporation of rare-earth elements into YIG can give rise to an enhancement of its
MO activity [140, 17, 16, 141, 96] which is highly desirable for these applications. This
enhancement has been interpreted to arise by the emergence of two new types of elec-
tronic transitions: (i) intra-atomic orbital dipole transitions between the 4f and 5d
states of Ce and (ii) interatomic dipole transitions between the 4 f-Ce and 3d states of
Fe [21, 16, 22]. It is unclear, though, whether both transitions are involved or if one of
them is prevailing over the other. Bearing this in mind, and with the purpose to un-
derstand the impact of Ce doping on the magnetic and electronic properties [16, 22],
we have undertaken an extensive study combining different experimental methodolo-
gies. A first step towards this direction has aimed at untangling the individual contri-
butions of Ce and Fe ions to the magnetism of Ce-YIG samples. For that purpose, we
have first performed a magneto-optical spectroscopic study of CeYIG samples. As a
result of this study, we have found that, especially for some range of frequencies, the
measured hysteretic magneto-optical loops are anomalous. We have interpreted this
anomaly as arising from two different MO hysteretic contributions coming from the
Ce and Fe sublattices. To understand better the plausibly different magnetic behavior
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of the Ce and Fe ions, we exploited element-specific techniques (XAS and XMCD) to
have access to the electronic structure of the Ce/Fe cations and their specific contribu-
tions to the magnetism of doped YIG. Summarizing, our results show that Ce-doping
triggers a selective charge transfer from Ce to the Fe tetrahedral sites in the YIG struc-
ture. This, in turn, causes a disruption of the electronic and magnetic properties of the
parent compound, reducing the exchange coupling between the Ce and Fe magnetic
moments and causing atypical magnetic behaviour.

Our study establishes a step forward in the comprehension of the fundamental
physical processes caused by Ce doping in the electronic and magnetic properties of
the YIG parent compound. This knowledge can be eventually used to further optimize
and tailor the optical properties of these important materials.

4.2 Material preparation and characterization

YIG has a Y5¢[Fe;]?[Fe3]901 composition with a complex cubic structure (space group
019 — Ia3d). As shown in figure 4.1, the non-magnetic Y>* ions occupy dodecahedral
(c) sites while the Fe>* ions occupy both tetrahedral (d) and octahedral (a) sites in the
oxygen polyhedron structure. The ferrimagnetism arises from the antiferromagnetic
coupling between the two Fe?* cations in a-sites and the three Fe>* in d-sites creating
an uncompensated magnetic moment. The origin of this coupling comes from the

superexchange interaction via the O anions.

@ aFe
Q d-Fe
@0

@cy

FIGURE 4.1: Schematic diagram of the YIG crystal structure.

4.2.1 Growth and structural characterization

Due to YIG’s complex structure, the substrate can play a critical role on the crystal
quality and its properties. For the deposition of Ce-YIG and YIG thin films, we used
(001)- and (111)-oriented gadolinium gallium garnet (GGG) crystals with a thickness
of ~ 500 um, which are frequently used for the growth of high-quality YIG films [142]

56



4.2. Material preparation and characterization

due to the small lattice mismatch (0.057%). The samples were grown in oxygen at-
mosphere by PLD using an excimer laser at 10 Hz. The Ce-YIG films of composition
CeY;,Fe501; and thicknesses t =~ 54 nm (for the (001)-oriented Ce-YIG) and ¢ ~ 56 nm
(the (111)- oriented Ce-YIG) were grown at 880 °C in an oxygen partial pressure of
0.3 mbar, whereas the (111)-oriented YIG films of composition Y3Fe501; and thickness
t ~ 200 nm were deposited at 550 °C and 0.2 5mbar.

After the growth, we have checked the structural parameters by X-ray diffraction
(XRD) analysis done in the Bragg-Brentano geometry using the Cu-Ka radiation. The
6 —260 XRD scan of the Ce-YIG/GGG(001) film shows a Ce-YIG(004) reflection as a pre-
peak feature to the strongest GGG(004) reflection that arise from the substrate (figure
4.2 a). In addition, the XRD pattern did not reveal any additional peak indicating other
grown phases such as CeO,. Apart from the (004)-reflection, the GGG substrate shows
a small (006)-reflection possibly due to non-perfect atomic ordering of the substrate
[142]. In order to have a more detailed information, we have performed 6§ — 26 XRD
scans of Ce-YIG(001) and Ce-YIG(111) films, respectively, collected around their main
respective peaks (Figures 4.2 b and c). Even though the peak reflections of the films
cannot be clearly resolved, we could observe the Laue oscillations testifying the high

quality of the films.

4.2.2 Spin dynamics

To obtain information on the spin dynamics of Ce-YIG films we performed FMR ex-
periments where the absorbed signal was recorded while the applied magnetic field
was swept and the microwave frequency was fixed at certain values. In figure 4.3 (a)
we plot representative curves of the amplitude of transmission coefficients (S;2) as a
function of the magnetic field for different frequencies (5, 11 and 17.5 GHz) on both
(001)- and (111)-oriented Ce-YIG thin films. These curves were fitted using the Lorentz

equation:
(AH)

Sl o o — H)? — (AR

(4.1)

where Hp /g is the magnetic field under the resonance condition, and AH is the
half linewidth. Figure 4.3 (b) shows the parameter AH extracted from the fittings as
a function of the excitation frequencies. We thus determine the Gilbert damping by
fitting the data (straight lines) using the following equation:

AH = AHy + 2Eaf (4.2)
7

where 7 is the gyromagnetic ratio (y/(2m) = 27 GHz/T), « is the Gilbert damping,
and AHj is the inhomogeneous damping of the films. We have obtained a good esti-
mation of the Gilbert damping values of o = 0.025 and o = 0.035 for (001)- and (111)-
orientations, respectively. In fact, the above values are very close to those reported pre-
viously for Ce-YIG thin films [142]. The slightly larger damping of the (111)-oriented
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FIGURE 4.2: XRD pattern of Ce-YIG thin film grown on GGG(001) sub-
strate.This scan shows a Ce-YIG(004) reflection as a shoulder to the
strong GGG(004) reflection from the substrate. XRD scans of (b) Ce-
YIG(001) (c) Ce-YIG(111) films show the Laue oscillations, which indi-
cates the films are in good epitaxy.

film might be related to some induced magnetic anisotropy induced during growth.
As discussed by Kehlberger et al. [142], this observation is supported by the different
strain states of the (111)- and (001)-oriented films, plausibly leading to a magnetoelas-

tic contribution to the magnetic anisotropy.

We also notice that the damping values of Ce-YIG films are considerably larger
than those usually reported for undoped YIG films, which are in the order of 10~*
[142]. As discussed previously by other authors [142], this reduction of about two or-
ders of magnitude can be explained from various contributions, such as lattice dilation
and different environments of the Fe cations due to the Ce-doping. These observations
are also in agreement with the values that we obtain for the inhomogeneous damp-
ing, since our analysis yields values around AHy ~ 5mT , which are considerably
larger than in undoped YIG films (< 0.5 mT) [142]. We stress, however, that despite
the higher damping values in Ce-YIG films, the damping parameters are comparable

to most of the metallic ferromagnetic systems [143, 144].
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FIGURE 4.3: Gilbert damping of FMR response in Ce-YIG thin films.
(a) FMR spectra of the (001) and (111)- oriented Ce-YIG films for the
frequencies: f=5, 11, and 17.5 GHz. (b) The FMR peak linewidths as
a function of the resonance frequencies. Straight lines are the best fits
based on equation 4.2.

4.2.3 Magnetic characterization

Finally, magnetic characterization has been done using SQUID magnetometer at room
temperature. A strong paramagnetic signal from the GGG substrate is superposed to
the hysteresis response of the CeYIG film, as illustrated by the measurement of (001)-
oriented sample (figure 4.4) for the magnetic field applied in-plane. The inset shows
a zoom taken at low magnetic field where an hysteresis behavior can be appreciated.
The magnetization can be estimated at remanence, where the magnetic contribution
of the substrate is zero. Thus, our films show smaller magnetization at remanence
(75-100 emu/cm?) than bulk (140 emu/cm?®) and also smaller than films reported in
[142] at saturation (15248 emu/cm?). Usually, in order to disentangle the response
of the film from the paramagnetic signal of the substrate a mathematical treatment is
needed. For instance, subtracting a slope fitted on the measured signal at magnetic
fields higher than the saturation of the film. However, this method can introduce
artifacts to the shape of the hysteresis and information of the an eventual saturation
slope intrinsic of the film could be lost. To overcome these difficulties, we have used
Kerr MO spectroscopy which is known to be more sensitive to the film magnetization.
In the next section, we show a wavelength-selective method able to measure purely

the film signal without needing a post data processing.
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FIGURE 4.4: Magnetic characterization of CeYIG/GGG(001). A para-
magnetic signal from the GGG substrate is superimposed to the ferro-
magnetic response of the film. Inset shows a zoom between -100 and
100 Oe where the ferromagnetic signal of the film can be observed.

4.3 MO spectroscopy of undoped and Ce-doped YIG

Taking advantage of the wavelength selectivity of the MO spectroscopy, we have ex-
plored the consequences of doping YIG with Ce to the MO activity. However, as previ-
ously shown on the magnetization measurements, a strong paramagnetic signal com-
ing from the GGG substrate also affects the MO signal. In order to solve this issue,
a strategy has been developed to cancel the substrate contribution. First of all, we
measured the polar Kerr rotation (0) and ellipticity (¢) of the (001)- and (111)-oriented
GGG crystals. The () and €(\) spectra for both orientations measured at a magnetic
field H ~ 17.5 kOe turned out to exhibit similar wavelength dependence (figures 4.5
a and b). While the Kerr rotation preserved the sign for all wavelengths, the ellipticity
reversed sign twice, with two particular frequencies at which the ellipticity vanished,
namely, A\; =~ 450 nm and Ay ~ 550 nm (figures 4.5 a and b). This is readily seen in the
ellipticity loops measured at different wavelengths around \; (figure 4.5 c). At wave-
lengths below )\, the ellipticity exhibits a linear dependence with the field having a
positive slope. In contrast, at wavelengths above A, the slope reverses sign (figure 4.5
c), indicating that the ellipticity decreases on increasing the field. Just in the vicinity
of Ay, the ellipticity is vanishingly small for any value of the magnetic field. The same
figure shows the ellipticity data of GGG corresponding to wavelengths around .

The selection of wavelengths A; and A, at which the ellipticity of GGG vanishes

has been used as the sweet spot to probe the properties of YIG and Ce-YIG films, as
it allows to virtually cancel the paramagnetic contribution from GGG leaving that of
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FIGURE 4.5: Spectra of the Kerr rotation §(\) and ellipticity e()) of a
(001)-oriented GGG crystal (a) and (111)-oriented GGG crystal (b), mea-
sured at a field H ~ 17.5 kOe. (c) The ellipticity of the (111)-oriented
GGG crystal measured at different wavelengths is plotted as a function
of the magnetic field. The wavelengths A; and A, at which the ellipticity
of GGG vanishes are identified from this data.

CeYIG accessible. For instance, figures 4.6 (a) and (b) display, respectively, the ellip-
ticity of the (001) oriented Ce-YIG film around A; and A;. In both cases, we observed
loops that exhibited a positive or negative slope at the highest fields, revealing the
contribution of the GGG crystal at wavelengths shorter or longer than A; or A;. In-
terestingly, figures 4.6 (a) and (b) show that for wavelengths in the vicinity of A; and
A2, the slope of the hysteresis loops at high fields is the smallest; since these are pre-
cisely the wavelengths at which the substrate contribution vanishes, we can therefore
infer that the ellipticity intrinsic to the Ce-YIG films nearly saturates. Additionally, the
hysteresis curves shown in figure 4.6 (c) also indicate that the magnetization increases
faster along the (111) direction, in agreement with previous studies reporting on the

magnetic anisotropy of YIG [145].

The previous discussion gives unambiguous evidence that the measurement of
ellipticity enables the access to the intrinsic magnetic properties of YIG and Ce-YIG
films grown on GGG. We have taken this vantage point to scrutinize their gyrotropic
response, with an emphasis on untangling any eventual individual contribution from
cerium and iron to the magneto-optical activity. A useful insight is provided by the
analysis of the spectral dependence of the shape of the hysteresis loops. In the case
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FIGURE 4.6: Ellipticity loops of the (001)-oriented Ce-YIG measured in
the vicinity of (a) A\; ~ 450 nm and of (b) A2 ~ 550 nm. (c) Elliptic-
ity curves of the (001)- and (111)-oriented Ce-YIG as well as the un-
doped (111)-oriented YIG, measured at A; ~ 450 nm. The inset shows
a zoomed in region of the loops around the highest applied fields.

analyzed here, the e-loops of the Ce-YIG films display an unusual shape when mea-
sured at wavelengths in the vicinity of A = 440 nm, exhibiting a wavy magnetic field
dependence in the central part of the loops (figures 4.7 a and b). As seen in the insets
of figures 4.7 (a) and (b), this atypical behavior disappears gradually as soon as the
wavelength moves away from A = 440 nm, at which point the loops progressively

recover the usual shape.

We address now the origin of such anomalous loops. Extracted from the SQUID
measurements (shown in the previous section), the magnetization of the Ce-YIG films
analyzed in this study turned out to be substantially smaller (75-100 emu/cm?) than
values reported elsewhere [142] and bulk (140 emu/cm?). We may speculate whether
the existence of some defects, particularly antiphase boundaries, which could cause
the magnetization drop, could partly explain the abovementioned atypical shape of
loops. Yet, the fact that this phenomenon is only observed for an extremely narrow
range of wavelengths (see below) is a clear indication that alternative scenarios have
to be envisioned to explain the emergence of anomalous loops. In this sense, the most
plausible explanation for the unusual hysteresis is that it arises from the superposi-
tion of two independent ellipticity loops with opposite signs. The two-contribution
scenario goes a long way towards explaining the observed complex loop behavior
and was indeed originally proposed by other authors to explain similar anomalies in

the Faraday hysteresis loops of the bismuth-doped garnets [146].
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FIGURE 4.7: Panels (a) and (b) show the ellipticity loops of (001)- and
(111)- oriented Ce-YIG films, respectively. The displayed curves were
measured at wavelengths for which they exhibited an anomalous de-
pendence on the magnetic field. These critical wavelengths were close
to the point where the ellipticity curves reverse sign (see the insets). In
contrast, undoped (111)- oriented YIG did not show any atypical hys-
teresis curve at any wavelength, see panel (c).

Different hypothesis can be put forward to explain the emergence of two distinct
hysteresis contributions. One first possibility is that Fe at tetrahedral and octahedral
coordination sites contribute differently to the ellipticity [146]. Another option is that
one of the two contributions is linked to the iron sites-whatever in tetrahedral or octa-
hedral coordination- while the other is related to cerium in dodecahedral sites. To dis-
cern which scenario is at play, we have analyzed the spectral response of the undoped
YIG. As revealed from inspection of figure 4.7 (c), the ellipticity loops of YIG display
a conventional shape for all wavelengths, including those straddling the wavelengths
at which the ellipticity reverses sign. We conclude, therefore, that the atypical loops
observed in doped YIG are related to the presence of Ce on the system.

To gain insights into this issue, we fitted the experimental hysteresis curves to the

expression:

erit = Arerf <H;ISH(JH> + Agerf (HI_{;LICZ) + AsH (4.3)
1 2
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where H¢,, He, and Hg,, Hg, are the coercive and saturation fields of the two con-
tributing loops named Hyst1 and Hyst2, respectively, H is the magnetic field, and Ay,
Ay, and Ajz are the weights of the different terms to the simulated ellipticity €;;. Equa-
tion 4.3 uses the fact that hysteresis loops may be approximated by error functions
or hyperbolic tangents [146, 147]. This approximation is sufficient because our main
purpose is to disentangle quantitatively the two contributions. For our simulations,
we have chosen to feed the abovementioned parameters into the error function:

erf(z) = \; /0$ exp(—t%)dt (4.4)

The first two terms of equation 4.3 take account of the two hysteresis curves contribut-
ing to the ellipticity, while the last term is plausibly related to the residual ellipticity
of the GGG substrates when the gyrotropic response is measured for wavelengths
slightly off A\; or Ay, so that the contribution from GGG is not strictly null. In the anal-
ysis, a least-squares method was used to approximate the Hystl and Hyst2 curves
to the experimental data. For the quality assessment, the correlation coefficient was
used, defined as:

g
L - (4.5)
Oce X OX)

where oy = Y (6 — (N — A), 0ee = > i(6; — €)?, and oyy = Y, (N — A)? are the
sum of squared values for the set of (¢, \) data points about their respective means.
Figure 4.8 (a) shows the particular case of the ellipticity measured at A = 440 nm. In-
terestingly, we observe that the Hystl and Hyst2 loops shown in figure 4.8 (a) display
different saturation and coercive fields. To evaluate the accuracy of these values, we
ran a large set of simulations in which particular values of H¢, and H¢, were im-
posed in the fittings, while the saturation fields Hg, and Hg, were left free to adjust.
The (Hc,, He,) and (Hg,, Hs,) parameter datasets were extracted from the fittings
with a margin of error < 5% with a confidence interval of 95%. Figure 4.8 (b) shows
the correlation coefficient 72 mapped as function of values in the (Hc,, Hc,) dataset.
We see that the highest-quality fittings were obtained for values H¢, ~ 310 Oe and
Hg, =~ 150 Oe. Outside this region, the values of r? were significantly smaller (figure
4.8 b), indicating that solutions other than those mentioned above were unlikely. At
values of (Hc,, Hc,) where 72 is the highest, the anisotropy fields are Hg, ~ 5850 Oe
and Hg, ~ 2150 Oe, respectively. In consequence, the analytical study discussed here
is consistent with two hysteresis contributions with slightly different dependence on
the applied magnetic field.

The previous analysis can be applied over the all measured spectra, however, it is
only within an extremely narrow window of wavelengths that the two contributing
loops combine with opposite signs, yielding the anomalous hysteresis shown in figure
4.8. Therefore, it is just inside this limited spectral region that one can reliably decon-
volve the two contributions from the as-measured signals. This is illustrated by the
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FIGURE 4.8: (a) The ellipticity loop of the (001)-oriented Ce-YIG mea-
sured at A =440 nm (purple) is broken down into the sub-loop compo-
nents Hyst1 (blue) and Hyst2 (red). For that purpose, fittings to equa-
tion 4.3 were used. The plot also includes a residual linear dependence
on the magnetic field (green). (b) The correlation coefficient 72 of the
least-squares fitting is mapped against the values of the coercive fields
He, and He, of the simulated Hystl and Hyst2 sub-loops. The points
at which r? is maximum are indicated by small circles in this chart. (c)
and (d) map the values of the saturation fields Hg, and Hg, obtained
from fittings to equation 4.3; each point of these maps was calculated
after fixing in the simulations the values of the coercive fields H¢, and
Hc, while Hg, and Hg, were left free to adjust. Small circles in (c) and
(d) are at the same location as the maximum value 2 in (b). The colored
vertical bars in panels (c) and (d) refer, respectively, to the magnitude
of Hg,, Hg,, given in units of Oe.
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Chapter 4. Cation-specific contributions to the magnetism of Ce-doped YIG

analysis of the € loops of the (111)-oriented Ce-YIG film in the range A ~ 438 — 443 nm,
see figure 4.9. At A = 438 nm (figure 4.9 a), one of the contributing loops —Hyst2— is
almost zero; the corresponding hysteresis curve displays a conventional loop, bereft
of any anomalous shape. In contrast, at A = 441 nm (figure 4.9 b), Hyst1 and Hyst2 are
finite with opposite signs, and their sum shows the anomalous shape. The magnitudes
of Hystl and Hyst2 are plotted as a function of wavelength in figure 4.9 (c). Within
the interval A ~ 438 — 443 nm, the as-measured e-curves can be decomposed into
the Hystl and Hyst2 loops, thus accessing the individual contributions to the mag-
netic and gyrotropic response of the Ce-doped YIG. Outside this spectral region, both
contributing loops have the same sign and the mathematical decomposition becomes
extremely difficult. Therefore, the differential spectral evolution of the gyrotropic re-
sponse of each cation sublattice can be used as the optimal condition to access each

individual contribution to the magnetism of doped YIG.
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FIGURE 4.9: Plots of the as-measured ellipticity loops of the (111)-
oriented Ce-YIG film, measured at (a) A =438 nm and (b) A =441 nm,
respectively. The figures include the simulated Hyst1 and Hyst2 loops.
The magnitudes of Hystl and Hyst2 are plotted in (c) as a function of
wavelength within the range of A =438-443 nm. Within this narrow
spectral range, the Hyst1 and Hyst2 loops have opposite sign, yielding
the anomalous loop shapes displayed in panel (b). The atypical com-
plex dependence of the ellipticity measured in the range of A =438-443
nm allows a reliable decomposition of the as-measured data into the
contributing Hystl and Hyst2 loops, enabling the access to the mag-
netic and optical properties of each ion sublattice.

Briefly, our extensive magneto-optical spectroscopy study reveals that doping YIG
with Ce causes the appearance of anomalous MO hysteresis loops, which we attribute
to the contributions from different sublattices to global MO signal. Even though the
presence of Ce is unambiguously the responsible of these anomalous shape of the
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4.4. X-ray magnetic circular dichroism

hysteresis loops, element-specific techniques, such as XAS and XMCD, are needed to
probe the individual magnetic contributions of each ion. Along this line, we anticipate
that XAS and XMCD experiments indeed confirm that the doping with Ce induce im-
portant changes in the magnetic and electronic properties of YIG that are the ultimate
cause of the observed anomalous MO loops and provide important clues to under-
stand the impact of Ce doping on both the electronic and magnetic properties of Ce-
YIG system. For instance, our results reveal a charge transfer Ce®" (41)+Fe?"(3d%) —
Ce'*(4£0) + Fe*™(3d°) taking place specifically at the tetrahedral d-sites of Fe, which
causes a partial reduction of Fe3* into Fe?"(3d%). We demonstrate that the ensuing
electronic changes alter the exchange coupling constant (J4/,) between Fe ions at d-
and a-sites. We complete our study with analytic simulations, which consistently ex-
plain the Ce and Fe sublattice magnetizations in terms of the reduction of J;/,, basi-
cally driven by the Ce doping. In the following, we give a detailed description of the
experiments and analyses that drive us to reach such conclusions.

4.4 X-ray magnetic circular dichroism

XAS and XMCD measurements (chapter 2) were performed in total electron yield
mode at room temperature at the BOREAS beamline of ALBA Synchrotron light source'
[148]. For Ce, the spectra were taken at the Mys absorption edges, while for Fe the
spectra were recorded at the L3 absorption edges. XMCD spectra were obtained
by taking a difference between the XAS of right (c7) and left (¢) circularly polar-
ized light. In the XMCD measurements, the samples were magnetized by applying
a magnetic field (H) of 2 T along the out-of-plane direction of the films and parallel
to the beam. For XMCD data analysis, we have calculated model XMCD spectra us-
ing the CTM4XAS 5.5 program which is based on crystal field multiplet calculations
including the Slater integrals, crystal field parameters (crystal symmetry, 10Dq, and
magnetic energy) and spin-orbit coupling [149]. Site-specific magnetization (M) vs H
curves were measured by selecting the photon energies at the XMCD peaks of Fe ions
at a-sites, Fe ions at d-sites and Ce ions at the c-sites at the corresponding photon en-
ergies. To obtain the above XMCD hysteresis cycles, H was varied between -2 and +2
T, and the polarization of light was successively switched from left- to right-handed
circularly polarized light.

4.4.1 Valence states of Ce and Fe: evidence of charge transfer

Firstly, the valence state of Ce were assessed by Ce-My5 XAS spectra of the (001)- and
(111)-oriented Ce-YIG thin films, respectively (figure 4.10 a and b). After normalizing
the raw XAS signal with the gold mesh signal, the spectra were further renormalized
to unity at the post-edge (912 eV) of the My peak. We first draw the attention to the fine
structure in the Ce-My 5 spectra, which arises from the multiplet structure of the final

'T am thankful to Dr. Hari Babu Vasili for his support on the data analysis and for the simulations of
the XAS and XMCD spectra.
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FIGURE 4.10: Ce-Mys XAS and XMCD of (a) Ce-YIG(001) (b) Ce-
YIG(111) thin films at 300 K. The spectral features of mixed Ce** (f!)
and Ce** (f°, f'L) ground state contributions are well understood
from the experimental Ce-Mys XAS data extracted from reference [150],
given in (c). The XMCD (¢~ — o) in panels (a) and (b) arises mainly
from the Ce®* contribution. (d) The Ce** XAS was separated out by fit-
ting the experimental data to the extracted data. Panel (e) shows inte-
gration of the Ce>* XAS and XMCD spectra. Read the text for a detailed
sum-rule analysis.

states of the Ce®* (4f1) and Ce*" (4°) ground state configurations. Different spectral
signatures can be observed in the XAS spectra, i.e., contributions from Ce3* (f1), Ce**
(f%) and Ce** (f'L) states as shown in tigure 4.10 (a). These signatures enable the
identification of the Ce valence states, clearly visible in the experimental XAS data of
pure Ce;O3 (Ce®*) and CeO, (Ce**) as extracted from [150] (figure 4.10 c). In conse-
quence, we have used these data to quantify the relative amount of Ce** and Ce** in
our Ce-YIG(001) and Ce-YIG(111) films. Total XAS spectra (¢ + o) of the Ce-Mys
recorded from our samples were then fitted to the reference spectra shown in figure
4.10 (c). Such a fitting of the total XAS is shown in figure 4.10 (d) for the Ce-YIG(001)
film. From the comparison of spectral weights -shown in figure 4.10 (d) -we could es-
timate that the fraction of Ce®" is approximately 30%, while the remaining Ce cations
are in the Ce*" state.

On the other hand, to unveil the valence states of iron, we analyzed the pre-peak
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FIGURE 4.11: Fe-L,3 XAS and XMCD of (a) YIG(111), (b) Ce-YIG(001)
and (c) Ce-YIG(111) thin films at 300 K. Total XAS (o + 4 ¢ ™) in the inset
(a) reveals that the YIG film has only Fe** while the Ce-YIG films exhibit
an additional Fe** contribution. The A/B peak ratio along with the
growing L, pre-edge feature (shown by arrows) hints at the presence
of Fe?" in the films. Panel (d) shows the calculated XMCD spectra for
a-Fe**, d-Fe>*, and d-Fe?* contributions. From this, it appears that the
Fe-Lz XMCD of YIG film has two positive peaks for a-sites and a large
negative peak for d-sites. Panel (e) shows a growing extra XMCD peak
(shown by arrow) that confirms the Fe?* in the Ce-YIG films. Panel (f)
shows the integration of Fe-XAS and XMCD spectra of YIG film. Please
refer to the text for the sum-rule analysis.

structure of the L3-edge (A and B peaks) and the double-peak structure (C and D
peaks) of the L,-edge in the total Fe-L,3 XAS spectra of the Ce-YIG films as well as
undoped YIG film (inset of figure 4.11 a). These multiplet analyses could be used as a
proxy to determine the valence state of Fe. The L, 3-edge spectral features observed in
our undoped YIG film (figure 4.11 a) are those typical of Fe3* -similar to, e. g., 7—Fe;O3
structure [151], -in which the A/B peak ratio is ~ 0.46. On the contrary, as seen in fig-
ure 4.11 (b) and (c), the Ce-YIG films display significantly higher A/B ratio, ~ 0.62
and ~ 0.70 for (001) and (111)-oriented films, respectively. Therefore, the evolution of
the A/B ratio with Ce doping indicates the emergence of a Fe?* oxidation state [151,
152]. This observation is further confirmed by the growing pre-edge Fe-L, feature
(indicated by arrows in the XAS inset of figure 4.11 a) which is often regarded as the
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Chapter 4. Cation-specific contributions to the magnetism of Ce-doped YIG

presence of Fe?* in the system [151, 152]. Therefore, the analysis of our XAS spectra
shows that doping YIG with Ce induces the concurrent emergence of Fe?* and Ce**
valence states, which gives evidence for a charge transfer from Ce to Fe. Indeed, Ce**
states have been reported for other Ce oxide structures and their origin has been at-
tributed to the hybridization between Ce 4 f and neighboring O 2p or transition metal
3d bands [153, 154]. From first-principles calculations reported on Ce-YIG system, it
has been known that the charge transfer takes place from Ce(4d) to Fe(3d) states at
d-(tetrahedral) sites [21]. In the following, we show that this prediction is confirmed
by the analysis of our XMCD spectra and further supported by our multiplet XMCD
calculations.

The XMCD (0~ —ot) spectrum of the undoped YIG film shows two positive peaks
caused by Fe®" ions at octahedral a-sites and one large negative peak for tetrahedral
d-sites (labeled as a1, ap and d in figures 4.11 a and e). We have simulated these XMCD
spectra (using CTM4XAS 5.5) by ligand field multiplet (LFM) calculations on a-Fe>*
and d-Fe" sites which are in very good agreement with the above experimental spec-
tra (see figure 4.11 d). This observation confirms that Fe ions in the undoped YIG film
are all in a Fe3* state. However, the XMCD of Ce-YIG films, normalized to both a-site
peaks, show a prominent extra peak at energy (707.5 eV) below the d-site feature (see
figure 4.11 e). This extra peak, which can also be reproduced by our multiplet calcu-
lations, is a direct evidence of the aforementioned presence of Fe?* ions, specifically
at d-sites in the Ce-doped YIG films. Further indication of specific charge transfer to
d-sites can be inferred from changes in the ratio between the d- and a-site peak intensi-
ties of the Fe-L3 XMCD spectra. In particular, the intensities of a; and a; peaks remain
unchanged in the normalized XMCD (figure 4.11 e) which rules out any charge trans-
fer to the a-sites. On the contrary, our XMCD results confirm that the charge transfer
occurs to the tetrahedral d-(Fe?") sites, since the calculated intensity ratio between the
d-peak (708.3 eV) and the as-peak (708.9 eV) is smaller in Ce-YIG films than for the
undoped YIG film.

4.4.2 Specific magnetic contributions from Ce and Fe

To investigate the impact of Ce-doping on the YIG magnetic properties, we have eval-
uated the magnetic moments of Ce and Fe ions in the Ce-YIG films as well as the Fe
moments in the undoped YIG film. Concerning Ce, our XMCD spectra reveal that the
magnetism arises mainly from the localized 4! electrons (Ce®*") while the 4f° (Ce*")
ground state shows a considerably smaller dichroic effect and the 4f 'L ground state
exhibits no contribution to the magnetism, as seen in figures 4.10 (a) and (b). Con-
sequently, to evaluate the magnetic moment of Ce we have separated out the Ce>*
contribution from the total XAS spectra by fitting the Ce* and Ce** XAS data of fig-
ure 4.10 (c). The spin (m;) and orbital (1m;) components of atomic magnetic moments
per YIG and Ce-YIG formula unit were obtained by applying the sum rules to the in-
tegrated intensities of total XAS and XMCD spectra [155, 156, 157]. The results of the
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4.4. X-ray magnetic circular dichroism

analysis are summarized in Table I. For the sum rules, the electric dipole transitions of
an ion are considered from a spin-orbit-split core level to the shell-resolved operators
of the valence electrons. The sum rule equations for Fe-Lo3 (2p — 3d) and Ce-Myps
(3d — 4f) absorption edges are given, respectively, by:

6p — 4
2(5.) + (o) = 2—29 N,
- 4q (4.6)
z) — 3 hs
for 2p — 3d dipole transitions and by:
5p — 3
2(8:) + 6(T%) = T NVi,
r 2% (4.7)
<LZ> = 7Nh7

for 3d — 4f transitions. In equations 4.6 and 4.7, r is referring to the integrated value
of the total XAS (after subtracting the step-function) at L, or My post edge as shown
in figures 4.11 (f) and 4.10 (e), respectively. The p and ¢ are referred to the integrated
values of the XMCD at L3 (Ms) and L, (M) post edges, respectively (see figures 4.11
fand 4.10 e). The (L), (S.), and (T’) are the expectation values with respect to the z
component of the orbital angular momentum, the spin angular momentum, and the
magnetic dipole operator of the 3d(4f) shell for L, 3(My5) edges, respectively. The N},
is the number of holes taken as 4.7 for the 3d° [158] and 13 for 4f! shell in the cal-
culations. Using the above equations, one can estimate the orbital and spin magnetic
moments as m; = —(L,)up and m,; = —2(5.)up, respectively. The derived moments
of the YIG and Ce-YIG films are listed in table 4.1.

Sample | Edge | 2(S.) +n(T.) | 2(S.) 2(L.) Miot | oy
/. (up) | /fu (up) | /fu (us) | /fu. (up)
Ce-YIG(001) | Ce-M -0.191 -0.033 0.243 0.052 | 7.379
Fe-L 1.461 1.461 0.050 1511 | 0.034
1.563
Ce-YIG(111) | Ce-M -0.214 -0.037 0.280 0.066 | 7.589
Fe-L 1.320 1.320 0.045 1.365 | 0.034
1.431
YIG(111) | Fe-L 2,558 2.558 0.017 2575 | 0.006

TABLE 4.1: Effective spin 2(S,) + n(T}) and orbital (L) magnetic mo-
ments of the YIG and Ce-YIG films per YIG and Ce-YIG formula unit
calculated using the XMCD sum rules on Ce-M and Fe-L absorption
edges. Here, n = 6 for Ce-M edges and n = 7 for Fe-L edges. The m, of
Ce and tetrahedral Fe ions are coupled antiferromagnetically with Ce
carrying a very small m, value as compared to Fe. The m;; is defined
as the total effective spin and orbital magnetic moments. The Ce-YIG
films exhibit a smaller m;; than the undoped YIG film.

A few comments about the evaluation of the magnetic moments are relevant. In
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Chapter 4. Cation-specific contributions to the magnetism of Ce-doped YIG

the first place, corrections to the spin sum rules were taken into account for the Fe*
values given in table 4.1, as it is well known that strong deviations are caused by
core-valence exchange interactions in the transition-metal ions [159]. Additionally,
the values of (S.) for Fe’* were determined by assuming that (7}) is negligible due
to the cubic symmetry of the d-orbitals. However, the assumption of negligible (T7)
does not hold for rare-earth ions like Ce, because of the localized and aspherical 4 f
electron charge densities. For these ions, the magnitude of (77) is indeed comparable
to that of (5,) and the former cannot be determined directly. In order to have an esti-
mation of the spin-only component of the Ce magnetic moment, we assumed that the
(T) is scaled with (S) -as demonstrated in reference [160]. The ratio (7%)/(S.) = 8/5
for Ce®* was then calculated using the theoretical expectation values for (T) and (S.)
from the Hund’s rule states given in reference [161]. Using the above ratio, we have
extracted the 2(S) values from the 2(S.) + 6(1;) of the Ce-M edges (see table 4.1).
The consistency of these assumptions is shown by noting that for Ce®* (4f1) (S = 1/2,
L = 3) we should expect m;/ms = [L(L+1)/25(S + 1)] = 8. Our experimental values
of |m;/ms| are indeed close to 8, confirming the abovementioned assumptions. Fur-
thermore, the moments in table 4.1 reveal that the m; of Fe and Ce are antiparallel
to each other (see the negative (positive) signs for the mg of Ce(Fe) in table 4.1). We
note also that the Y3, ions exhibit almost negligible magnetic moments (<0.01 xg) and,
therefore, they were not considered for evaluating the m;,: values. Note that, the m;;
of YIG film (2.57 pg) is reduced from being 5 up (Fe3* free ion moment) for the YIG
structure. This reduction is understood from the fact that the YIG magnetization de-
creases monotonically with the increasing temperature below Tc [162].

From table 4.1 we see also that the Ce-doped YIG films exhibit significantly smaller
mior Values than the undoped YIG film, indicating that Ce-doping affects the magne-
tization of the Fe sublattice. In principle, this is expected from the fact that the Ce-
doping induces a charge transfer on the Fe sites, so that Fe?* valence states emerge,
thereby causing a reduction in the nominal Fe(d) spin magnetic moment from S = 5/2
to S = 4/2. Additionally, this also produces concomitant changes in the antiferro-
magnetic coupling between the a(Fe)- and d(Fe)- sites. To gain a valuable insight into
this antiferromagnetic exchange coupling, we have studied the site-specific magnetic
contributions of d-Fe, a-Fe, and c-Ce and their evolution with magnetic field. For
that purpose, we exploited the site-dependent XMCD magnetization curves of the un-
doped YIG as well as the Ce-doped YIG films (figure 4.12). For a better visualization,
the curves in figure 4.12 (a) are shown only in the positive field range, and were ob-
tained by selecting the XMCD peak energies at d-sites (708.2 eV) and a-sites (708.9 eV).
Drawing first our attention to the undoped YIG film in figure 4.12 (a), we see that the
measured Fe-L3 XMCD signal saturates at H = 200 mT. However, the Fe-L; XMCD
magnetization curves of (001) and (111)-oriented films of Ce-doped YIG show devia-
tions from the conventional saturation-magnetization behavior at # = 500 mT (figure
412 b) and H = 200 mT (figure 4.12 c), respectively. More precisely, in contrast to the
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undoped YIG film -where the magnetization, once saturated, remains constant (figure
4.12 a)- the hysteresis curves of Ce-YIG films exhibit a small magnetization overshoot
at the fields indicated above. These atypical magnetization curves are reminiscent of
those that we obtained previously in our magneto-optical spectroscopy experiments,
for instance, the anomalous hysteresis measured at A = 441 nm shown in figure 4.9
(b). In the MO section we have interpreted this anomalous behaviour as two different
hysteresis contributions, nevertheless, in XMCD we have learned that the Fe loops are
indeed themselves anomalous.

Ce-YIG(111)

_ \ ) %/\
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FIGURE 4.12: (a) Out-of-plane XMCD (symbols) and model (solid lines)
magnetization curves of d- and a-sites of YIG(111) film given in the up-
per and lower side of the panel, respectively. For the sake of clarity, only
the positive field range is plotted. The evolution of magnetizations in
the d- and a-sites (M, and M,, respectively) is given for the My /M, an-
tiparallel coupling (J4/,) in two cases: (i) J (top sketches) for YIG film
and (ii) J/3 (bottom sketches) for the Ce-YIG films. The solid lines in
the XMCD hysteresis data of (b) Ce-YIG(001) and (c) Ce-YIG(111) films
are given for a guided view. Panels (d) and (e) represent the simulated
magnetization loops for (001) and (111)-oriented Ce-doped YIG films,
respectively.

4.5 Phenomenological interpretation of the anomalous mag-
netizations of Fe and Ce

In order to find an explanation for this apparently unconventional behavior, the XMCD
loops were interpreted through numerical simulations performed using a phenomeno-
logical model in collaboration with Professor Julian Geshev from the Instituto de Fisica,
Universidade Federal do Rio Grande do Sul, Brazil. The model incorporates as inputs
the normalized values of the XMCD loops, in which the Fe spins of d-sites (M) are
antiferromagnetically coupled (via superexchange) to those at a-sites (M,) as well as
to the Ce®" spins in the c-sites (M¢.). We assumed that the magnetic energy density
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(E) for H applied along the out-of-plane direction to the film surface is given by

o M ‘n 2 d,a,Ce d,a,Ce
E= ZK < ) Z H-M + > JZ/J< > (4.8)
i#£]

The first term in equation 4.8 represents the in-plane magnetic anisotropies of M, and
M,. The effective anisotropy constants K ;f ! and K&/ result from the shape and any
other anisotropy contributions and the unit vector n gives the out-of-plane direction.
The second term adds the Zeeman energies of all magnetic contributions, whereas the
last term takes account of all the effective coupling energies parameterized by the J; ;
constants. Since the Ce®" ions have small magnetic moments (table 4.1), we have as-
sumed that the Ce®* anisotropy is negligible. The values of the magnetizations of each
sublattice at any value of H are obtained by minimizing £ with respect to the equilib-
rium states of My, M, and Mc.. More details on the energy minimization procedure
employed here can be found in references [163, 164] and the references therein.

| Sample | Hy=H,=2K{7/My (kA/m) | Ty M/ | Joesa | Joesa |
Ce-YIG(001) 58 420 0.10 | -0.10
Ce-YIG(111) 19 1.70 0.07 | -0.07

TABLE 4.2: Fitting parameters of the magnetization hysteresis loops
according to equation 4.8.

The results of fitting our model to the experimental data are shown in figures 4.12
(a), (d), and (e). In the case of the undoped YIG film, the M vs H curves obtained from
the model show a linear slope (positive for d-sites, negative for a-sites) up to about
200mT and then they saturate for higher magnetic fields, matching perfectly to the ex-
perimental data (symbols in figure 4.12 a). Configurations of My and M,, are schemat-
ically represented in the four top-most ellipse-shaped sketches in figure 4.12 (a). In
this case, the evolution of M, and M,, with H is precisely what one would expect for
antiparallel-coupled M;/M, magnetizations with uniaxial anisotropy, provided that
H is not sufficiently large to overcome the exchange coupling field. In these simula-
tions, the antiparallel My/M, coupling, denoted by .J;/, in equation 4.8, is Jg/, = J
(see figure 4.12 a, solid lines). When we apply H perpendicular to the film plane, the
magnetization vectors of both sublattices rotate coherently in the magnetization rever-
sal process, as shown by the schematic arrows of the upper sketches in figure 4.12 (a).
At higher fields, M is aligned parallel to H while M, points to the opposite direction.

However, as described above, the My(H) and M,(H ) curves of the Fe ions for Ce-
doped YIG films have an unusual change of the slope that causes the overshoot of the
magnetization revealed in the XMCD loops displayed in figure 4.12 (b) and (c). Given
that the contribution of M¢. to the total moment is very small, we made the reasonable
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assumption that the unusual slope is solely attributed to the decrease of the antiparal-
lel My/M, coupling caused by the presence of Ce. To proof that a reduction of J;/, can
explain the change of slope, we have simulated a fictitious YIG sample by calculating
a pair of curves by using J;,, = J/3 as the value for the exchange coupling (figure
4.12 a), i.e., reducing J;/, to one third of the value used to simulate the experimental
data of the undoped YIG film. As seen in the solid lines of figure 4.12 (a), after re-
ducing the value of J;/, the shape of the respective simulated curves reproduces very
well the atypical shape of the Fe-XMCD loops of Ce-doped samples. Using this idea,
the XMCD loops of Ce-YIG films (see figures 4.12 b-c) were also modeled according
to equation 4.8 and the resulting parameters are displayed in table 4.2. Note that the
undoped YIG sample could fit to any value J;/, > 0.48 MJ/ m? for matching the ex-
perimental XMCD loop. Therefore, our assumption is that the value of J;, for the YIG
film is significantly larger than those for (001)- and (111)-oriented Ce-YIG films which,
according to the fittings, have the values of J;,, = 4.20 MJ/ m? and 1.70 MJ/m?, re-
spectively.

The effects of the reduced exchange coupling on the sublattice magnetization loops
can be understood intuitively as indicated in the two sketches depicted at the bottom
of figure 4.12 (a). For small values of H, the a- and d-site magnetization components
are practically perfectly antiparallel, as observed for the undoped YIG. However, at
higher fields, the competition between the Zeeman and the exchange coupling ener-
gies leads to dissimilar rotations of My and M,, as depicted in the bottom sketches
of figure 4.12 (a). Focusing on the d-sublattice, the evolution of M, for weak Jy/,
coupling can be described by an energy term —M, - Hzf 7, where the effective field is
given by Hsz = H + k|M,|, being k = Jy/,/(MqM,). As H increases, M, - which
is antiparallel to My - starts to rotate towards H. As a result, the projection of M,
along H decreases with the increase of H, so that the value of Hsf f may actually de-
crease, thus inducing a decrease of the projection of M, along the H-direction at high
enough fields, as observed in the unusual XMCD loops of the Ce-YIG films (see figure
4.12 a). A similar analysis can be done by interchanging the roles of M, and M,;. We
therefore conclude that the observed decreasing high-field slopes of the XMCD loops
obtained from Fe a-sites and d-sites are due to a weakening of the exchange coupling
J4/q driven by charge transfer processed triggered by doping YIG with Ce.

4.5.1 Microscopic interpretation of the anomalous magnetizations of Ce
and Fe

We discuss in the following the microscopic mechanisms that may lead to the reduc-
tion of the exchange coupling in the Ce-doped YIG films. In magnetic insulators, it is
well-known that the exchange interaction is predominantly defined by the so-called
superexchange interaction, which is due to the overlap of the electronic orbitals from
the magnetic cations via intermediate ligands. Starting from the undoped YIG system,
the FeOg octahedra are corner-linked to the neighboring FeOy tetrahedral sites via the
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O ligands, with all the Fe 3d orbitals being half-occupied in a high-spin configuration,
which results in a quenching of the orbital moment (see 4.1 for undoped YIG case).

d-tetrahedral a-octahedral
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3d® —— % e — 3d*
—
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FIGURE 4.13: Schematic diagram of the energy levels at Fe(3d®)-O-
Fe(3d®) superexchange coupling. Where § is the angle between the d-Fe
and a-Fe sites. The d° — d° coupling is a strong antiferromagnetic while
the spin-down electron of d® weakens the coupling by freely moving to
empty spin-up states of d° orbitals.

In YIG, the Fe(d)-O-Fe(a) bond angle 6 between these two crystallographically in-
equivalent Fe sites is about ~ 126 degrees [165], and their magnetic coupling is mostly
accomplished by the superexchange interaction via the 2p orbitals of the common O
ligand atom. According to the Goodenough-Kanamori-Anderson (GKA) rules [166],
3d°> — 3d° superexchange interactions via 180 degree bond angle would stipulate an
antiferromagnetic (AFM) coupling. As in YIG the metal-oxygen-metal bond angle
connecting tetrahedral and octahedral sites is ~ 126 degree [165], the AFM interac-
tion, although weaker than for 180 degrees, shall produce an antiparallel coupling of
Fe3*(d)-Fe*(a), which thus gives rise to the observed ferrimagnetic arrangement of
tetrahedral and octahedral sublattices.

Now, turning to the case of Ce-doped YIG, our experimental data point to a charge
transfer promoted from Ce to Fe, which can cause a double occupancy to one of the
two ¢4 levels at the Fe?*(3d%) ions on the tetrahedral d-sites. In this scenario, the addi-
tional electron coming from the charge transfer will occupy available spin-down states
of the low-lying e, orbitals of either d,>_,» or d,» symmetry of 3d6(e;¢) (see figure
4.13). Therefore the strength of the newly established 3d6(t§’ge?e;¢) -0 - 3d5(t?2’ge_(2ﬁ)
interaction must be modified. Due to the fact that for a Fe-O-Fe bonds differing from
180 or 90 degrees, the contribution of different 3d orbitals to the bond become some-
how mixed, in practice the GKA rules cannot be simply used to predict the strength
of the new interaction. However most likely the contribution from the transferred

3d6(e;¢) electron shall reduce the strength of the AF coupling and the magnitude of
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net exchange constant, Jy,, arising from the superexchange Fe?*/3+(d) > Fe3*(a) inter-
action (see the sketch in figure 4.13). In other words, charge doping at Fe ions arising
from Ce** substitution explains the reduction of the .J;/, exchange coupling constant.

4.6 Conclusions and perspectives

To sum up, XAS and XMCD experiments were used to probe site-specific sublat-
tice contributions to the magnetism of Ce-doped YIG and to and have a direct ob-
servation on the valence states of Ce and Fe ions. Our experimental results were
consistent with the emergence of a charge transfer from Ce*"(4f1) + Fe*"(3d°) —
Ce't(4£0) + Fe*™(3d%) into the tetrahedral d-sites of Fe driven by the Ce-doping into
YIG. As a result, a large fraction of Ce** ions appears and, on the other hand, the
charge transfer also induces as well as a partial reduction of Fe?" into Fe?(3d®), which
causes a reduction of the overall magnetic moment. Furthermore, the value of the ex-
change coupling constant (.J;/,) between Fe ions at d-(tetrahedral) and a-(octahedral)
sites is reduced which also entails a reduction of the magnetic coupling between both
sublattices. This produces visible features in the magnetization process, noticeable at
low magnetic fields. The last observation is responsible for the occurrence of atypical
XMCD magnetization curves for the Fe ions, caused by an overshoot of the magneti-
zation and a subsequent reduction of the Fe-sublattice magnetization with increased
applied magnetic fields. The atypical signatures observed for the site-specific mag-
netic contributions in doped YIG may prove relevant for a better understanding of the
magneto-optical properties of these compounds.

At this point, it is worth to stress that it may be surprising, at first sight, that Ce-
doping can cause an enhancement of the MO signal of YIG, in spite of causing a degra-
dation of the magnetic properties -e.g., reduction of exchange coupling and magnetic
moment-. However, we should bear in mind that, although linear magneto-optical
effects are proportional to the magnetization, the constant of proportionality depends
decisively on the details of the electronic band structure and the allowed optical tran-
sitions. In the case of Ce-YIG, the charge transfer from Ce to Fe plays a crucial role
to understand the enhanced magneto-optical response in the Ce-YIG as the response
can be explained by the emergence of new optical transitions -absent in the parent un-

doped YIG- involving ions (Ce in this case) with large spin-orbit coupling.

Finally, we should stress that beyond the relevance for the understanding of the
optical properties of doped YIG, our findings can be also important for other appli-
cations in which, e.g., spin waves are exploited. In this case, site-specific doping may
reveal itself as an important toolkit for engineering the dynamic magnetic properties
based on the demanding of potential applications.
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Chapter 5

In-situ imaging of electric
field-induced ferroelastic domain
motion in SrTiO;

5.1 Introduction

In the previous chapters, we have studied enhancement effects on the magneto-optical
properties via polarons on La;,3Ca;,3sMnOj3 or by the incorporation of a rare-earth,
such as Ce, into YIG. In the present chapter, magneto-optics will be used as a tool
to probe magnetism and to resolve magnetic domain patterns. Specifically, we used
magneto-optics to analyze the spatial distributions of ferroelastic twins domain in
SrTiO3 crystals under the application of in-situ applied electric fields. These ferroe-
lastic twins appear below the cubic to tetragonal transition of SrTiO3 (~ 105 K).

At room temperature, bulk SrTiOs crystallizes in the cubic perovskite structure
with space group Pm3m [167]. Yet, at a temperature of 7' ~ 105 K, SrTiOj3 crystals un-
dergo a transition to a tetragonal phase (I4/mcm space group) with a small distortion
c/a ~ 1.0005 (figure 5.1) [168, 169] involving an antiferrodistortive (AFD) lattice mode,
with counter-rotations of neighboring TiOg octahedra along the [001] axis. As a conse-
quence, the unit cell volume changes from a® to v2a x v/2a x ¢ [170] and three types
of orientational domains appear, causing the emergence of ferroelastic domains [171,
172]. The effect of tetragonality can be observed directly by measuring the anisotropy
of the dielectric constant [173] or the birefringence [174]. Additionally, electronic phe-
nomena in SrTiO3, viz., superconductivity [25] or two-dimensional electron gases at
the surface or interface with polar oxides [28, 34, 35] may be strongly influenced by
the emergence of the tetragonal asymmetry and ferroelastic twins [36, 37, 38].

Interestingly, ferroelectric signatures have been related to ferroelastic motion [24,
54, 26, 50] and interpreted as arising from polar domain walls [24, 53, 55]. Ferroelas-
tic strains also couple across the interface between SrTiO3 crystals and ferromagnetic
materials, altering their magnetic domain structure with electric fields via magnetoe-
lastic coupling [56]. In all these phenomena it is crucial to understand the spatial
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FIGURE 5.1: Scheme of unit cell of SrTiO3 for cubic phase at 7" > 105 K
and tetragonal phase at 7" < 105 K

distribution of ferroelastic domains, so that our attention has been focused on how
the twins moves under electric field. In previous studies, the presence of ferroelastic
twins has been revealed indirectly by using magneto-optical imaging [175] or directly
by high-resolution x-ray diffraction [176]. However, it was not until the advent of two-
dimensional electron systems in SrTiOs-based structures that the topic took up a new
turn. More specifically, researchers started paying attention to the in-situ evolution of
ferroelastic twins with applied fields and its impact on the electric properties of oxide
interfaces. Along this line, electrostatic and optical imaging were used to visualize di-
rectly the connection between ferroelastic domain configuration and transport along
these interfaces [177, 37]: it was found that the conductivity is particularly enhanced
along narrow paths, presumably along domain walls [36]. Incidentally, these works
have demonstrated unquestionably that ferroelastic twins are endowed with signif-
icant motion as soon as electric fields are applied across SrTiO5 crystals [177]. Yet,
in spite of these notable advances, important aspects of the interaction of ferroelas-
tic domains with electric fields remain unaddressed. This is particularly relevant for
the understanding of the electric field-induced responses discussed above [24, 54, 26,
50, 56, 55, 36], which requires a detailed knowledge of the low temperature dielectric
properties of SrTiOs. In this respect, it is known that the dielectric behaviour at low
temperature of SrTiO; is anisotropic, as expected from the tetragonal symmetry [173].
In this chapter we demonstrate that the dielectric anisotropy is such that the dielectric
susceptibility is higher along the normal to the axis of the octahedral tilts in the AFD
phase. This observation is a very relevant for applications where understanding and
controlling the distribution of all types of ferroelastic twin domains is essential for

nanotechnology design.

5.2 Imaging the electric field response of the FE twins in SrTiOj3:

optical reflectance.

In order to shed light on the spatial distribution of twins we used confocal optical
microscopy for imaging the optical reflectance produced by topography changes on
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the SrTiO; surface. As we will see in the following, some twins corrugate the surface
and therefore, its movement under electric field can be mapped out by a change in the
optical reflectance image. Figure 5.2 shows schematically the two types of ferroelas-
tic twin domains that in the tetragonal phase may emerge on the surface of a (001)-
oriented SrTiO; crystal. On the one hand, we have {a} and {c} domains, in which
the elongated axes are in-plane and out-of-plane, respectively. Neighboring {a} and
{c} domains are denoted by {a, c}. On the other hand, {a;} and {a2} domains denote
{a} domains having the elongated axis along orthogonal directions within the plane.
If appearing contiguous, these regions are denoted by {ai,a2}. Over {a, c} domains
the surface is corrugated, so that these domains can be viewed as striped contrast in
optical microscopy. In contrast, the topography over {a;, a2} domains is flat, and they
cannot be detected by these means. This is clearly seen in figure 5.3 (a), where stripes
imaged at 7' = 8 K along the in-plane [100] and [010] directions reveals the areas with
{a, ¢} domains running along the [010] direction, while {a;, a2} domains remain un-
noticed. We will see below that {a1, a2} domains can be instead visualized with the
help of magneto-optical imaging, by exploiting magnetoelastic coupling with a mag-
netic overlayer. In order to elucidate the sign of the dielectric anisotropy, we designed
the contact geometry to apply electric field out-of-the-plane, along the [001] direction
(see figure 5.2 b).
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FIGURE 5.2: (a) Schematic representation of the ferroelastic twins in
SrTiO; in the tetragonal symmetry. (b) Scheme of the applied electric
field configuration in the sample.

We first discuss the optical reflectance images recorded below the ferroelastic tran-
sition in the absence of any electric field shown in figure 5.3 (a). In these images,
we see that there are regions covered with a striped contrast along the in-plane [010]
and [100] directions corresponding to {a, c} domains, which corrugate the crystal sur-
face. Away from these areas, there is no contrast; the most reasonable assumption is
that these regions correspond to flat {a;, a2} domains which cannot be detected by

reflectance, as confirmed below by magneto-optical imaging. After application of a
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voltage, we see that the striped areas recede substantially, indicating that {a,c} do-
mains are suppressed by electric fields (figure 5.3 b). This observation is still clearer
by inspection of the images (Iy—o — Iy +200) obtained by the subtraction of the im-
ages recorded at V' = 0 and V = 200 V to obtain the zones over the surface where
{a, ¢} domains have been suppressed by the electric fields (figure 5.3 c). Consequently,
we conclude that upon application of top-to-bottom electric fields {a, c} domains are
largely suppressed, whereas {a1, a2} domains expand at the expense of the former.
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FIGURE 5.3: Panels (a) and (b) show, respectively, optical reflectance
images measured at 7 = 8Kand V = 0Vand V = 4+200V. In-
plane crystal directions are indicated in panel (a). At zero-field, stripes
along [010] indicate the presence of {a,c} domains. After applying a
voltage V' = +200V, the {a,c} domains recede. The image of panel
(c) is composed by the subtraction of the images taken at V' = 0V
and V' = 4200V and, therefore, the large striped central area indicates
the region were {a,c} domains have been suppressed by fields. The
data shown in panel (d) is calculated from the standard mean devi-
ation (STD) of the intensities recorded in all pixels; this data demon-
strates that the effect of applied fields is only visible for voltages above
V >~ 425V (E ~ 0.5kV/cm).

To know the minimum electric fields needed to observe these changes, we plot-
ted in figure 5.3 (d) the parameter defined by Isrp = Isrpv)/Istpv=0) — 1, where
Istp (V) denotes the standard deviation of the contrast map intensities as a function

of the applied voltages defined as Is7p = 4/ % Zf[ (pi — p), where p; are the intensities
detected at every pixel in the image, p is the averaged value p = + Z{V p; and N is the

number of pixels. What we observe in figure 5.3 (d) is that /s7p is noticeably different
from zero only at applied voltages V' >~ 425V (E ~ 0.5kV/cm). Thus, at T' = 8 K,
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changes in ferroelastic twins are induced for fields above this value and saturate as
the fields approach V' = +100 V (E ~ 2 kV/cm).

5.3 Imaging the electric field response of the FE twins in SrTiOj3:
MO imaging.

The images shown in figure 5.3 allow the direct visualization of {a, ¢} domains, but not
of {a1, a2} domains. This difficulty can be overcome by performing magneto-optical
imaging, which measures the changes on the polarization state of the light over space
instead of topography. For that purpose, CosoFe40B2o (CoFeB) has been grown on
SrTiO3, as a ferromagnetic thin film with large magnetostriction coefficient and large
MO activity, thus, its magnetic domain pattern is expected to reveal the ferroelastic
twin structure via magnetoelastic coupling. The same approach has been used to re-
veal the imprinting of ferroelectric domains into a magnetostrictive film on BaTiOs;
[39,40,41,42,43,44,45,46,47,48]. In this case, the strain transfer from the ferroelastic
twins causes a modulation of the magnetic anisotropy via inverse magnetostriction.
The validity of this approach is demonstrated in figure 5.4, which shows a longitu-
dinal Kerr image at remanence where we have mapped out the in-plane orientation
of the magnetization, thus identifying the areas where {a,c} and {a;, a2} domains

emerged.
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FIGURE 5.4: (a) Remanence longitudinal Kerr image sensitive to the
[110] magnetization direction where {a,c} and {a1,a2} domains are
present. The arrows indicates the in-plane orientation of the magne-
tization.

The visualization of both kinds of ferroelastic twins by magneto-optical imaging
can be understood in terms of the imprint that the underlying ferroelastic twins impart
on the magnetic domain structure of the overlying film. The strain ¢ = di/I that the
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film suffers due to the substrate is computed by the the relative change of its cell
parameters between the cubic and tetragonal phase Aa/ag, Ac/ag. Using the values
for the lattice parameters of SrTiO; reported at 10 K [178], the SrTiO;3 cell for a and ¢
domain and the strain suffered by the CoFeB film at each direction have been depicted
in the figure 5.5. Thus, c-domains impose strains €, = ¢, ~ —0.06% and e, ~ +0.09%,
while the values for a domains are ¢, ~ +0.09% and ¢, = €. = —0.06%. In turn,
these strains generate a magnetoelastic response in CoFeB, defined by the anisotropy
constant [179, 180]:

K, = g Ao, 5.1)

where ) is the magnetostrictive constant A ~ 3 - 1075 [181], and o the stress, which can
be estimated taking into account a strain-stress relationship. Assuming that the film
does not influence the crystal, the Hooke’s law for a free-standing thin (quasi-2D) film
in the linear elastic regime can be used:
el

o=15 (5.2)
where v is the Poisson’s ratio v ~ 0.3 and E the Young’s modulus F ~ 1.6-10'? dyn/cm?
(values for metal alloys such as permalloy). For the particular case of an a domain and
assuming literature values [180] for the elastic coefficients, the stress in the three direc-
tions are 0, = 158.2 MPa and o, = 0. = 105.5 MPa giving the largest magnetoelastic
anisotropy Ki,e ~ 4.7 - 10* erg/ cm? in the z direction.
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FIGURE 5.5: Scheme of SrTiO; tetragonal cell at 10K for {a, ¢} twin do-
main’s projection (left) and the strain suffered by the CoFeB film (right)
due to the change of cell parameters. In the case of c-domain, the largest
strain is 0.09% at z direction competing with the shape anisotropy.
Analogously, for an a-domain the strain is in = direction.

In order to know if the magnitude of SrTiO3 induced magnetoelastic anisotropy
is large enough for driving the domain pattern of CoFeB, it has been compared to the
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growth induced anisotropy of our films. The CoFeB thin film has been grown at 175 °C
with a dc magnetron sputtering on SrTiOs. Even though at this growth temperature
one should expect an amorphous texture of the film giving an in-plane isotropic mag-
netic response, our film presents a growth induced anisotropy due to the magnetron’s
magnetic field present during the growth. In order to asses this anisotropy, the longitu-
dinal magneto-optical hysteresis response has been measured at different angles (0, 45,
90 and 135 deg) at room temperature (figure 5.6). The angular plot of the ratio between
remanence and saturation of the longitudinal Kerr signal M, /M, indicates an uniax-
ial anisotropy constant of K, = 8-10° erg/cm?®. Hence, the magnetoelastic anisotropy
constant K, imposed by ferroelastic twins at 10 K on CoFeB is much bigger than the
growth induced anisotropy (K. = 4.7 - 10* erg/cm® > K, = 8 - 10% erg/cm®) and,
therefore, we should expect magnetoelastic effects reflecting the ferroelastic twins on
the magnetic film. In consequence, the magnetic domain pattern in CoFeB is essen-
tially determined by the underlying ferroelastic twin structure of the of the SrTiO;
substrate. However, the magnetoelastic anisotropy has been estimated at 10 K and the
transferred strain from the ferroelastic twins to the film decreases with the tempera-
ture [178]. Therefore, we have estimated the critical stress o, for that the both magnetic
anisotropies are comparable K, /K, ~ 1. Obtaining a critical stress of o, = 26.6 MPa
which indicates that effectively the cubic to tetragonal transition could be observed
on the magnetic domain pattern few degrees below T~105 K. Similar discussions can
be developed for a ¢ domain, in this case, the largest strain is in the out-of-plane di-
rection, perpendicular to the shape anisotropy that is bigger than the magnetoelastic
anisotropy (pointing out-of-plane) because we know from Kerr imaging that the all
magnetization is in-plane. Therefore, the magnetization on a c-domain will follow the
growth induced anisotropy as in the cubic phase.

Using the extracted values from both magnetoelastic and growth induced anisotro-
pies described above, we can obtain a qualitative view of the magnetic domain struc-
ture by carrying out micromagnetic simulations using the MuMax3 code [182] (see
appendix A for more details). In the following we show that the direction of the ini-
tial magnetization has a strong influence on the magnetic domain pattern of CoFeB.
We describe two cases, i.e.m the initial magnetization is all pointing perpendicular
(M; L DW) or parallel (M; || DW) to the {a1, az} twin domain walls. For the save of
simplicity, in the following we will focus our attention specially on {a1, a»} domains.

In the case where the initial saturation magnetization is perpendicular to the twin
domain walls (M; L DW), the micromagnetic simulations predict that a head-to-tail
striped domain pattern is formed at the remanent, as shown in figure 5.7 (a). This
result is confirmed by experimental transverse-like and longitudinal Kerr images cor-
responding to the in-plane x (transverse-like) and y (longitudinal) projections shown
in figures 5.7 (b) and 5.7 (c), respectively. The insets in the experimental Kerr images
represents the projections of the micromagnetics simulations. Note, therefore, that for
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FIGURE 5.6: Normalized longitudinal Kerr signals measured at room
temperature and at different angles, respect to the [100] direction. Inset
shows the ratio between saturation and remanence ker signals (M, /M)
as function of the angle. The polar plot indicates an uniaxial growth
induced anisotropy in the [-110] direction (the green square indicates
the edges of the sample).

M; L DW there is a biunivocal correspondence between ferroelastic twins and mag-
netic domains. In the other hand, when the initial saturation magnetization is parallel
to the twins domain walls (M/; || DW), the micromagnetic simulations predict head-
to-tail regions pointing in oppositely directions as shown in the figure 5.7 (d). This
mechanism seems to be a more favorable than head-to-head pattern to minimize the
magnetostatic energy [48]. This pattern is, as previously, confirmed by experiments,
which show contiguous head-to-tail magnetic domains in which the y-component of
the magnetization points along opposite directions (figures 5.7 e, f). Therefore, for
M; || DW, there is not a biunivocal correspondence between the ferroelastic twins and

magnetic domains, since several magnetic domains can forms within a single twin.

We see, therefore, that these micromagnetic simulations can reproduce the striped
magnetic domain pattern that {a;, a2} ferroelastic twins impose on the magnetic do-
main structure (figure 5.7). Since for the initial magnetization normal to the {a;, a2}
twin domain walls there is a biunivocal correspondence between the twins and the
magnetic domain pattern (figure 5.7 b), we have used transverse-like Kerr imaging in

this configuration to image the ferroelastic twins.

In order to double-check that the observed magnetic domain pattern are originated
from ferroelastic twins, we took a transverse-like Kerr remanence at different increas-
ing temperatures from 8 K to 110 K (above the cubic to tetragonal transition). As
shown in figure 5.8, the domain pattern of CoFeB reflecting the {a1, az} twins starts to
vanish at 80 K and disappears completely at 100 K, slightly before the 105 K transition
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FIGURE 5.7: (a) Micromagnetic simulation of the remanent state for the
initial magnetization perpendicular to the {a;,as} twin domain walls.
The inset show the magnetization direction color-code. (b) Transverse-
like and (c) longitudinal Kerr remanence image for M; L DW (d)
Micromagnetic simulation of the remanent state for M; || DW. (e)
Longitudinal Kerr and (f) Transverse-like Kerr remanence image for
M, || DW. The insets of (b), (c), (e) and (f) show the = andy magne-
tization projections (M, M, ) of the micromagnetic simulations respec-
tively. The arrows indicate the magnetization orientation.

temperature. This little discrepancy could be understood as the competition between
magnetic growth induced anisotropy and magnetoelastic anisotropy, as previously es-
timated by the critical stress. Thus, the magnetic domain pattern reveals clearly the

ferroelastic twins.

Bearing in mind these observations, we used magneto-optical imaging to track the
evolution of ferroelastic twins with electric fields. For instance, figure 5.9 (a) displays
the images recorded over a large area (~ 0.15 mm?) at a voltage cycle of V=0, 200, 0,
-200, 0 V respectively. In these images the spatial distribution of magnetic domains
reveals the presence of both {a, ¢} (running along [010], [100] directions) and {a1, az}
(along [110]) twins. We see also that the application of out-of-plane electric fields (Fig-
ure 5.2 b) causes an expansion of {a;,as} twins at the expense of {a,c} domains, in
agreement with the images taken from optical reflectance microscopy (figure 5.3). This
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FIGURE 5.8: Kerr transverse-like images taken at different increasing
temperatures. Magnetic domain pattern reflects the {a1, as } ferroelastic
twins that vanishes slightly before the transition temperature (105 K).

electric-field driven expansion of {a;, a2} twins can be even better visualized by pre-
senting the subtraction optical images (I{*** = Iy, — Iy,_,), as shown in figure 5.9 (c).

FIGURE 5.9: (a) Transverse-like Kerr remanence images at a voltage
cycle of V=0, 200, 0, -200, 0 V respectively. (b) Changes on the twin
structure are shown with subtracting optical images before and after
change the applied voltage step I3%** = I, — Iy, .

Taking advantage of this methodology, we investigated the effects of temperature
on the distribution of ferroelastic twins, which, at the end gave us additional infor-
mation on the dielectric anisotropy. For that purpose, we consider the images shown
in figure 5.10 (a), which display data recorded in the transverse-like configuration
at T = 8K. These images are created by plotting a selected profile perpendicular to
the {a1,as2} twins from the corresponding Kerr image at each magnetic field [48].
Thus, the same figure 5.10 indicates the appearance/suppression of twins and pos-
sibles changes on the magnetization reversal process in CoFeB under electric field.
Notice that more magnetic field is needed to saturate completely the film in the x
direction. At zero-field a large fraction of the analysed area reveals the presence of
{a1, a2} domains. After the application of a voltage V = +200 V, the fraction of {a;, as}
twins increases vigorously. The effect at this field is almost saturated, since the image
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FIGURE 5.10: (a) Profiles of the optical signal obtained at a temperature
T = 8 K at different voltage. The profiles run along the [1-10] direction
on images that were recorded at different voltages in the transverse con-
figuration. The horizontal axes indicate the applied magnetic field and
the arrows in the left panel indicate the magnetization orientation in
each domain. The vertical bars encode the values of the measured Kerr
optical signals. (b) The same images as in panels (a) were measured at
T=50K.

recorded at a higher voltage, V = +300 V, is very similar (figure 5.10 a). This observa-
tion is compatible with the plot shown in figure 5.3 (d), which shows that the effects of
electric field at the lowest temperatures saturate when the voltages approach V = +200
V. However, when the temperature raises, higher electric fields are needed to change
the distribution of ferroelastic twins. This is shown in figure 5.10 (b), which shows
images recorded at T= 50 K. At V = +200 V {a1, a2} twins expand, but the effect, con-
trary to T = 8 K, is not saturated: higher voltages (V = +300 V) are needed to expand
further {a, a2} domains. Therefore, as temperature increases towards the transition,
the electric-field motion of ferroelastic twins becomes harder. A possible reason for
this behavior could be that the dielectric permittivity strongly decreases as a function
of temperature [26]. Apart from that, we have observed that the magnetic reversal
process of the CoFeB as a function of the electric field remains unchanged indicating

that the effect inside a single twin are, at least, not enough to modify remarkably the
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magnetoelastic anisotropy.

Summing up, the application of an out-of-plane electric field expands {ai,as}
twins -i.e., domains with both elongated axes in the plane- at the expense of {a, c}
twins. This hints at an anisotropic dielectric behaviour of SrTiO; with a higher sus-
ceptibility along the normal to the axis of the octahedral tilts in the AFD tetragonal
phase.

5.4 Interpretation and modelling the results

In the following we will discuss the origin of the observed dielectric anisotropy. In
order to understand the physical mechanisms responsible for the inferred dielectric
anisotropy we initiated a collaboration with Prof. Massimiliano Stengel (Materials
simulation and theory group at ICMAB-CSIC). His team undertook a first-principle
analysis combined with Landau theory that we describe briefly in the following. For
that purpose, the analysis proposed by Prof. Stengel and coworkers considered the
energy expansion in the neighborhood of the parent cubic phase, so that

C, A -1
E = Tﬁaaaﬁ + §|¢]2 + B\¢>|4 _ quﬁ?ea 4 X%‘pﬁ _ Qiijj¢?Pj2 _ ez‘mPf&?a
(5.3)

+ §]uTW + NGijkPZ'u]TZ(bk.

The first term in equation 5.3 describes the elastic energy (C,z is the elastic tensor).
The following two terms (A and B) define the double-well potential associated to oc-
tahedral tilts (¢r). The fourth term describes the “rotostriction” coupling, responsible
for the tetragonal deformation related to oxygen tilts. The next term is the harmonic
energy associated with the soft polar mode (x; ' is the inverse of its contribution to the
dielectric susceptibility). The sixth and seventh terms include the Q;;;; and e;; ten-
sors that describe the biquadratic coupling between the polar mode and oxygen tilts
as well as electrostriction, respectively. Finally, the last two terms of equation 5.3 in-
corporate a new coupling mechanism associated with an antiferroelectric mode of the
Ti atoms, (u]Ti) (see the schematic lattice representation in figure 5.11). In the tetrag-
onal phase, the u;” mode strongly couples to the polarization and tilts via a trilinear
term (/V is a scalar and ¢;;, is the antisymmetric Levi-Civita tensor). We shall see in the
following that this trilinear coupling is the key ingredient to account for the observed
dielectric anisotropy.

With this in mind, we studied the inverse dielectric constant ¢!, which is defined

as
. d&E 5
k

7
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where @kk“ is an effective biquadratic coupling tensor that includes the contribu-
tion of strain and the antiferroelectric mode. It can be demonstrated that this tensor

can be written as

~ _ T2
Qrkis = Qrkii + ekkacaglRiiﬂ + %(1 — Oik)- (5.5)
In equation 5.4, the term x, *(T') reproduces the experimental Curie-Weiss behaviour
of the inverse dielectric susceptibility and ¢?(7') accounts for the temperature depen-
dence of the octahedral tilts. Given the cubic symmetry and the nature of the sponta-
neous distortion, only two components of ();;x1. are relevant to our study, namely, the

longitudinal Q1111 and transverse 1122 components.

FIGURE 5.11: Panels (a)-(c) show schematically the three modes that
are coupled by the tri-linear term in equation 5.3: (a) the AFD mode
along the z axis, (b) the AFE mode of the Ti atoms along the z axis and
(c) the polar mode along the y direction. The yellow arrow in (c) in-
dicates the direction of the polar mode; in practice it is composed by
the displacement, of a different amount, of all the atoms along the y di-
rection. (d) Inverse dielectric constant, ¢;;", as function of temperature.
The pink dashed line is the Curie-Weiss law fitted by experimental data
at high temperature, and represents the expected behaviour if the crys-
tal remained in the cubic high-symmetry structure (i.e. neglecting the
primary and secondary effects of the tilts). The red and the blue lines
are the calculated values for €, (out-of-plane) and ¢! (in-plane), re-
spectively. For comparison, we also show (green dashed line) the hy-
pothetical behaviour of €' if we suppressed the trilinear coupling to
the antiferroelectric-Ti mode.

Now we are in position to determine the specific contributions of strain, tilts and
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the antiferroelectric mode to the dielectric behaviour of SrTiO3. For that purpose,
all coefficients in equation 5.3 were calculated following the strategy outlined in ref-
erence [183], employing density functional perturbation theory (DFPT), and using
the local-density approximation (LDA) and norm conserving pseudopotentials. As
a first step, only the two first terms in equation 5.5 were considered, i.e., excluding
the antiferroelectric mode. In these conditions, we found that the values for the lon-
gitudinal and transverse components of Qjxi; and Q,(:k)“ = ekkaC;éRiw are similar
(Quu = Quu + Qﬁ)n = —0.113, Qui22 = Qui22 + Qﬁ)zg = —0.103, see table 5.1)
and, thus, the calculated dielectric constant is nearly isotropic. Although such values
soften the component dielectric normal to the octahedral tilt axis, seemingly the in-
ferred anisotropy is too weak to describe the observed field-induced ferroelastic twin
distributions.

1111 | -0.208 | +0.095 -
1122 | -0.031 | 0.072 | 0.033

TABLE 5.1: Values calculated for the coefficients Qx;, Q,(:]gii, Q,giz de-
fined in the text. Ha/bohr units are used.

Ti
J
a stronger softening of the transverse Q1122 component. In this line, it is important to

It turns out that the antiferroelectric v;* mode is the crucial ingredient to explain
note that Q%! = g—; (1 — ;) in equation 5.5 is positive by construction and only affects
the transverse @1122 component, so that the net result is that Q;f’;j leads to a softening of
the components of the dielectric tensor that are normal to the AFD tilt axis. Indeed, the
calculated value is Q%! = 0.033, so that now Q1122 = Q1122 + Qgel)m + Qgg)z = —0.070,
which is significantly smaller than Q1111 = —0.113 (see table 5.1). Therefore, the incor-
poration of the u]T" mode is indispensable to obtain a strong dielectric anisotropy, com-
patible with the observed twin distributions. The key role of u;“ is further underlined

-1

by the calculations of the out-of-plane ¢, and in-plane ¢,,' components of the inverse

z
dielectric constant. We find that unless the trilinear coupling to the antiferroelectric-Ti
mode is included, the dielectric constant is nearly isotropic, as seen in figure 5.11 (d).
We stress that our conclusions on the dielectric anisotropy are in good agreement with
the available experimental literature [184, 185], and is consistent with earlier theoreti-

cal studies [186].

We, therefore, reach the important conclusion that the observed dielectric anisotropy,
i.e., a higher dielectric anisotropy perpendicular to the AFD tilt axis, is originated by
the emergence, below T~105 K, of an AFE lattice mode that couples with polar and
AFD tilt modes.
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5.5 Ferroelastic twins and dielectric responses in SrTiO;

We have seen before how the distribution of the ferroelastic twins changes with electric
fields. Now we will relate these changes with macroscopic dielectric measurements.
In this context, it is relevant to stress that commonly SrTiO; is considered to be a non
ferroelectric material. However, it is also known that ferroelectricity can be induced
under strain [49, 50] or by doping with o8 isotopes [51]. Additionally, several reports
exist on the observation of ferroelectric behavior on SrTiO; even for nominally stoi-
chiometric SrTiO3, under large electric fields or mechanical stress [187, 26, 188] and
even a giant piezoelectric effect has been reported in the SrTiO3; surface [52]. More-
over, it has been shown that the twin domain walls exhibit a polar character [53, 24,
54] and some works attribute this fact to the origin of the observed changes under elec-
tric fields [55, 56]. Yet, other works purpose that ferroelectric states can be induced by
non-stoichiometric polar nanoregions [188, 50] in absence of any external stress. In
view of all these observations, we have measured the electric field responses of SrTiO;
crystals, and correlated the dielectric measurement with the field-induced spatial re-
distributions of ferroelastic twins observed by optical imaging.

To explore this issue, a ferroelectric test system (Radiant Technologies Inc.) has
been used in order to measure the displacement currents. A triangular voltage cycle
at 20 Hz has been used in our measurements. Figure 5.12 (a) shows the current mea-
sured by cycling the voltage at different temperatures from 6.5 K to 140 K. Below ~ 50
K, two current displacement peaks appear (indicated by arrows), similar to the typical
ferroelectric I(V) behaviour. These peaks appear around 10 V (0.2kV/cm) and 100 V (2
kV/cm), these field asymmetry could be related to an imprint caused by the different
material of top (Au/CoFeB) and bottom electrodes (Ag). Integrating the current over
time (50 ms per voltage cycle) and dividing by the contact area (5x5 mm), the polariza-
tion (P) can be plotted as a function of the applied voltage. An hysteretic behaviour
below ~ 50 K can be appreciated in the figure 5.12 (b). Moreover, a linear response
with voltage is observed for all measured temperatures, and from the slope of these
responses the relative permittivity can be extracted, which in our samples varies from
e, ~ 5400 at 10 K to ¢, ~ 1200 at 110 K in agreement with previous studies [187]. A
similar procedure has been done to measure the polarization at different maximum
applied fields. For instance, figure 5.12 (c) shows hysteresis loops at 6.5 K, where mi-
nor loops (non-saturated loops) can be observed at lower applied voltages as a typical
ferroelectric behaviour for applied fields lower than the coercive field. Having both,
temperature and voltage hysteresis dependence, we have mapped out the negative
remanent polarization as a function of temperature and voltage P.- (V, T (figure 5.12
d). As can be appreciated, the remanent polarization increases for large applied volt-
ages and decreases dramatically above ~ 50 K defining a region from which can be
derived that high voltages (> 180 V) and low temperatures (< 40 K) are required for a

ferroelectric-like behaviour on SrTiO3. Our conclusion is in agreement with previous
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works that show that ferroelectric-like behavior can be induced in SrTiOj3 in a range
of temperatures and electric fields very similar to those reported here [187].
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FIGURE 5.12: (a) Current as a function of cycled voltage (50 ms per
cycle) at different temperatures. (b) Polarization extracted from (a) at
different temperatures. (c) Polarization as a function of different maxi-
mum applied voltages at 6.5 K. (d) Mapping of the negative remanent
polarization as a function of temperature and applied voltage.

Alternatively, we have measured the dielectric properties using PUND method,
which has the advantages of only measuring the intrinsic/remanent polarization of
the system. In the previous measurements, the polarization response can be affected
by non-remanent polarization extrinsic to SrTiOs, such as, parasitic resistances or lin-
ear capacitances. These non-desired contributions can be removed by measuring two
opposite voltage cycles after pre-polarizing the crystal with a voltage pulse with the
same sign than the starting cycle. Thus, after the pre-polarizing pulse, only non-
remanent effects i.e., not relate to displacement currents coming from switching the
electric polarization, can be measured and, therefore, by subtracting both cycles, these
effects can be eliminated giving only the intrinsic polarization hysteresis loop. This
method is called PUND remembering the measurement sequence, Positive Up, Neg-
ative Down. In the figure 5.13 (a) are plotted PUND loops at different temperatures.
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Notice that now the hysteresis do not exhibit a linear behaviour with the voltage. Sim-
ilar than previously, the largest remanent polarization ~ 0.2;1 C/cm?® is measured at
6.5 K and it decreases abruptly below ~ 40 K (figure 5.13 b). Our results are in agree-
ment with other previous studies reporting a ferroelectric-like behaviour on SrTiO;
crystals [188, 187].
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FIGURE 5.13: (a) Polarization as a function of applied voltage measured
using PUND method at different temperatures. (b) Remanent polariza-
tion extracted from (a) as a function of temperature.

At this point, our efforts has been focused on the imaging, trying to identify any
ferroelectric-like features in the twin’s reconfiguration under electric field, which could
somehow relate to the aforementioned observed ferroelectric-like dielectric behaviour.
To do so, we have used, as previously, optical reflectance imaging to track the changes
on the surface topography. Studying the effects over entire sample area, we have
identified three main different regions. Region (i) contains only {a;, a2} twins, for
that reason, no changes are visible in reflectance. Region (ii) represents the majority
part of the surface and contains {a, c} twins that under electric field are suppressed
while {a;, a2} expands. The last region (iii) presents {a,c} twins that seems to be
changed under field but not suppressed as in (ii), this region corresponds to the non-
suppressed twins at 200 V in the optical image shown in figure 5.3 (b). These regions
are schematically depicted in the figure 5.14 (a) corresponding to optical image sub-
traction between 0 V and 200 V. An area of 50x500 ym containing all defined regions
has been selected (black square in the figure5.14 a). Using a similar method than in
section 5.2, the standard deviation of each row on the selected area has been tracked
from each respective subtraction image (/(V') — I(V = 0)) as a function of the applied
field at 6.5 K (figure 5.14 b). The electric field response of the topography changes (rep-
resented as the standard deviation) can be classified into the same previously defined
regions. In the region (i) there is no visible effect, as it is expected because, according
to our previous acquired knowledge, no changes can be appreciated on {a;, az} twins
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under field. In the interface between region (i) and (ii) the response is completely sym-
metric and reversible, indicating that same changes occurs for positive and negative
field. Inside region (ii) the signal is reversible but very asymmetric, more changes
occurs for positive field. Finally, in the region (iii) the response starts to develop an
hysteretic behaviour. Although the observation of this hysteretic behaviour is not a
direct signature of ferroelectricity, the identification of specific regions in which two
remanent topography states are observed may provide important clues to understand
the SrTiOj3 ferroelectric-like signatures in the dielectric characterization. An example

of this observation is provided in the following.
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FIGURE 5.14: (a) Subtraction image from optical microscopy images at
0 Vand 200 V ((200V) — I(0)) at 6.5 K. Three main regions (i, ii, iii) are
defined respect its response under electric field. The black box defines
a selected representative area. (b) Standard deviation extracted row-to-
row from the selected area at each subtracting image (I(V) — I(V =
0)). The response can be classified mainly into the previously defined
regions.

In this line, the experiments described previously seem to indicate an important
role of the changes in the ferroelastic twin distribution to understand the ferroelectric-
like signatures in the dielectric measurements. In order to investigate more in detail
this issue, we analyzed the evolution of ferroelastic twins in three different SrTiO;
crystals in which the relative amount of {a, ¢} and {a;, a2} domains changed signifi-
cantly. This is seen in the insets of figure 5.15, which show the subtraction optical im-

ages, using the same procedure as the one used to obtain the images shown in figures
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5.3 (c) or 5.9 (b). Therefore, these optical images indicate the regions were {a, c} do-
mains have been suppressed by the electric fields. For instance, the leftmost image in
figure 5.15 corresponds to a sample in which only a small area was affected by electric
fields, in other words, the initial distribution of {a, ¢} domains was restricted to a small
region on the sample. On the other hand, the rightmost optical image in figure 5.15
corresponds to a sample in which {a, ¢} domains were converted into {a1, az } domains
in a very large fraction of the sample. Finally, the middle optical image shows an in-
termediate case. To do a more quantitative analysis, we defined the ratio between the
integrated area where ferroelastic domains were changed by electric fields relative to
the total area of the sample. Using this definition, the leftmost image in figure 5.15 cor-
responds to a ratio of about 0.3, while the middle and rightmost images correspond,
respectively, to ratios of 0.5 and 0.9. Subsequently, we compared the values of these
ratios to the polarization hysteresis loops obtained via dielectric characterization. As
shown in figure 5.15, we observed that the remanent polarization increases with the
area of the aforementioned ratio. In other words, the experimental data shown in fig-
ure 5.15 seems to indicate that those regions displaying higher ferroelastic twin mobil-
ity are those that show at the same time more pronounced ferroelectric-like features in
the dielectric response (i.e., a higher remanent polarization). Therefore, the data pre-
sented in figure 5.15 points apparently to a correlation between ferroelastic motion and
ferroelectric-like dielectric responses. In spite of the observed correlation, it is fair to
say that we are still far from understanding the precise origin of the hysteretic dielec-
tric response of SrTiOj3 crystals. In particular, as pointed out at the introduction of this
Chapter, the origin of the suspected ferroelectricity may be within the domains or, al-
ternatively, in the domain walls. Along this line, it is interesting to note that relatively
small mechanical stresses can generate ferroelectric behaviour in SrTiO3 [187, 26, 188,
50]. This is an important point to consider, as residual stresses in ferroelastic domain
structures might provide the mechanical stress required to generate the ferroelectric
behavior. On the other hand, as explained in the introduction, many works point to
a polarity inside the ferroelastic domain walls [53, 24, 54, 50, 55], which, again, could
be also at the origin of a ferroelectric behavior. In any case, the origin of the peculiar
ferroelectric signature in the dielectric response of SrTiOs is still an open question that
undoubtedly deserves more attention in the future.

5.6 Conclusions and perspectives

Combining optical reflectance and MO imaging, we have identified how the ferroe-
lastic twins reorganize under an electric field applied in the [001] direction. From
these experiments, we have confirmed that the low-temperature dielectric properties
of SrTiO; are anisotropic and, additionally, that the dielectric susceptibility is higher
along the normal to the axis of the octahedral tilts in the AFD tetragonal phase. In-
terestingly, we have uncovered that the driving force of this anisotropic behavior is
related to the emergence of an antiferroelectric (AFE) displacement of the Ti ions that
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FIGURE 5.15: Remanent polarization as a function of the twin’s recon-
figuration area quantified as the ratio between the changed area at 200
V and the total area. Insets show similar area of the subtracting image
(200 V-0 V) at 10 K of each sample.

couples to polar and AFD lattice modes.

Beyond this important conclusion, we have also studied how the electric field-
induced changes of the ferroelastic twin distributions are related to macroscopic di-
electric measurements. Our magneto(optical) approach to the study of the ferroelastic
domain structure has revealed that the spatial redistribution of the twins depends
strongly on the orientational character of the ferroelastic domains. Interestingly, we
find that those regions displaying higher ferroelastic twin mobility are those that show
at the same time more pronounced ferroelectric-like features in the dielectric measure-
ments. This seems to point to a correlation between ferroelastic motion and redistribu-
tion and ferroelectric-like dielectric responses, a point that justifies further research to
better settle this relationship. In particular, an important point is to elucidate whether
the ferroelectric-like response comes from within the domains or in the domain walls.
To investigate this issue, future experiments may be directed at exploiting optical bire-
fringence imaging under field to probe electro-optical effects and the possible ferro-
electricity inside ferroelastic domains in SrTiO3. Alternatively, other experimental ap-
proaches with atomic-scale resolution -e.g., transimission electron microscopy- may
be important to reveal if signatures of electric polarization may be present inside the
domain walls.
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Chapter 6

Directional heat dissipation
generated by surface acoustic waves
in Co/Pt/LiNbOj heterostructures

6.1 Introduction

In this chapter, the magneto-optics is used to probe the properties of magnetic mi-
crostructures coupled to a piezoelectric material. The interest of these heterostructures
comes from the advantages of controlling the magnetic states with electric fields. In
this line, in the previous chapter, we presented a magnetoelectric system composed by
a ferromagnetic film grown on top of SrTiO3, where the magnetoelectric coupling was
governed by the magnetoelastic effects between the ferroelastic twins of the substrate
and the film’s magnetization. In that case, we saw that the electric field modifies the
ferroelastic twin structure of SrTiO3; and therefore, alters the strain-induced magne-
toelastic anisotropy, changing the magnetic domain pattern of the magnetic overlayer.
Following the approach of controlling magnetization states with electric fields through
magnetoelastic coupling, we have explored new scenarios that allow a dynamic con-
trol of the magnetic states. Surface acoustic waves (SAW) are propagating strain waves
that can be generated through oscillating electric fields at the surface of piezoelectric
material [71] and may be exploited to modulate the properties of adjacent magnetic
layers. Indeed, recent studies have demonstrated that magnetic states can be dynam-
ically changed at the SAW frequencies (MHz) [73]. Moreover, SAWs have been used
for detecting ferromagnetic resonances [74] and for spin pumping [75]. In the present
work, we explore the SAW effects on films with perpendicular magnetic anisotropy
(PMA) which are advantageous for high-capacity and high-density STT-MRAMs [76,
77, 78]. For this purpose, Pt/Co/Pt ultrathin films with PMA have been grown and
patterned into microstructures on LiNbOj; substrates. Because the out-of-plane pro-
jection of the magnetization, we used polar magneto-optical microscopy to access the
magnetic properties of the individual microstructures and study the effects of SAWs

on the magnetization reversal process.

In this Chapter we observe how the effect of SAW change the coercive fields in
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the magnetic microstructures. We propose that the main mechanism for the observed
changes of the coercive fields is the generation of a highly directional heat created by
SAWs.

6.1.1 Generation and characterization of SAW

SAWs are generated by applying an oscillating electric field at microwave frequen-
cies on interdigitated (IDT) structured contacts of Al grown by sputtering on top of
the piezoelectric 128° Y-cut LiNbOj3 (figure 6.1). When an oscillating electric field is
applied to the IDT it causes a periodic displacement of the piezoelectric surface, also
creating a surface potential wave. When the applied frequency matches the resonance
condition a SAW is generated and propagates out of the IDT and on the piezoelectric
material. The resonance frequency is determined by the Rayleigh wave velocity (vg)
by:

UR UR
= = — 6.1
fo oaw  2d (6.1)

where d is the distance between consecutive +/- interdigit contacts. Therefore, all fre-
quencies generate a propagating SAW on the system; only the resonance frequency
and its harmonics. In order to characterize the generated SAWs, two identical IDTs
grown one in front to the other are needed. Measuring the rf power absorption ap-
plied to IDT; (S;1) with a network analyzer, the resonance frequencies can be identi-
fied (figure 6.2 a). However, intrinsic absorptions of the IDT, for instance, acting as an
antenna, could also appear in the absorption spectra. Hence, S1; does not characterize
the propagating SAW power generated by the IDT;.
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FIGURE 6.1: In the left, scheme of SAW generation with interdigitated
(IDT) contacts on LiNbOs. The rf power (P,) is applied on IDT; and
its transmittance is measured on IDT,. In the right hand side, scheme
of propagating SAW with wavelength Agaw.

Measuring the transmitted electric signal (S2;) applied on IDT; on the symmetric
IDT),, the efficiency to convert microwave into SAW of the IDT; is characterized. Fig-
ure 6.2 (b) shows the Sy spectra, where it can be appreciated that the transmission
magnitude at the harmonics has not a direct correlation with the S;1 absorption spec-
tra (figure 6.2 a). Therefore, for a same applied power on the IDT;, SAW propagation
power is different as a function of the harmonic. Since not all absorbed power in the
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IDT; is converted to SAW, we will use both Si; and S2; magnitudes to discuss the
origin of SAW’s heat dissipation.
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FIGURE 6.2: (a) S11, absorption spectra of IDT;. (b) S21, transmitted
power from IDT; to IDT, via SAW.

6.1.2 Co/Pt microsctructured thin films with PMA

Pt/Co/Pt has been chosen as the magnetic system coupled to SAWs for two main rea-
sons: first, because it is well known that PMA can be induced for certain thicknesses
of cobalt due to the spin-orbit coupling between the interfaces of Pt/Co/Pt [189, 190,
191]. Second, because cobalt has a large magneto-optical activity [192, 193, 79], thus,
facilitating its magnetic characterization by Kerr microscopy. For these reasons, we
have grown Pt/Co/Pt structures by dc magnetron sputtering varying the Co thick-
ness and keeping it fixed for both Pt capping (1.5 nm) and bottom (6 nm) layers. Thus,
an accurate control of the Co thickness is needed and therefore, low growing rates
of 0.2 A/s are used (see appendix B). The values of Co thicknesses have been deter-
mined on continuous films grown on Si substrates. Figure 6.3 shows polar Kerr rota-
tion hysteresis loops of thin films done at room-temperature (RT) and at A = 475 nm
for different Co thickness (0.6, 0.8, 1, 1.2 and 2 nm). Below 2 nm Co thickness, squared
loops are measured, indicating that at remanence, all the magnetization is pointing
out of the plane. From the polar Kerr measurements we notice that for the 2 nm-thick
Co the hysteresis does not show PMA as it is expected for larger thickness of Co in
the Pt/Co/Pt systems [189, 194]. For our measurements coupled to SAW, we have
chosen the thinner Co system with PMA, because due to its low coercive field, it be-
comes more susceptible to external anisotropy variations. Then, microstructured (Pt(6
nm)/Co(0.6 nm)/Pt(1.5 nm)) made by optical lithography have been grown, with dif-
ferent shapes and sizes (4-80 pm) on top of the SAW device (see figure 6.3). At this
point, polar Kerr microscopy is needed to access its individual magnetic properties.
Even though all microstructures have been grown simultaneously, variations on the
coercive field are observed between them. For instance, figure 6.4 shows a polar Kerr
image of four squares (10x10 xm) taken near its negative coercive field. As can be
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FIGURE 6.3: Normalized polar Kerr hysteresis for different Co thick-
ness (from 0.6 to 2 nm) measured at RT and at A = 475 nm.

appreciated, some of them have already reversed its magnetization, one is reversing it
and the last one has still magnetization in the positive remanence state. These varia-

tions between identical microstructures, could be related to lithography imperfections.

FIGURE 6.4: Variations on the coercive field between microstructures
can be seen in this polar Kerr images taken near Hc of four squares
(10x10 pm) simultaneously.

6.2 SAW effects on PMA Co/Pt microstructures

We have taken Polar Kerr images as a function of magnetic field in the Pt/Co/Pt
squares of 40x40 pum. Figure 6.5 shows a hysteresis loop extracted by plotting the
mean value of the Kerr image at each magnetic field (see insets figure 6.5). SAW ef-
fects on the magnetization has been studied on different structures obtaining similar
results. Thus, to illustrate the effects of SAW on the magnetism, we have chosen a

particular microstructure (40x40 pm square) that is discussed in the following.
Firstly, we have studied the SAW effects on the magnetization reversal process

keeping the SAW frequency at 331 MHz (f3, see So; spectra in figure 6.2 b) and vary-
ing the applied power from 12 to 25 dBm in the input rf source. A clear reduction

102



6.2. SAW effects on PMA Co/Pt microstructures

?.'.'.' sasEnsasnetiaRas 000
()
»

o

O
o

AT L YT T L L dalell

Polar Kerr signal (a.u.)

1
—

40 20 0 20
H (Oe)

FIGURE 6.5: Polar Kerr hysteresis loop extracted by computing the
mean value of the polar Kerr image at each magnetic field from a 40x40
pum Pt/Co/Pt square on LiNbOs. The insets show polar Kerr images il-
lustrating the domain pattern at different increasing (green arrows) and
decreasing (red arrows) fields.

of coercive field is observed (6.6 a) when the power supplied by the rf source is in-
creased. In order to understand better the decrease of the coercive field, we plot the
relative change of coercive field (AH./H,) as a function of the SAW power (Psaw) in
the figure 6.6 (b). A large reduction, up to ~ 40% of coercive field change, is found at
the highest applied power (25 dBm).

These experiments relate the power delivered to generate the SAWs with the de-
crease of H,.. Regarding this observation, two main scenarios may be proposed: In the
first one, SAWs destabilize the magnetic equilibrium state near H, via the coupling
between the SAWSs induced oscillating magnetoelastic anisotropy and the spin preces-
sion (see appendix C) as experimentally shown in the reference [195]. In the second
scenario, SAWs modifies the Pt/Co/Pt anisotropy by transferring heat to the system.
In order to understand better which of these scenarios is at play, we have prepared
an experiment, in which two MO loops have been measured at two SAW frequencies
keeping the applied power at 25 dBm (depicted in figure 6.7 a). The two measure-
ments done at the resonance frequencies of 331 MHz (f3) and 773 MHz (f7) show
changes in the coercive field of ~ 40% and ~ 80% respectively (figure 6.7 b). Taking
into account that the difference between f3 and f7 is around 3 dB in the Sy spectra -i.e.
the amplitude of SAW at f7 is twice that for f5 -, the difference on the effects at these
frequencies (f3 and f7) can be explained by the power transferred to the SAWs. At
this point, both scenarios, namely SAW-induced magnetic coupling and heat transfer
generated by SAWs could explain these results. However, we have measured a ~ 3%

of change in the coercive field at 360 MHz (out-of-resonance frequency), where there
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FIGURE 6.6: (a) Polar Kerr hysteresis loops at different SAW applied
powers (from 12 to 25 dBm) at 331 MHz. (b) Relative change of the
coercive field as a function of Psaw.

is no SAW propagating on the LiNbOj; (figure 6.7 b). This variation suggests that the
heating from the IDT might be playing a role.
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FIGURE 6.7: (a) S21 spectra where the measured frequencies are indi-
cated. (b) Polar Hysteresis loops without SAW (black squares), at 331
MHz (red circles), at 773 MHz (magenta triangles) and at 360 MHz out-
of-resonance frequency (open squares).

As a summary, our results show an assisted magnetization reversal process caused
by SAW on Pt/Co/Pt microstructures with PMA on LiNbO3;. However, the mecha-
nism responsible of SAW effects is unclear at this point. The reason for this uncer-
tainty is that a small reduction of the coercive field has been found even at out-of-
resonance frequency where the SAWs do not propagate. This observation may hint to
some heat generated by the creation of SAWs, which is larger in resonance conditions,
but still may be present out-of-resonance. To clarify the origin of the SAW-induced

changes, a first step is to study the temperature dependence of the coercive field. For
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that purpose, polar hysteresis loops have been extracted at different temperatures of
the system using a Peltier cell. Figure 6.8 show the coercive field as a function of
the temperature change with respect to room temperature (RT). Even though, cobalt
has its Curie temperature higher than RT (Tc=1400 K), from temperature-dependent
measurements of the MO loops we see large variations of the coercive field, plausibly
due to a strong reduction of Tc by the ultrathin thickness of the Co layer. Our re-
sults are in agreement with previous studies on PMA Pt/Co/Pt systems where strong
temperature-dependent changes in the magnetization have been observed [196, 197].
Therefore, the magnetic properties of the analyzed Pt/Co/Pt microstructures are very
sensitive to temperature variations around RT. A proof of this is that almost all the
Kerr signal is lost at 9 K above RT. Hence, the MO experiments under SAWs together
with temperature-dependent H. measurements, seem to indicate that the observed
changes of H. under SAW are compatible with heat generated by SAWs. To investi-
gate these issues in more detail, we used scanning probe microscopy (SThM) to map
out the heat generated by SAWs as described in the next section.
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FIGURE 6.8: Polar hysteresis loops has been extracted at different tem-
peratures of the system using a Peltier cell. The coercive field is plotted
as a function of the temperature change respect to RT (AT).

6.3 SAW induced heat probed by Scanning thermal Microscopy

In order to check if thermal effects are the responsible mechanism for the observed
reduction of coercive field in magnetic structures caused by SAWs, an experimental
method to asses the SAW-induced temperature increase is needed. Since, SAW are sur-
face propagating waves at the hundreds of MHz with a penetration depth of ~ Asaw
(figure 6.1), a local and fast temperature probe is required. Notice that thermocouples
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bigger than ~ Asaw and with poor surface contact can not give a reliable information,
specially on time-resolved measurements. To overcome these difficulties, we have
used Scanning Thermal Microscopy (SThM) that measures the resistance change of a
nanometric Pt AFM tip to map out the changes of temperature over space [198]. More-
over, in these experiments the distance from the surface of the Pt tip can be controlled
with high accuracy. The resistance of the Pt tip (Rtyp) is measured using the standard
Wheatstone bridge (see appendix C). In order to increase the signal to noise ratio and
avoid possible couplings between the tip and the applied electric field (microwaves)
on the IDT. The voltage on the bridge has been modulated by an ac signal (V,.) and
then filtered by a lock-in amplifier. The scheme of used SThM setup is shown in figure
6.9 (a). The change of resistance is converted to temperature by calibrating the setup
using a Peltier cell and a thermocouple.

b
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FIGURE 6.9: (a) SThM experimental setup. (b) Change of temperature
respect to RT (AT) as a function of time. Green panel indicates SAW
switched on at 773 MHz at 25 dBm during 300 s and red panel SAW off.

We have measured the temperature with the tip in contact with the surface and
at 2 mm in front of the acoustic path, defined as the region between IDT; and IDT5,.
In these experiments, typically an increase of temperature can be observed in all res-
onance frequencies. For instance, the largest increment of 9 K has been found at 773
MHz (25 dBm) as shown in figure 6.9 (b). When turning off the applied field on the
IDT, the system’s temperature relaxes to RT (figure 6.9 b). At this point, thermal ef-
fects cannot be disentangled from the origin of the assisted magnetization reversal
process observed in our Pt/Co/Pt microstructures under the effect of SAWs propa-
gation. Nevertheless, taking into account that not all the power absorbed in the IDT;
is converted to SAWs and that the IDT absorbs power even at out-of-resonance fre-
quencies, a new question appears. More specifically, we want to understand whether
these thermal effects are originated from Joule heating induced by absorbed power
on the IDT or there is an additional contribution intrinsic to the SAW propagation.
To answer this question, we have designed an experiment to distinguish the origin of
possible heat sources consisting on measuring the temperature increment near before
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(fo1), in (fr) and near above (f,2) a resonance IDT frequency. In figures 6.10 (a) and
(b) these three frequencies are depicted on 511 and at Sy; respectively at around 773
MHz. Its correspondent temperature increments are shown in figure 6.10 (c) where

it can be appreciated that the out-of-resonance frequencies f,; and f,2 cause lower
temperature increments than at resonance f,. In order to quantify the amount of tem-
perature induced by SAWs, we have defined two parameters, namely, the temperature
increment at resonance AT'( f) and the difference between the mean value of both out-

of-resonance increment and the one at resonance AT'(f, — f,).
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FIGURE 6.10: (a) and (b) S1; and S respectively where the frequencies,
near before (f,1), in (f,) and near above (f,2) are indicated. (c) Change
of temperature measured at f,1, f,2 and f, consecutively. AT(f, — f,)
has been defined as the change between mean change out-of-resonance
and in resonance. (d) AT(f, — f,) as a function of the SAW resonance
frequencies. (e) Temperature changes AT'( f,.) at resonance as a function
of each Sa; power (transmitted powers due to SAW). (f) AT(f, — f,) as
a function of each S2; power at resonance.
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Repeating the same procedure around different SAW harmonics (figures 6.2), for
the same applied power (25 dBm), allows us to discuss the origin of these temperature
increments. Plotting AT'(f, — f,) (figure 6.10 d) and AT'(f,) (not shown) as a function
of each respective frequency, no direct relation can be found because, as it is expected,
each SAW harmonic has different transmission power (S21) (see figure 6.2). On the
other hand, if AT(f,) were only originated by SAW intrinsic effects, AT'(f,) should
scale with the correspondent S2; power of each harmonic. However, it does not (figure
6.10 e), indicating that this increment is affected by an additional source, plausibly
coming from the IDT power absorption. Finally, a clear relation has been found by
plotting AT'(f, — f,) as a function of each Sz; power (figure 6.10 f). This relation shows
that an intrinsic heating effect of SAWs is needed to explain the measured temperature
increment at resonance and also that its magnitude depends on the SAWs power. As
a conclusion, our results suggest two contributions to the SAW induced heating, one
coming from the absorbed power on the IDT (Joule effect) and another that is intrinsic
to SAWs propagating on LiNbOs. The first contribution, related to the ohmic losses in
the IDT (Joule effect), is responsible for the increase of temperature out-of-resonance
AT(f.) — AT(f, — f,), while the one intrinsic to SAW is responsible to AT(f, — f5).

If two different processes contribute to the SAW-induced heating, different time
responses between both heat sources might be expected. To investigate this idea,
instead of a continuous SAW excitation, we prepared experiments in which pulsed
SAWs where generated at different resonance frequencies and applied powers. Figure
6.11 (a) shows the temperature response of a 50 ms SAW pulse at 773 MHz (f7), where
a fast increase of 0.5 K was measured. After the pulse, the temperature decays rapidly
down to 0.25 K and then slowly reduces to RT. In order to analyze this decaying be-
haviour, the time evolution of AT shown in figure 6.11 (a) has been fitted using an
exponential function with two decay times (AT = AT exp (—t/t1) + AT exp (—t/t2)).
Analogous experiments have been carried out for all SAW resonance frequencies, ob-
taining similar fast (¢; ~ 30 ms) and slow (¢ ~ 1050 ms) characteristic times (inset fig-
ure 6.11 a). Taking into account that SAWs propagate around 3000 m/s (at the sound
speed of LiNbQOj3), the slower characteristic time can be associated to the IDT heat
source and the faster one to SAW’s intrinsic heat dissipation. Therefore, using short
enough SAW pulses (~ 50 ms), both sources can be distinguished. For instance, near
resonance where the IDT produces similar heating but the SAWs power decreases, the
faster peak reduces and decays visibly before the IDT heat diffusion peak (see figure
6.11 b). This also indicates that at 50 ms pulses, almost all the measured heating is
produced by SAWs. Then, the dependence on the transmitted power spectra (S21)
has been checked measuring pulses around each resonance harmonic. Figure 6.11 (c)
show the change of temperature for a sweep of frequencies at the same interval than
figure 6.11 (d), as can be observed, the shape of created by the highest temperature in-
crement each pulse reproduces the Sy; spectra. The amplitude of pulsed temperature
at resonance, as it is expected, scales as a function of each correspondent S2; power
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FIGURE 6.11: (a) Temperature increment for a 50 ms SAW pulse at
f7 and at 25 dBm. The inset show two fitted characteristic times on
the decay at all the measured harmonics. (b) Same pulse than (a) but
at nearly out-of-resonance. (c) Temperature increment for a sweep of
pulses around f7 with the same interval than (d). (d) S»; in the interval
of (c). (e) Change of temperature of pulses with same power at different
harmonics as a function of its Sy; power. (f) Temperature change of a
pulse at fg as a function of applied power.

(figure 6.11 e). We have seen, that the intrinsic SAW heating depends on the SAW Sy,
power, in order to characterize its power relation, pulses at constant frequency (fs)
varying the applied power has been measured. The exponential relation shown in fig-
ure 6.11 (f) is compatible with 6.11 (e).

Finally, we have explored the SAW heating effects over the space. Since, SAW are
propagating waves generated by the IDT, typically are localized on the IDT pathway
[199]. Hence, intrinsic SAW effects should vanish moving out its pathway along the
perpendicular direction. SAW directionality has been measured by placing the SThM
in the middle and 2 mm away from the pathway defined by the IDT shape. In the
figure 6.12 is shown that the temperature increment has been reduced dramatically
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out of the SAW’s pathway. This result reconfirms the hypothesis of intrinsic heating
SAW effects.
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FIGURE 6.12: Directional heating SAW effects. Temperature change in
the middle of the SAW’s pathway (black pulses) and 2 mm away in its
perpendicular direction (red pulses).

In order to check the SAWs directionality, we have measured stroboscopically
the piezoelectric field created by the SAWs in a photoemission electron microscopy
(PEEM) at Alba synchrotron (CIRCE beambline [200]). Details of the stroboscopic
measurements can be found in reference [73] and in Appendix D. Figure 6.13 shows
three images of the SAWs piezoelectric voltage taken at three different sample posi-
tions (0, 175, 335 um) respect to the acoustic pathway. As can be appreciated, the SAWs
amplitude vanishes critically after the acoustic pathway. This observation reinforces
the previous SThM measurements in which a directional SAW induced heat has been
observed.

IDT, IDT,
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propagation
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FIGURE 6.13: Stroboscopic PEEM images have been taken at different
positions respect to the center of the acoustic path (area between the
IDTs). The contrast of these images represents the piezoelectric field
created by SAWs and the scale is the same for all three images.
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6.4 Conclusions and perspectives

We have studied the effect surface acoustic waves (SAW) on the magnetic properties of
microstructured Pt/Co/Pt squares with perpendicular magnetic anisotropy. We have
observed that SAW can indeed induce large changes in the magnetic coercive field, up
to 80% of the initial value. By using a thermal proximity scanning probe (SThM) we
have shown that the changes in the magnetic properties are largely due to the SAW-
induced heat dissipation.

Although certainly it was previously known that the propagation of SAWs could
be associated to heat dissipation and increases of temperatures by coupling SAWs
with different media, including polydimethylsiloxane (PDMS) [201] or liquids [202],
a quantitative determination of the specific contribution of SAWs to the changes in

temperature was missing.

One key aspect of our investigation has been provided by time-resolved AFM ex-
periments, which show that even short SAW pulses can generate noticeable increases
of temperature. Additionally, we also demonstrate that the heat generated by SAWs is
a directional and fast mechanism to increase locally the temperature. This observation
is important, as it opens up interesting perspectives in the remote control of magnetic
nanodevices or in heat-assisted magnetic reversal in nanomagnets. Along this line, a
particularly appealing prospect is to explore the possibility to create periodic gradi-
ents of temperature using, for instance, standing SAWs.

On the other hand, we should stress that our initial objective was to modify dy-
namically the PMA states via the coupling between spin precession (near H,.) and the
dynamic magnetoelastic anisotropy caused by SAW (see appendix C). Although we
have shown that the observed changes in the magnetic properties are largely driven
by thermal effects, we cannot dismiss a certain minor contribution from changes in the
magnetoelastic anisotropy induced by strain in SAWs. These effects, if present, could
be an active mechanism in our results, but are difficult to distinguish from thermal ef-
fects. In order to shed more light on this issue, future experiments should be designed
to asses the specific contribution of the changes in magnetoelastic anisotropy induced
by SAW.
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Chapter 7

Summary and perspectives

In the following, we summarize the most relevant outcomes and perspectives of the

research described in Thesis.

Chapter 3: Magneto-optical activity intrinsic to polarons

We have determined the intrinsic contribution to the magneto-optical activity of self-
trapped polarons in Lay 3Ca;,3MnOs; manganites. Our study has revealed a large
magneto-optical response in the visible, almost two orders of magnitude larger than
the background response of the material and comparable to photonic- or plasmonic-
mediated magneto-optical enhancement. Additionally, we have identified the pho-
toinduced electronic transitions responsible for the intrinsic magneto-optical activity
of self-trapped polarons. This finding opens new perspectives to explore other path-
ways to obtain large magnetoelectric effects, using magneto-optics instead of magnetic
properties. Along this line, an important challenge is to achieve high-quality mangan-
ite films on piezoelectric substrates, able to preserve the emergence of self-trapped
polarons in a remarkable narrow range of temperatures around the ferromagnetic
transition. On the other hand, ultrafast characterization of the optical response of
self-trapped polarons is desirable to get more insights into their physics.

Chapter 4: Cation-specific contributions to the magnetism of
Ce-doped YIG

We have analyzed the incorporation of Cerium into Yittrium Iron Garnet (YIG) and
the consequences of this doping on the magnetic and electronic properties of YIG.
Summarizing, our results show that Ce-doping triggers a selective charge transfer
from Ce to the Fe tetrahedral sites in the YIG structure. This, in turn, causes a dis-
ruption of the electronic and magnetic properties of the parent compound, reducing
the exchange coupling between the Ce and Fe magnetic moments and causing atyp-
ical magnetic behaviour. Our findings represent an important step forward for the
comprehension of the physical processes that determine the optical properties of YIG-
based compounds. This is especially relevant, taking into account that these materials

are nowadays present in commercial devices in optical communication technologies.
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Beyond optical applications, these findings may be relevant for other fields in which,
e.g., spin waves are exploited. This is an important aspect, as YIG is nowadays one of
the most researched compounds for spintronics. More specifically, site-specific dop-
ing in the YIG structure —as done in our study about Ce-doping— may reveal itself as
an important toolkit for engineering the dynamic magnetic properties based on the

demanding of potential applications.

Chapter 5: In-situ imaging of electric field-induced ferroelastic

domain motion in SrTiO;

We have used optical and magneto-optical imaging to analyze the spatial distributions
of ferroelastic twin domains in SrTiO; crystals under the application of in-situ ap-
plied electric fields. Our work has enabled us to identify the sign of the anisotropy of
the low-temperature dielectric behavior of SrTiOs. Interestingly, the theoretical frame
that we have developed to describe this anisotropy indicates the essential role of the
emergence of an antiferroelectric lattice instability of the Ti ions that couples to polar
and antiferrodistortive lattice modes. Our observations are very relevant for applica-
tions where understanding and controlling the distribution of all types of ferroelastic
domains is essential for nanotechnology design. However, more research is needed
in order to clarify the origin of the hysteretic behaviour of the dielectric response of
SrTiO; at low-temperature. Recent results point to a polarity emerging at the twin do-
main walls; yet, one particularly challenging aspect is to determine if, eventually, an

alternative polarity can emerge inside the ferroelastic domains.

Chapter 6: Directional heat dissipation generated by surface

acoustic waves in Co/Pt/LiNbQOj; heterostructures

We have used magneto-optical microscopy to access the magnetic properties of the
individual piezoelectric/magnetic microstructured magnetoelectric devices. Specifi-
cally, we have studied the effect surface acoustic waves (SAW) propagating on a piezo-
electric (LiNbO3) on the magnetic properties of microstructured Pt/Co/Pt squares
with perpendicular magnetic anisotropy. Our results show that SAW can induce large
changes in the magnetic coercive field, up to 80% of the initial value. By using a ther-
mal proximity scanning probe we have shown that the changes in the magnetic prop-
erties are largely due to an intrinsic SAW induced heat dissipation. This observation
is important, as it opens up interesting perspectives in the remote control of magnetic
nanodevices or in heat-assisted magnetic reversal in nanomagnets. Along this line,
a particularly appealing prospect is to explore the possibility to create periodic gra-
dients of temperature using, for instance, standing SAWs. A part from that, further
research is needed in order to understand how to modify dynamically the PMA states
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via the coupling between the magnetization of the microstructures and the magnetoe-
lastic anisotropy induced by SAW (see appendix C).
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Appendix A

Micromagnetic simulations of

CoFeB domain pattern on tetragonal
SI‘TiO3

We simulated the imprinting of ferroelastic domains into a CoFeB film using micro-
magnetic solver MuMax3. In the simulations, the width of the ferroelastic {a1, az}
twins is set to 2 um. Strain transfer from these domains to the CoFeB film is im-
plemented by an abrupt 90 degrees rotation of uniaxial magnetic anisotropy (k) at
the domain boundaries as shown in the figure A.1. As input parameters for CoFeB
we used a saturation magnetization of M, = 1.2 - 10 A/m, an exchange constant of
A =21-10"!"J/m, a magnetic damping parameter of o = 0.01, and K, = 4.7 - 10*
erg/cm? for SrTiO; at 10 K.
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FIGURE A.1: Imposed regions of twins induced magnetoelastic
anisotropy on CoFeB.
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Co/Pt growth conditions

In order to grow Pt/Co/Pt thin films with PMA, an accurate control of the thickness is
needed. We have grown Pt and Co on Si substrates by d.c. magnetron sputtering, with
an Ar pressure of 0.005 mbar for Pt and 0.02 mbar for Co, at different sputtering pow-
ers during certain growth times. Thus, measuring the thickness by x-ray reflectometry,
growth rates of Pt and Co have been computed (figure B.1). As can be appreciated,
the growth rates increase linearly with the sputtering power. Since typically the crit-
ical Co thickness to induce PMA is below 2nm (see figure 6.3), the sputtering power
has been settled to 5 W in order to get low enough growth rates, such as 0.2 A/s, to
control the Co thickness below the nanometer scale.
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FIGURE B.1: Growth rates (g, A/s) for Pt (black squares) and Co (red
squares) as a function of different sputtering powers.

119






Appendix C

Assited magnetization reversal
mediated by SAWs magnetoelastic
anisotropy in PMA films

SAW magnetoelastic effects probed by micromagnetic simula-

tions

We have explored qualitatively the scenario where the assisted magnetization rever-
sal is mediated by the coupling between spin precession and the dynamic change of
the magnetoelastic anisotropy produced by SAWs. This mechanism has been tested
modeling a ferromagnetic microstructure with PMA by micromagnetic simulations.
Since SAWs are propagative strain transversal waves, the ferromagnetic film suffers
time periods with tensile and compressive strain. Therefore, we have modeled [203,
204] the SAW induced magnetoelastic anisotropy (/K,,.) as the following:

K7 . = Kpe cos(2m ft)

(C1)
K}, = Kyesin(2m ft)

An oscillating K. at the SAW frequency (f) in the  and z directions at 90 degrees
out-of-phase respectively (figure C.1 a). We have taken K,,c ~ 1-10% J/cm? from
experimental studies on Ni films [73] with M, = 450 A/m, an exchange stiffness of
A =10-10"'2J/m and a damping of a = 0.03. We have defined 2x2 ym structures
of 1 nm thickness with an out-of-plane uniaxial anisotropy (K, = 140 - 10® J/cm?)
yielding the hysteresis response shown in the figure C.1 (b). The tiny size of the sim-
ulated magnetic structure, has been chosen to be smaller or comparable to the SAW’s
wavelength in order to assume an homogeneous strain over the structure exerted by
the SAWSs.

Large effects on the magnetization state are expected for SAW modulations similar
to the spin precession frequency. We have simulated the magnetic evolution during
~ 15 ns at SAW frequencies from 400 MHz to 1.6 GHz. Since the spin precession

depends on the magnetic field, these evolutions have been studied at two different
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anisotropy in PMA films

fields, at ~ 5% (-0.039 T) and at ~ 20% (-0.032 T) below the coercive field (H.=0.041
T). Before start the time evolution at each SAW frequency, the magnetic state of the
magnetic structures has been resettled via relaxing the magnetization state from sat-
uration to the studied field. Figure C.1 (c) shows time evolutions at -0.039 T (~ 5%
before H,) at different SAWs frequencies, at slower (0.4 - 0.6 GHz) and at faster mod-
ulations (from 1.2 to 1.6 GHz) the out-of-plane magnetization (m.) oscillates due to
SAW around its natural state. Between 0.8 and 1 GHz, the m, oscillates with a large
amplitude and reverses its sign. Moreover, it can be observed that the m oscillation
increases near the resonance between SAW and the spin precession. Similar behavior
has been found at -0.032 T (~ 20% before H.), nevertheless, m, has been reversed for
a higher and narrower range of frequencies around 1.2 GHz, as it expected, at -0.032
T, the precession is higher in frequency. Summarizing, we have shown that the cou-
pling between a modulation of the magnetoelastic anisotropy caused by SAW and the
magnetization dynamics in a PMA material could result in an assisted magnetization

switching well below the coercive field.
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FIGURE C.1: (a) Scheme of used anisotropies in the micromagnetic sim-
ulations, K, indicates the PMA of the Ni film and K7};;? the components
of SAW induced magnetoelastic anisotropy. (b) Out-of-plane hysteresis
response. (c) and (d) Time evolutions of the magnetization at SAW fre-
quencies from 0.4 to 1.6 GHz at H=-0.039 T and H=-0.032 T respectively.

122



Appendix C. Assited magnetization reversal mediated by SAWs magnetoelastic
anisotropy in PMA films

SAW magnetoelastic effects probed by photoemission electron
microscopy (PEEM)

In order to see possible dynamical changes on the magnetic domain pattern of our
Pt/Co/Pt microstructured ultrathin films as a function of the SAW frequency, we have
measured stroboscopically the magnetic contrast by XMCD in a photoemission elec-
tron microscopy (PEEM) at Alba synchrotron (CIRCE beambline [200]). Such an ex-
periment provide a direct probe to the magnetoelastic effect disentangled from the
thermal effects. Details of the stroboscopic measurements can be found in reference
[73]. Since PEEM is an electron microscope working at very low electron energies, the
images are strongly influenced by any potential variation on the surface. SAWs are a
periodic displacement of the piezoelectric surface, with an associated surface potential
wave as shown in the scheme of figure C.2. For these reasons, PEEM images are sensi-
tive to the periodic piezoelectric field created by SAWs. Figure C.3 (a) shows two XAS
images taken stroboscopically at two opposite SAW phases, +90° and -90°, for a SAW
signal of fsaw = 499.654 MHz and with a periodic wavelength of Asaw ~ 8 pm which
can be appreciated on top of the Pt/Co/Pt squares of 4x4 um. Thus, stroboscopic
PEEM images shows a direct visualization of the SAW wave and allows the deter-
mination of strain wave position and propagation direction schematically depicted in
C.3 (a) by the orientation of the magnetoelastic K,,. in each region respectively.

Wave EZPEEM
propagation
q Piezoelectric field
v, el
’\\ ,'\ V4

Asaw

FIGURE C.2: SAWs piezoelectric field scheme. Extracted from [73].

Next, we have taken XMCD images at the same two opposite SAW phases (+90°,
-90°) in order to resolve the magnetic domain pattern as a function of regions un-
der compressive and tensile SAW induced strains. After saturating the Pt/Co/Pt
microstructures with negative field out of the plane, we have applied a small posi-
tive field below H.. Thus, the microstructures started to switch from their boarders
sides reaching a metastable magnetic state. Figure C.3 (b) shows a XMCD sequence
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anisotropy in PMA films

of alternating the SAWs phases (+90°, -90°, +90°). Tiny changes on the magnetization-
domain configuration can be observed as a function of the SAW phase (indicated by
arrows). Our experiments indicate that in certain regions, the magnetic domains feels,
the strain induced by SAW. The observed changes might be explained with the previ-
ous micromagnetic simulations where the m, oscillates without being reversed for a
SAW frequency below or above the simulated reversal magnetization at resonance.

These stroboscopic experiments show that the magnetic domain states of our Pt/Co/Pt
ultrathin films with PMA can be dynamically modified at the SAW’s frequency. How-
ever, these effects are very small and we cannot attribute them to the observed coercive

reduction under SAW shown in the main text.

a XAS (Co) b XMCD(Co) 0<H<H,
K > @ |<—| ® @ |l<—@l<@
A +M

3
o)

SAW (+90°)
| gaume [O)

L\

y

+90°

¥
x
O]

A
Y
| ©

Knde=> @ <> @ |«
£ o0°|
S b
3
)
+90°

FIGURE C.3: (a) Stroboscopic XAS images at the Co L3 edge with SAW
opposite phases (+90, -90). (b) Stroboscopic XMCD images for a se-
quence of +90°, -90, +90° SAW phases. The arrows indicates magnetic
regions that exhibit small changes at the SAW frequency.

As a conclusion, of experimental results from Chapter 6, we have seen a reduc-
tion of the coercive field under SAW and such a change depends on the SAW am-
plitude. However, the frequency dependence of the assisted magnetization changes
can not be extracted from our experiments because each SAW harmonic, even with
the same applied power, propagates with different power (as shown in Sy; spectra
in the main text). Moreover, as we have shown with the micromagnetic simulations,
the SAW frequency and the applied magnetic field (the magnetization state of the mi-
croestructures) are crucial ingredients of the SAW induced strain effects on the PMA
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microestructures. Therefore, the magnetoelastic coupling might be an active mech-
anism present in the reduction of the coercive field, as shown by the stroboscopic
XMCD data. However, from our experiments, we can not quantify the magnetoelastic
effect with respect to the heating effect and, thus, we consider that both effects are
present in the reduction of the coercive field created by the SAWs.
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Appendix D

SThM tip calibration

SThM uses the resistance changes of a Pt AFM-like tip as a probe of temperature. At
first order, electrical resistance of the tip resistive element at a temperature 7, can
be written as following,

R(Trip) = R(Trr)[1 + o(Trip — Tr)], (D.1)

where R(Trr) is the resistance at room temperature and « is the temperature coef-
ficient of its electrical resistivity. In order to measure precisely the tip’s resistance, it
has been integrated in a Wheatstone bridge, schematically depicted in figure D.1. An
ac voltage source has been used in order to improve the signal to noise ratio and to
remove possible electric couplings caused by the SAW’s rf power source, filtering the
output voltage (Vg4) with a Lock-in amplifier.

FIGURE D.1: Wheatstone bridge scheme to determine the SThM tip’s
resistance. The input is an ac voltage source V,. and the output Vp4
amplitude is obtained by Lock-in filtering.

Solving the electrical circuit, the output voltage Vg 4 is given by:

Ry R3
Vo = Vie P _ . D.2
B4 <R2 +Rripy Ri+t R3> (D2)

Since the R, is proportional to the temperature, the best measurement sensitivity
is got when the output varies largely for smaller resistance changes. To reach this con-
dition, we have settled R; = Ry and RR3 has been replaced by a potentiometer. Varying
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R3 until null the output Vz4 = 0 V at RT, the resistance of the tip is equal to R3 and
therefore, small variations of Rr;, will affect largely V4. We have used a commercial
SThM tip that changes its resistance one ohm per Kelvin (a = 1 2/K), thus, the output
change per degree, using R; = 2600 2 and R3 = 340 Q, is Va4 = 3.006 - 107* - V..
Moreover, the signal has been amplified with a gain of 200 using an AD8429 amplifier
with a feedback resistor of 30 Q2. Then, for V,. = 2V, the output signal per degree is
Vea = 0.120 V/K. In order to check it, we have measured at different controlled tem-
peratures using a Peltier cell obtaining a good agreement with the predicted output
sensitivity.

We have checked the calibration for each experiment using a control test before and
after each set of measurements. Figure D.2 shows the SThM measurement for a well
controlled increment of temperature (using a Peltier cell and a thermocouple) and the
SAW induced increment at 773 MHz at 25 dBm. Thus, the SAW heat at 773 MHz (25

dBm) has been used also as a control before and after each set of SThM measurements.
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FIGURE D.2: Temperature increment measured for a well controlled
heating source (Peltier Cell) settled at AT = 10 K and for SAW at 773
MHz (25 dBm).
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