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Chapter1 Introduction
1.1 Introduction of 4d systems

The technology innovations based on electronic, optical, and magnetic materials have
fundamentally changed the way we live. These technological revolutions would be
impossible without continuous increases in our scientific understanding of materials,
phenomena, and the processing and synthesis of these materials. The search for new
materials is still the fundamental driving force for the continuous flourishing of modern

technology.

In the last decade, there has been a growing interest in developing energy-saving
devices based on novel quantum phenomena. In particular, the Mott transition is one of
the most attractive many-body effects [1]. Extensive and intensive search for novel
electronic materials has been carried out mainly in the strongly correlated electron
system. Typically, the 3d transition metal oxides (TMO), including the cuprates and
maganites are included. This class of materials has created great sensation in
condensed matter physics by exhibiting exotic electronic and magnetic phenomena,
such as high T¢ superconductivity and Colossal Magnetic Resistance (CMR), Mott
(Metal-Insulator) transition (MIT) [2]. These phenomena are closely related to the
strong electron-electron correlation, which originates from the on-site Coulomb

repulsion between the localized 3d-orbitals electrons.

1.2 Ru 4d-electron systems

Ruthenates, the ruthenium oxides, have 4d electrons of the outermost electron.
Electron configuration is 4d5s5p6s. The oxide include 2,3 cycle transition metal
(Mo,Ru,Re,0s,Ir) is the optimum stage to study the absorbing phenomena. The 4d
electron transition metal atoms have more extended orbitals compared with the 3d
electron, and were thought to have smaller and insignificant electron-electron
correlation effect. Because the 4d electron has a big expanse orbital more than 3d
electron (ex, Mn), and the orbital hybridization is stronger, it must be sight set on the

effect of "orbit".



Hence relatively less attention was paid to this class of materials. However, with the
observations of numerous iIntriguing properties, such as unconventional
superconductivity, Metal-Insulator transition, and non-Fermi liquid behavior, new
attention is stimulated to the 4d oxides. Relatively few quantitative studies have been
carried out on the 4d metal-insulator transition series and our understanding of this

class of materials remains at a qualitative level.

Ruthenate is one of the few classes of materials that provide us with a rare
opportunity to study the strong correlation in the 4d metal-insulator transition. The
orbital degree of freedom is quenched in the d electron system, and it has itinerant
characteristic. It has three degree of freedom “electron”, “spin” and “orbital”. It not only
belongs to the transition metal oxides but also show superconductivity in both SraRuO4

[3,4] and Ca2RuOu4 [5,6].

1.3 Perovskite structure

CazRuO4 has a perovskite structure. The perovskite compounds are formed by
octahedron of MOs [transition metal (M) and around anion (O,Cl...)] in Figl.1. The layer
perovskite compounds have the alternating layer stacks MOs and block layer (Alkaline
earth Metal and Alkyl group). MOz layer is at the center of MOs it plays the conduction
layer. In most cases it is the lamination to c-axis, conduction layers and block layers are
alternating layer stack to ab-plane. The conduction layer (MO2) made of O and metal is

ab-plane (vertical c-axis).

WO =

Figure 1.1 Perovskite structure with MOs octahertron



In the layer perovskite compounds, quasi-two dimensions characteristics become
higher so that it is representative by a high-temperature superconductor. The thing
necessary for the study (experiment) of this system is the single crystal, which is high
quality with a little disorder. The dispersion by impurities tends to be increased in the
strong correlation electron system, and fear covering the essential quantum critical

phenomenon in particular is big in the cryogenic temperature.

1.3.1 Perovskite structure of the Ruthenate

Ru variety features a wide range of phenomena that are among the most important
and interesting topics in the field of Condensed Matter Physics: Mott Metal-Insulator
transition, metamagnetic transition, Colossal Magnetic Resistance, and Shubnikov-de
Hass oscillations. As a result, any small perturbation such as an external magnetic field

can readily tune the physical properties in the ground state.

The ruthenate system has aroused a lot of attention since the discovery of p-wave
superconductivity in SreRuQy4, consequently inspiring great enthusiasm in exploring the
Ru-based Ruddlesden-Popper (RP) series. This series has the general formula (Sr,
Ca)n+1RunOsn+1, with n being the number of the coupled layers in one unit cell. They
adopt layered perovskite structure (ABO3) with the RuOs octahedron corner-share with
each other to form planes, resembling a structure similar to that of the cuprate

superconductors.

In this series, as n progresses from 1 to ©©, the number of the nearest-neighboring
RuOs octahedra increases from four to six, representing a systematic enhancement of
the structure dimensionality. The series is then found to have an astonishing and
distinctive dimensionality dependence of all physical properties due to the strong
magneto-elastic interactions between the Ru ions. For example, as n progress from 1
to co, the antiferromagnetic ordering is systematically suppressed for the (Sr,

Ca)n+1RunOs+1 system in Figl.2.
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Figure 1.2 The layer perovskite compounds (left;n=1 214system,center;n=2 327system,
rightin=cc 113system).

The Ruddlesden-popper series (Sr, Ca)n+1RunOs+1 (n = number of Ru-O layers in one
unit cell) are perovskite based systems sharing the same Ru%* in an octahedral
environments with corner sharing topology. However, despite the structure similarity,

magnetic and electronic properties revealed in these series are extraordinarily diverse.

cubic tetragonal orthorhombic

eg -
_\_/_

Figure 1.3 4d orbital splitting with crystal structure transition
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1.3.2 Structural transition and electric state

Generally, with the 4d electron perovskite structure, it is reported that the 4d orbit is
divided by the distortion of the crystal structure. Originally the 4d orbit degenerates
five folds. MOs is piled up and is divided in ez (Two folds are retracted by shrinking) and
the tz¢ (three folds are retracted by shrinking) orbit when it becomes cubic by making
stratification. The ez orbit is divided more, and the t2¢ orbit is divided to one to two when
it becomes tetragonal next. Finally all ¢z orbits are divided, and it is in an energy state

varying in all five orbits when it becomes orthorhombic in Fig1.3.

Both CasRuO4 and Sr2RuOs have layered perovskite type structures, they form
stratification octahedron of RuOs and block space of Ca/Sr. The order state with journey
characteristics is very interesting. In addition, since the ionic size of Ca2+ (Ca2* = 1.004)
is smaller than that of Sr2+ (Sr2+ = 1.184), replacing Sr with Ca generally induces

structure distortion, leading to smaller bandwidth.

This structural distortion induced by replacing Ca2* with Sr2* gives us an extra choice
to explore this class of materials. The systematic variances of properties with
dimensionality and structure distortion make the Ruddlesden-Popper series an
excellent system to study the interplay between lattice, orbital, charges, and spin
degrees of freedom in the 4d Metal-Insulator transition. See next chapter for a complete

description.

1.4 The Ruddlesden-Popper series

1.4.1 n=1(214 series)

CazRuOy4 is the Ruddlesden-Popper series Ca/Srn+1RunOszn+1 with n = 1, is a single
layered system. In n = 1 series, Conduction layer (ex, RuOz layer in the case of CazRuO4)
is made to separate to one level. The antiferromagnetic metallic phase intermediate

between Tn and Twr is rare for an un-doped compound at ambient pressure [7,8].
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The isothermal magnetization measurement shows that for fields applied along the a-
and b-, c-axis, the system remains at antiferromagnetic state. The study presented in

this dissertation is then dedicated to further exploring its properties in greater detail.

In spin triplet superconduction material SrsRuQO4 is a reference material, it is
apparent to do the exotic superconduction of the p wave with item three folds of spins
with ground state. The crystal structure does not have a distortion, and symmetry of
crystal is tetragonal. SrsRuOs has the same crystal structure (KNiF type) as the
high-temperature superconductor (La system copper oxide), and the comparison with
the high-temperature superconductor as the superconduction (7c~1.5 K) in the

stratified formation perovskite which does not include copper more at first alone.

Tc i1s extremely lower ~1.5 K than a high-temperature superconductor, and r of the
electronic specific heat coefficient is 39 mJ/K2mol. This value is considerably large. It is
thought with the system that strong electronic correlation because there is 4 times of

the prospective value from a band calculation.

Previous work on Ca2RuQ4 has revealed strong anisotropy in structural, magnetic,
and transport properties of this system, showing intimate couplings between lattice,
spin and charge. However, the richness and complexity displayed in these properties

indicate that the in-field state of this system is still far from being well understood.

This system has severe structure distortions due to the small ionic size of the Ca2*,
resulting in a rotation (on the ab-plane) and tilting (away from the c-axis) of the RuOs
octahedra [7]. The tilting projects primarily along the bc-plane rather than the ac-plane,
leading to a strong anisotropy between the a- and b-axis [7]. At low magnetic field, the
system undergoes antiferromagnetic ordering at Tn= 56 K, followed by an abrupt

metal-insulator transition.

1.4.2 n=2 (327 series)

SrsRu207 is the RP series Ca/Srn+1RunO2n+1 with n = 2, is a bilayered system
intermediate between the superconductor Srs2RuQ4 (n = 1) and the matallic paramagnet
SrRuOs (n = ).
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In SrsRu207, it was found that although the ferromagnetic state can reduce the o«
(interplane resistivity or resistivity measured with both voltage and current running
along the c-axis) by one-order of magnitude at 7.8 T when B //c (a magnetic easy-axis)
[9,10]. Parallel study between the M and p ., together with the comparison between
properties for a-axis and b-axis, suggest that the metamagnetic state could be
intimately related to the degrees of freedom. In addition, the orbital degree of freedom is
apparently associated with unusual quantum oscillations. In the following, I will

describe a general reply to the each outside field.

1.5 Effect of external field

Pressure is a suitable tuning method to explore such novel phenomena; however,
high-Pressure conditions are generally achieved in a complicated apparatus requiring
sophisticated skills. In contrast, there has been growing recognition of applying an
E-field as a complementary method to Pressure, since an insulator-metal switching,
namely for controlling an E-field, has many advantages for practical use, especially for
electronic devices. Moreover, application of E-fields can govern the electronic states
directly, whereas Pressure tunes the electronic states indirectly via the change of lattice

parameters.

1.5.1 Pressure effect

Recently, there has been growing interest in pressure effect on quantum phenomena
such as unconventional superconductivity in strongly correlated electron system. This is
because pressurization is generally known as a powerful tool to tune the properties of

materials without introducing randomness.

In the neighborhood of Mott transition, a lot of novel quantum phenomena, such as
the high temperature superconduction and the giant magnetoresistance effect are
reported. For the elucidation of these novelty quantum phenomena, a lot of studies and

experiments that applied external field to control of an electronic state are made. At
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such a point, it may be said that static magnetic field and the still water pressure

method are very effective techniques.

The experiment under the still water pressure method needs a very special technique.
The information that we can observe is limited to each experiment under the still water

pressure method. We cannot deny the height of the hurdle to treat it as a broad topic.

In addition, one method includes the E-field as a kind of outside field, by which we
can control the parameter of this technique by adding outside ground to a material
relatively easily. It is thought in electrostatic Carrier Doping, that the effect of the

E-field generally corresponds to the number of carrier controls it holds.

Element substitution is possible by chemical technique if controls the number of
carriers in the material simply. However, disorder is introduced into a crystal by the
element substitution in . The element of the chemical disorder in a material is that we
want to remove in the measurement of the essential quantum phenomenon as much as

possible, as having touched on it some time ago.

In addition, it may be said that it is the technique that helped us to approach
practical use more, even if one thinks about the control that is assumed by an E-field its
outside ground from an applied side. The parameter is controlled by the electric field
because one tied to the application, such as a new device or the magnetic memory
directly. The parameter controlled by the E-field is tied to an application such as a new

device, and the magnetic memory directly.

If the material, in which we can operate near room temperature by changing the
composition ratio or the shapes is discovered, rapid progress like what is hard disks is
expected. An FE-field is effective for the study of the multi-ferroic material; where as
applying it has the intersection correlation like as magnetic field or/and an FE-field
origin. Seeing both sides from there, the fundamental researches application, and the
behavior that the material under the electric field shows from these points, is very

interesting.
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1.5.2 Pressure cell

Many of the ferromagnetic properties remain to be veiled because of a lack of a
non-magnetic pressure cell allowing us to achieve pressure over 2 GPa at low
temperatures in Figl.4. We have recently developed a piston-cylinder pressure cell for a
commercial SQUID magnetometer (Quantum Design, model MPMS) allowing us to

achieve pressure of 2.1 GPa at low temperature [13].

1.5.3 Electric field

Generally, the electric field increases rapidly with a certain threshold value. It is
called “the dielectric breakdown” when we apply an E-field to a solid. There are some
models to explain it, and the bulk (genuine) destroy and the “snowslide” phenomenon

that electronic it causes, the temperature rise due to the Joule fever.

Those phenomena are divided into two names (1) bulk transition done with a
representative phenomenon Metal-Insulator transition and (2) local (of the filament
like) phenomenon and is called dielectric breakdown. By the Insulator-Metal transition
of the bulk, the threshold electric field is regarded as a thing peculiar to a material does
not move to the size of the sample, form, an electrode, neighboring mediums. In addition,
there are usually many "snowslide" phenomena to be heterogeneous, and to have such
as impurities or the surface when threshold electric fields of the Insulator-Metal

transitions are low.

Figure 1.4 Pressure cell for model MPMS (upside is scale).
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Let us mention two well-known examples of electric field induced phenomena. One is
“electrostatic carrier doping” [11,12], which controls carrier density in a surface region
of an insulator by an extremely large electric field. Indeed, electric field induced
superconductivity has recently been reported in the surface layer of a band insulator

SrTiO; by the electric field application of 20 kV/ecm[13,14]. The other is a Mott

transition induced by applying electric fields, namely, “switching”.

Some transition-metal oxides in strongly correlated electron systems have gained
attention as a candidate for the switching to practical use as an electronic device such
as resistance RAM[15,16]. Most of these previously reported switching phenomena have
been achieved only at low temperatures and/or high voltage (typically 1-100
kV/em)[17-21]. In order to develop energy saving devices, it is essential to find a
switching system driven at room temperature (RT) and by weak electric fields. An
example is the metal-insulator-transition (MIT) induced above room temperature in

films of a Mott insulator VO,[17]. It would be desirable to find a system in which bulk

metallic state is induced by electric switching with low E-field.

As another challenge, it is desirable to maintain the E-field-induced metallic state in a
“volatile” switching system on cooling and identify interesting ground states, since
there have been few such reports in a system stabilising a steady but nonequilibrium

state.

1.6 Mott transition (Metal-Insulator transition)

The Mott transition (metal-insulator transition/ MIT) is the central strong correlation
effect because it addresses directly the competition between the Coulomb repulsion
energy and the kinetic energy. It occurs when an onsite Coulomb repulsion energy U
exceeds the electronic bandwidth W, leading to the breakdown of independent electron

pictures [5]. U/W > 1 shows insulator state.

There are a variety of transition metal oxides that were predicted to be conductor by
band theory turning out in fact to be insulators. For example, according to the band
theory, for a material to be insulating, it is necessary to have an even number of

electrons per unit cell in order to make its band fully occupied or empty.

17



On the other hand, with an odd number of electrons per unit cell, we will necessarily
have a partially filled band, and the material must be metallic. But the prediction of the
band theory fails in a number of cases. One of the old known, the clearest example is
provided by the transition metal oxide CoO. The outer shell of Co has the configuration
3d’4s2 and the oxygen has 2s22p4. The number of electrons per unit cell is then 15, an
odd number. According to band theory, CoO should be metal. But in fact, CoO is one of

the toughest insulators we have ever known.

Nevill Mott and R.Peierls then proposed that the strong correlations between
electrons can be responsible for the insulating character of these materials. The theory
they proposed addresses directly the competition between kinetic energy and Coulomb
repulsion energy (or correlation energy) and is the central issue of strong correlation
electrons. Different from the conventional insulator which can be predicted by band
theory, a Mott insulator arises due to the correlation between electrons instead of

incomplete filling of the d-bands.

The Hubbard model is one of the simplest approximations that describe the Mott
insulator. It is built on two assumptions. First, only a single band has to be taken into
account; second, the interaction is purely local, or in other words, we will consider only

the on-site or intra-atomic Coulomb interaction between electrons.

The Hubbard model relies on the tight-binding model to describe the itinerant
tendency for electrons to jump between neighboring atoms, and also considers the
localized tendency with on-site electron-electron repulsion that is not usually
considered in regular band theories. These two tendencies, represented by W and U,
compete to determine whether the materials is conducting or insulating and will drive

the materials through Mott transition from a metallic state to insulating state.

The Hamiltonian for this model is then expressed as the sum of the band energy and
Coulomb interaction energy, representing the itinerant tendency and the localization
tendency. The Hubbard gap is usually defined as “the difference between U and W ”.
The two bands that are separated by the Hubbard gap are called the "upper Hubbard
band" and "lower Hubbard band" respectively. These two sub-bands may look like the

valence and conduction band of a semiconductor, but in fact they are not the same.
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For a valence of a conduction band, each band can hold up to 2L (L is the number of
the lattice sites) electrons, while the Hubbard sub-bands can't contain more than L
electrons. The splitting into two Hubbard bands is a correlation effect that could not be

described by independent electron theories.

The system should then be treated in the charge transfer regime with an ionic model.
On the other hand, if the energy of the Hubbard lower band is higher than that of the O
2p band, then U > Apd, the charge excitation is between the Hubbard subbands and the
system can be treated with a Mott-Hubbard model. Ruthenates, compared with the
early 3d TMO which are classified to be in the Mott Hubbard regime, have smaller U
(~1.8 eV) and larger Apd (~3.2 eV) (for the case of SrRuOs) and should be treated with
the Mott-Hubbard model as well [26]. Since the discovery of high temperature
superconductivity in layered cuprates, the issue of the Mott transition in a

quasi-two-dimensional system has become especially important.

1.6.1 Mott-Insulator and effect of external field

The study to let Mott insulator become metal as bulk so far in an electric field is
reported in LagsxSrxNiO4 or Sr2CuQOs. Those threshold electric fields need number of few
kV/cm and a considerable high electric field. I summarized the threshold electric field of
representative the Mott insulator in a list. I referred to it about one of a representative

semiconductor for a comparison.

In addition, as for applying an electric field to Mott insulator, it is thought with filling
control if we assume the effect of the electric field the control in Fig 1.5. However,
electric field is unlike the substitution of the material. Sample can control an electronic

number without introducing direct disorder in itself.
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Figure 1.5 The MODEL of Mott Metal-Insulator transition

1.6.2 Mott-Hubbard model in Ruthenates

Layered ruthenium oxides (Sr/Ca)n+1RunOsn+1 are similar to the cuprates in terms of
structure. The bandwidth W of this system can be well tuned by varying the
dimensionality and the Sr/Ca ratio, giving rise to the different Mott parameter U/ W.
Varying the transition element itself can induce a greater change due to the different
ability of the transition elements to overlap with their surroundings. Dimensionality is
another important parameter that is found to be effective in the alteration of W/ U ratio.
These factors are subtle and interweave with different kinds of couplings, making the

studies of the Mott transition even more challenging and interesting as well.

By investigating physical parameters such as ¢ (charge transfer energy), U (Coulomb
repulsion energy), and 10Dq (crystal field splitting energy), it is found that although the
U values of 4d metal-insulator transition oxides are smaller than those of 3d. Their
t = Apd and 10Dq values are relatively larger, so that the more extended 4d -orbitals
electrons have weaker on-site Coulomb repulsion energy U, (~1 to 2 eV) but stronger
hybrization energy, W (~2 to 5 eV) with the neighboring O 2p-orbitals. When the ratio
of WIU is comparable, the competition between these two energies gives rise to rich and
complex phases for this class of materials. In addition, due to the small value of U, the

roles 4d-orbitals become more important and the spin-orbit coupling is then significant.

Methods to make by Mott insulator to metal here include two methods. One is filling
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control by the valence different elemental substitution of the atomic value, the other one
is band control by the different atomic radius with equal elemental substitution. When
I look at the electronic state of CasRuQy4, 4 electrons existing around one Ru ion take low
spin state after the degeneration was removed in 5 folds, it enters the de-orbit of the

ground state.

When the electron of the de orbit originally stands in line according to hund-rule, it
takes anti-parallelism and should enter the same level, but exist with parallelism
because Uis bigger than W. Two electrons cannot occupy the same orbit and are located
in two orbits. Thus, CasRuO4 takes a Mott insulator state under room temperature and

ordinary pressure.

1.6.3 Electronic correlations

After almost a century's effort, the physical properties of some solids have been
successfully explained with an independent particle picture, in which the interactions
between the electrons can be ignored or well represented by an average potential. The
macroscopic behavior of a system can then be understood by starting from a detailed

description of the individual particles and the way they interact.

Band theory is one of the approximations that are built based on this picture. It
provides a conceptually simple explanation for electron transport. This approximation
has proven remarkably accurate for estimating electron flow in silicon chips and many

other materials.

However, there are materials such as CoO whose transport behavior disobeys the
prediction from this theory. The Mott insulator is one of these types of materials. They
are fundamentally different from the conventional (band) insulators. The conductivity

of the latter is blocked by the Pauli Exclusion principles.

In a Mott insulator, the conductivity is blocked instead by the electron-electron
Coulomb repulsion, or strong electronic correlation. To minimize the Coulomb repulsion
energy, electrons have to stay away from each other as far as possible and tend to be

localized. As a result, the electrons can "see" each other and the statistic correlations
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between the motions of individual electrons are important.

In such cases, an independent particle picture is inappropriate and a many body
model has to be considered. Materials with strong electronic correlation generally
display a broad range of interesting phenomena that show departure from the standard
model of solids, such as metal-insulator transition, colossal-magneto-resistance (CMR),
and high Tc superconductivity. Transition metal oxides (TMO) are this kind of
materials that feature electronic correlation. These properties arise mainly due to the
d-orbital wave functions which are confined more closely to the nucleus than for s or p

states of comparable energy.

As a result, the overlap between the transition metal ions and the neighboring metal
ions is small and the electrons in this system can move only through the hybridization
with oxygen. The electronic correlation usually involves the interactions between the
charge, spin, lattice, and orbital degrees of freedom in a nonlinear, synergetic manner,

leading to an intrinsic complexity such as the coexistence of several competing states.

Theoretically, it has always been difficult to deal with strongly correlated electron
systems. After several decades of efforts, even the basic properties of the strongly
correlated electron system, such as linear temperature dependence of resistivity, are
still beyond our understanding. The difficulty arises mainly from the wide range of
energy scales involved and many competing orderings and instabilities that are

associated with small differences in energy.

One of the frontiers in strongly correlated electron physics, Dynamical Mean Field
Theory, is to develop new concepts and new computational methods to describe
electronic states between the itinerant and localized states. Dynamical Mean Field
Theory has led to some significant advances in our understanding of strongly correlated
systems. Different from the static mean field theory which could not describe the strong
electronic correlation between the electrons, the Dynamical Mean Field Theory is able
to treat the many-body system both in momentum-space and in real-space, thus capable
of describing both the wave-like and particle-like characters of the strongly correlated
electrons. The Dynamical Mean Field Theory has been very successful in reproducing
complicated physical properties in a variety of materials and it would continue to be one
of the most powerful tools that help us to better understand complicated phenomena in

transition metal oxides.
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1.7 Background of Ca,RuO,

We have devoted considerable efforts on the Mott insulator CasRuO4 to induce
switching and explore its ground state because CazRuOs has the following versatile
properties. Firstly, pressurised CasRuQO4 displays a variety of quantum states, ranging
from an antiferromagnetic (AFM) Mott insulator to superconductivity via a ferromag-
netic (FM) quasi-two-dimensional metal [22-24]. Secondly, the magnetic and electronic
properties of Ca2RuO4 are known to be quite sensitive to coupling of spin, charge and

the orbital degrees of freedom [25,26]. Lastly, the metalisation of the Mott insulator
CazRuOs4 can be achieved by heating above Ty = 357 K[27].

1.7.1  The historical background of Ca,RuQ,

The first compound CazRuQO4, which is a superconductor for pressure above 9 GPa and
7<0.4 K and is also a Mott insulator. In Ca2RuOs the transition from an insulator to a
metal can be induced by temperature (357 K), by pressure (0.5 GPa) in Fig 1.6 [28] and
by substitution with strontium (Ca2-xSrxRuOs, x = 0.2). Just recently, it was found that
a small electric field could also unduced the metal-insulator transition in CasRuOa.
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Figure 1.6 Pressure phase in Ca2RuQO4
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This is noteworthy in such as the electric field needed is far smaller than those
needed to induce the metal-insulator transition in other common Mott Insulators. The
Mott transition is induced by such a small field that it even becomes interesting for

applications. This phenomenon was one of the main interests of this work.

The gap energy in CasRuO4 is 0.2 eV determined from the activation energy based on
the temperature (T) dependence of resistivity [29]. On the basis of a simple Zener
breakdown model [30], we estimate E,; for CasRuO4 to be, 4 MV/cm (we use here the
in-plane lattice spacing of a = 5.45A. Since EF has been unknown for CazRuOys, the
Fermi energy of Ef ~0.2 eV for the ¢ band of Sr,RuO, )[31].

1.7.2 Crystal Structure

The Ru-214series CazRuO4and SrzRuQO4 are perovskite based systems — the type of
KoNiFs with single layers of RuOs octahedral corner-sharing with each other. The
single-layered RuOs forms planes with the Ca-O layers intervening within and between
them. The Ca-O layer helps stabilize the perovskite structure without contributing to
the total spins of this system. Since no oxygen ions within the intervening Ca-O layer
are shared by the Ru ions of the adjacent double layers, the exchange interactions and
conductivity perpendicular to the RuO planes would be weaker compared to those

within the RuO planes.

In the other end product, CasRuOs4 the space group is accordingly Phca
(orthorhombic), with the S- Pbca (at room temperature at ambient pressure) phase up to
the first order phase transition at 537 K where the phase becomes L-Pbca. Lattice
parameters are a= 5.414, b= 5.504, c= 11.94A at room temperature at ambient pressure .
In this thesis, we take c-axis as the short axis with space group S-Pbca in Figl.7 [8].
Similarly, a change of the crystal structure is reported by the pressure dependence in

Fig1.8[35].
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Figure 1.9 RuOg distorsion.

The three kinds distortion exhibits itself as "Flatting" "Tilting" "Rotation" of the
RuOs-octahedral in S-Pbca. Flatting is compression to the ¢ axial direction of the
octahedron so that top oxygen of the octahedron gets closer to a Ru-Oz plane. Tilting is
the angle of rotation 6 to turn the angle of rotation of the octahedron to the that
assumed [010] direction of axis away from the c-axis [110]. Rotation is the angle of

rotation ® around c-axis of the crystal Fig 1.9,10.
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It is reported in transition of temperature dependence and pressure dependence, that
it is caused by the distorted cancellation of the RuOs octahedron, being considered to be

it at the time of the representative Insulator-Metal metastasis.

For Ca2RuOg, since the exchange interaction is limited to be within the ab-plane, the
lattice distortion induced by the CazRuQO4 ions turns out to be one of the dominant
energy terms in the interaction pictures, which results in severe structure transition by
the external field. However for CaRuOs, when the dimensionality is higher, the
structural distortions are not that important, as indicated by the similar resistivity

behaviors between SrRuOs and CaRuOs.

As a bilayered system which lies between n = 1 and n = o0, Ca2RuOz is believed to be
placed in a unique position at which the orbital degree of freedom plays a critical role in
determining the physical properties. The orbital degree of freedom is sensitive to
lattice via orbital-lattice coupling, and to the magnetic field via spin-orbital coupling.
In this chapter, we are going to probe the orbital physics through magnetic field,

pressured field and elemental substitution tunings.

1.7.4 Resistance, Magnetic susceptibility

CasRuOq4 is a Mott insulator with antiferromagnetic. The magnetic transition occurs
at Neel temperature, Tn = 110K, going from a paramagnetic state to antiferromagnetic

state in Fig 1.11[8].
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Figure 1.11 Temperature dependence of the magnetic susceptibility defined as M/H for

the ab-plane in air pressure. Inset: Isothermal magnetization vs magnetic field
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Inset: Detail of the abrupt jump in o (T) near the transition Tmi =357K

When further pressure is induced, it shows the itinerant electron ferromagnetism and
exotic superconductor. The anisotropy in magnetization is better illustrated in the
angular dependence of magnetization. However, it displays a sharp distinction between
the magnetic easy and hard axis. Corresponding to the magnetic anomalies, the
resistivity measurement at zero field features two transitions at Tvi= 357 K and Tk =
113 K in Fig1.11,1.12[8]. For B// ¢ -axis, the interplane resistivity o c drops abruptly by

one order of magnitude, corresponding to the first-order metamagnetic transition.

X-ray diffraction studies reveal a shrinkage of the c-axis lattice parameter at under
Twmi= 357 K when heated up, and a few of changes in the a -axis and b -axis lattice are
observed. The shortening of the c-axis suggests the Jahn Teller effect, which lifts the
degeneracy of the tz¢ orbitals by lowering dxy level relative to dxz and dyz energy levels.

As a result, orbital ordering may occur, weakening the mobility of conduction electrons.

1.7.5 Pressured phase

It is known that a 4d-electron single-layered ruthenates SraRuQO4 shows spin-triplet
superconductivity below 1.5 K. The isovalent replacement from Sr to Ca change from
quasi-2D metal (SraRuO4) to a Mott insulator (Ca2RuO4). To bridge this gap without
introducing disorder, Nakamura et.al have studied the pressure effect upon the
4d-electron Ca2RuO4. This shows the magnetization process of the purresure-induced

ferromagnetic and superconducting states in CazRuOa.
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Pressurisation to CasRuOs4 above 0.5 GPa transforms a Mott insulator with
antiferromagnetic ground state to a metal with ferromagnetic ground state, Tc ~10 K.
The ferromagnetic state over P = 0.5 GPa has the itinerancy. At P = 2 GPa, it is
quantitatively evidenced by the magnetistation process 2 K. The metal-insulator

mixed state at 0.5 -P- 2 GPa is the documented case of the magnetic anisotoropy [32].

Tc is maximum ~ 25 K at P = 6 GPa, above P = 6 GPa, Tc goes to the decrease, the
pressure phase diagram of this system suggests the existence of a ferromagnetic
quantum phase transition at ~10 GPa, the vicinity of ~15 GPa superconductivity. It
may be said that CazRuQy4 is one of the most suitable systems to study a novel quantum

phenomenon in strong correlation with an electron system than these reports.

In the isothermal magnetization measurement, the magnetic state is driven from
antiferromagnetic state to ferromagnetic state through a first-order metamagnetic
transition upon P= 0.5 GPa. The saturation moment reaches as high as u s/Ru for B
T, the expected saturation moment (assuming Ms= 2 u B/Ru for an S = 1 system)[33]. As

more P> 0.5 GPa increases, Tc increases ferromagnetic state remains.

Next mention the pressure phase diagram of CasRuOs, especially the key of the
structural transition. First, for the crystal structure that Flatting drawing the c¢ axis
head is cancelled with a Metal-Insulator metastasis of ~0.5 GPa, it is with L-Pbca from
S-Pbca when I chase an abnormality of the crystal structure looking at the CasRuQO4
under pressure in detail. Then, the Tilting of the degree of leaning to the ¢ axial

direction is cancelled, and the crystal structure becomes an orthorhombic Bbcm.

It is predicted that when the Tilting is completely cancelled by pressurization of ~8
GPa (Fig.I-7). Where Rotation is saturated to a constant value by pressurization more
than ~5 GPa. CasRuQO4 shows various quantum phenomena as showed so far by adding

a place outside the element substitution or pressure.

When we look the Ca2RuQ4 under pressure in detail, we chase an abnormality of the
crystal structure. At first, Flatting drawing of caxis head is cancelled with
metal-insulator transition at ~0.5 GPa. The crystal structure becomes L-Pbca from
S-Pbca. Then, the Tilting of the degree of leaning to the c-axis direction is cancelled

and the crystal structure becomes an orthorhombic Bbcm.
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It is predicted that Tilting can be completely canceled by pressurization of ~8 GPa.
Furthermore, Rotation is saturated to a constant value by pressurization more than ~5
GPa (FigI-7[8]. CasRuOs4 shows various quantum phenomena, as has been

demonstrated so far by adding a place outside element substitution or pressure.

The octahedral start to rotate around the ¢ —axis, out of their symmetrical positions
and as they are connected to each other by the basal oxygen atoms, neighbouring
octahedral start to rotation in the opposite direction which changes their periodicitiy.
This means that the a and b-axis become longer by a factor of 2 as the area of their

plane is doubled.

The constant [ wvalue over the metamegnetic transition suggests an A-type
antiferromagnetic ordering . This argument agrees with the scattering study and the
density functional calculation, both supporting an A-type antiferromagnetism with
ferromagnetic order within the plane. This observation is consistent with the fact that
the transition itself is a first-order transition, as indicated by the hysteresis in the

isothermal magnetization curve.

1.7.6 Fundamental Physical Properties of Ca,SrRuO,

The Ca series and Sr series exhibit entirely different physical properties. The Sr
series is metallic and tends to be ferromagnetic but the Ca series is both insulating and
antiferromagnetic. Such features strongly suggest that the properties of this (Ru)
series of materials are intimately correlated with the lattice degree of freedom.
Because orbit spreads out more than 3d electron system as for this series, an orbital

effect is thought about with important physics.

A study of CazxSrxRuO4 (0-x-2) carried out by Nakatsuji et. al. CazRuO4 can be
metalized by two kinds of method; one is filling control is to exchange from Ca ion(Ca2*)
to La ion(La3*), the other is band width control is although Ca ion (Ca2+= 1.184) and Sr
ion(Sr2+ = 1.314) are isovalent ions, difference in their ionic size leads to significant

difference in structural distortions in Fig 1.13[].
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The systems CagzxSrxRuO4, and CasxLaxRuO4 are the layered perovskite system and
isostructural to Ki2FO4. At low temperatures, the area for 0-x-0.2 has a Mott insulator
with antiferromagnetic ordering, the area for 0.2-x-0.4 has a metal and that is
paramagnetic, the area for 0.4-x-0.7 has cluster glass aspect. The point of x = 2
(SraRuO4) is spin-triplet superconductor Tc=1.5 K. At this point, Ca2xSrxRuOs has

multistage phase transition and orbital selective Mott transition shown in 1.14[].

1.7.7 Insulator-metal transition of Ca,RuO, and relations with the
electronic state (Ru 4d)

We examine the relation between the structure and electronic properties in
single-layered ruthenates. It has been known that the electronic phase stability of
CazRuO4 is governed not simply by the effective correlation energy U/ W, but also by the
orbital degeneracy of the Ru4* ts levels, both of which may abruptly change due to the
RuOg-octahedral distortions such as flattening, tilt and rotation [34,35]. In particular,
the Mott transition is mainly due to the Jahn-Teller effect that produces a change in the

orbital occupation associated with the flattening distortion [36].

4d Ru-oxides display versatile quantum phenomena in an external magnetic field.
(The integral effect of an external field has yet to be determined?) It does not yet reach
so that an effect of the external field is understood integrally. It is not suitable for
close parameter control as a technique to add disorder to a crystal in the element
substitution in particular. We choose an electric field for the method so it could control

the number of the carriers without adding disorder to the material.

From an electronic point of view, the Insulator-Metal transition in CasRuOs is
perceived as the change of the occupation and/or energy levels of the three nearly
degenerate Ru 4d tog orbitals (dxy, dyz, and di). In the insulator phase, two of four 4d
electrons occupy the lowest lying dxy orbital due to the rather short c-axis in S-Pbca
phase within the framework of a crystal field model [37,38]. On the other hand, in the

metallic phase, the energy level of dxy to dy. / dzx is inverted due to the elongation of the
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c-axis in L- Pbca phase. As a result, a hole is created in dxy state, which leads to the

two-dimensional conductivity.

A redistribution of the d electrons of such is nicely demonstrated by Mizokawa et, al.
on the basis of temperature- and angular-dependent x-ray absorption spectroscopy at
the O K-edge [39-41]. Taking into account the difference in the angular dependence
between the apical O 2p-Ru 4d-tz¢ bonding and planar O 2p-Ru 4d-tz¢ bonding , the
spectral weight-transfer within two pdun™ states can be elucidated by the change in the

numbers of holes in dxy (nxy) and dyz / dx states (ny, / nz).

The same or similar changes in nxy and nyz / nz are expected for the Insulator-Metal
transition induced by the E-field induced. The total electron yield method commonly
used for x-ray absorption spectroscopy measurements in soft x-ray region is, however,
inapplicable in an electric field-dependent x-ray absorption spectroscopy measurement

because of the deflection of electrons.
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Chapter2 Purpose of the Present study
In the present study, we set up the following purposes.

Insulator-Metal transition under the Electric-field

To investigate the switching phenomena, voltage-current (V-I) curves have been

measured by using two-probe and four-probe method for CazRuQ4 single crystals.

Crystal structure change under the electric field

In pure Ca2RuOs, the high-Temperature (7> 357 K) or high-Pressure (P> 0.5

GPa) metallic phase shows the structure called “L-Pbca”, with a weaker flattening
and as well as a weaker tilt and smaller volume than the low-Temperatume (T <
357 K) or low-Pressure (P < 0.5 GPa) insulating phase with the “S-Pbca” structure.
Thus, it is anticipated that the application of electric field to CasRuOs is
accompanied by the structural distortion to release the “flattening” (by the c-axis
expansion). To confirm the electric field induced structural transition, we
performed x-ray diffraction measurements for single-crystalline CasRuQO4 in E//c at

290 K.

By x-ray absorption spectroscopy and x-ray emission spectroscopy with electric field
induced CasRuQO4

A redistribution of the d electrons at the insulator-metal transition accompanied

by the structural change is nicely demonstrated by Mizokawa et al. on the basis of
temperature- and angular- dependent x-ray absorption spectroscopy at the O
K-edge. We curry out oxygen 1s absorption and emission spectroscopy using
synchrotron radiation x-ray to know a novel insulator-metal transition induced by
an applied electric field in the 4d-electron Mott insulator CagRuO,. In order to the
spectral weight shifts caused by the field. In this study, we therefore employed the
partial fluorescence yield method for x-ray absorption spectroscopy measurements
using a soft x-ray spectrometer, which was also applied to observe O K-edge x-ray
emission spectra [16]. The O K-x-ray emission provides information about pdm

*

states which are the counterparts of the pdm ™ states. The complementary
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measurements of x-ray absorption spectroscopy and x-ray emission spectroscopy

can give an insight into the electrical conducting properties of Ca2RuOs4.

CRM (Colossal magnetoresistance) under the pressured CazRuQO4

Pressure phase diagram is quite unique and different from that of the substituted
system. We reported that pressurization of Ca2RuO4 transforms it from an
antiferromagnetic insulator to a quasi-two-dimensional metal with a FM ground
state. We have measured in-plane magnetoresistance Ap,;, /p,,= [p.,(oH) — p,(0)] /
0.,(0) up to 14 T for CazRuO4 pressurized at 2 GPa.
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Chapter3 Experiments

In this chapter, I show the growth method of the Ca2RuO4 single crystal sample, the
Current-Volt characteristic measurement, the x-ray diffraction measurement, the soft

x-ray measurement, the setting method of the sample which went originally.

3.1 Single crystal synthesis

Here is shown about the growth method of single-crystal CasRuO4. The growth trip
greatly separated you and went in the following procedures. Weighting capacity and
mixed — first sintering — second sintering — single-crystal upbringing by the

Floating Zone method using manufacture [42].

The first, it is to make the polycrystalline (CasRui1+0.3304) rod. The polycrystalline
rods for the crystal growth are prepared by a standard soild-state reaction method. To
start with, CaCOs and RuOz compounds are cooked separately at 600°C for 12 hours to
get rid of moisture. Then, they are mixed, ground in an agate mortar and cooked at
1300°C for 12 hours.
2CaC0s3 + RuOz — Caz2RuO4(polycrystalline) + 2COz  (1-1)

To ensure a uniform mixing of these two materials, the mixtures are reground and
cooked again at 500°C for another 10 hours. After that, the mixtures are filled into a
clean cylinder-like rubber balloon and compressed under a pressure. The compressed
rod is then remove from the balloon and sintered at 1000C in Ar Gas for another 12
hours. For CasRuQO4, CaCOs and RuO2 mixtures, the rationis Ca: Ru:0=2:1.33: 4.
Because Ru has volatility at a high temperature, that increased RuQOg, to use Ru-rich
polycrystalline stick here.
0.33RuO2 + CazRuO4 — CazRu1.3304+ § (1-2)

The raw materials are CaCOs (99.999% by Rare metallic) and RuO2 (99.9% by Rare
metallic). In addition, in CaCOs, Na density was less than 60 ppm, and Fe density used
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raw materials of 4 ppm because it was known that a superconducting transition
temperature of SreRuQO4 decreased by mixture of the Na. Furthermore, the work had
rubber gloves to prevent mixture of the Na with the sweat. We do not use the appliances

such as metallic medicine spoons such as iron to prevent mixture of Fe in all processes.

3.1.1 Floating zone technique

Ca2RuO4 can also be synthesized by floating zone (FZ) technique using a NEC
SC-M15HD-SP image furnace. The furnace is a focus-heating furnace with rotary

double ellipsoidal mirrors as illustrated in Fig 3.1,2.

The rods used in the floating zone synthesis are about 4-6 mm in diameter and 4-5 cm
in length. The feed rod was hung from the upper shaft using Platinum wire, and the
seed rod was fastened to the sample holder on the top of the lower shaft. To start with,
tips of the feed rod and seed rod are brought together to the central focal zone, melted
and then connected to form a molten zone.

During the growing of the crystal, both the upper and the lower shaft move down
inside sealed quartz tube, driving the polycrystalline rod through the central focus zone.
The crystallization occurs as the molten zone of the materials move vertically away
from the central focal zone. At the end of the growth, the upper rod and the
crystallized rod are separated and the system is cooled down. During the growth, both
rods are kept rotating.

Single crystals are critical to material study, as they possess the most intrinsic
properties of the materials. However, synthesis of single crystals of complex materials
has been a deep challenge. In the following, we describe sophisticated procedures

developed during the course of our studies on the ruthenates.
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Fig 3.2 Schematic diagram of crystal growth by Floating Zone method

A smooth growth of the crystal is achievable by carefully adjusting the following
parameters: pressure of the gas, mixture gas ration, lamp voltage, main shaft speed.
Because of volatile RuO2 for temperature above 1100°C (ref), a Ru-rich feed rod is used
instead of a stoichiometric one. The excess RuO2 compensates the loss of RuOz at high

temperature.

In this furnace, each of these ellipsoidal mirrors is equipped with a halogen lamp
located at one of the focal points. The infrared rays emitted from the lamps are then
reflected by the gold-plated mirrors towards the other focal point, which is arranged to
sit at the center of these two mirrors. Generally, with two 1.5kW halogen lamps, the
ultimate temperature the apparatus can reach at the central focus zone is around

2050 °C.
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Figure 3.3 Crystal upbringing temperature and composition

The temperature at the central focus point can then be adjusted by tuning the power
of the lamps. With a transparent quartz tube, we can manipulate the growing
atmosphere, and at the same time observe the growing condition through a camera.
The furnace is also equipped with water-cooling system to prevent overheating on the
mirrors and the whole system. Composition slips off with a difference of slight
temperature in Fig 3.3.

One major advantage of FZ technique is its capability to grow large single crystals,
which may not be possible by conventional methods such as flux technique. The
diameters of the single crystals that can be grown by FZ technique are limited only by
the surface tension of the molten zone [43]. In any atmosphere, crystal growth using
the FZ method is in this way possible.

It is advantageous in that impurities do not get mixed because the FZ method does
not use a pot unlike the Czochralski methods who is the same fusion method. Usually

the crystals can be as large as 60 mg in mass and 4 X3 X1 mm3 in dimensionality.

In addition, Ca2RuQ4 collects causing structure phase transition with the volume of
5% expansion in 357 K during cooling process, and as for the single crystal stick, it is
with a small piece. A plate-shaped crystal with a (001) plane was obtained by
self-cleavage. The crystal size to be provided is ab plane 1~10 mm?2, c-axis 0.1~1 mm,

mass 1~10 mg degree.
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The crystal quality is checked with powder x-ray diffraction measurement and the
magnetic susceptibility. We used RINT2000 (by Rigaku) with x-ray diffraction (XRD)
measurement. This measured a single-crystal structural change. On the occasion of
impurities evaluation, Ca2RuQOy4 is opened on a glass plate uniformly by the above into
pieces and measured.

We check the lattice constant of crystal and the impurity element. The magnetic
susceptibilities of the Ca2RuOs are measured using the SQUID (Superconducting
Quantum Interference Device) with MPMS (Magnetic Property Measurement System)
by Quantum Design. The sample temperature can be precisely controlled from 2 K to
300 K. And a magnetic field as high as 5.5 T is achievable by applying current to
superconducting solenoid. = From each result of x-ray powder diffraction and
magnetization measurement, that the crystals are pure, no detectable foreign phase

such as CasRu207.

3.2 Pressured cell

We have two ways of the method to maintain pressure at low temperature and in the
magnetic field. One method is that increases weighting from the outside while I
change temperature and a magnetic field. Another one method is that beforehand
having added pressure at room temperature, and to clamp it for maintain pressured.

The former is cubic-anvil pressure device to change pressure at the time of the
measurement. It islarge-scale and an experiment is assigned to a limit. On the other
hand, we can measure a change of the pressure continually and can always estimate
accurate pressure level.

As for the latter is a clamp-type piston cylinder pressure device, it is to pressurize
beforehand method. It is possible downsizing and a combination with other measuring
equipment. On the other hand, we must examine pressure level with the

measurement because a pressure level changes by temperature dependence.

In this measurement, the size of the pressure cell includes a limit to use PPMS
(Physical Property Measurement System; sample space is ¢ = 24.5). We used a
clamp-type piston cylinder cell. It is made of MP35N alloy compounds and is double

structure.
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MP35N is nonmagnetic metal and has excellent compressive strength, tensile
strength, hardness, noncorrosive, by the alloy including Ni 35%, Co 35%, Cr 20%, Mo
10%. The structure can be realized with higher pressure in the two-layer type.
Maximum generated pressure of the pressure cell used in this study is 3.5 GPa at low
temperatures.

Pressures were generated with Daphne oil 7243 (Idemitsu Kosan Co., Ltd.) as a
Pressure-transmitting medium (ref 2009N-13). We pressurize with the oil-press (Riken

seiki Co., Ltd.) in this study and fix it with a piston. I speak below the procedure. (Fig
3.4,1.4)[44]
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Figure 3.4 Pressure cell for PPMS (left) for MPMS (right)
Schematic view of PPMS cell (under)
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*We put a pressure cell on a stand and place a pushing rod for pressurization on piston
backup.

*We tied an electrode terminal of sample to LR-700 to pressurize it while measuring a
change of the electrical resistance of sample.

*We pushed the pushing rod for pressurization with a press machine. A rod and a
press machine are careful to become perpendicular on this occasion.

*The Teflon cell in the pressure cell is pressurized and has a margin shrank. We clamp

two bolts as much as was tightened, and maintained pressure.

In this time, we enclosed Daphne oil 7243 as a pressure medium which solidifies in
about 3 GPa under room temperature. The electrode terminal is cut and the resting
hydraulic pressure characteristics are disturbed when we change pressure as the state
that the oil solidified. After it have pressurized, when we changed pressurize once after

warming enough the pressure cell with a dryer.

We pressurized until pressure to aim for repeatedly 3 or 4. We can estimate the
pressure in the pressure cell at the time of the pressurization from the indication of the

press machine. The conversion type is as follows.

Ppress X Spress = Peell X Scell

Ppress ; Pressure meter level of the press machine (MPa)

Spress ; The area of the cover pressurization part of the press machine (14.52 mm?2)
Peel ; Pressure in the pressure cell (GPa)

Scel1 ; The area of the cover pressurization part of the pressure cell

We can estimate the pressure in the pressure cell as wrote down in a foregoing
paragraph, but the true pressure in the pressure cell changes by the total condition of
the clamp bolt and the press machine with the value of the pressure meter. In addition,
the value of pressure at the low temperature becomes small than the value of pressure
at room temperature because the solidified pressure medium under low temperature
and high pressure is the volume decreases. The superconducting transition temperature
(T of lead is changed by the value of pressurization. We measured the interchange
susceptibility to estimate pressure Prr at the low temperature with a lead coil and
attached outside and inside of the pressure cell.

The conversion type is as follows.
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Pir [GPal = (Teo - Te®)/0.365
Prr; The value of pressure in the pressure cell at the low temperature
Te©0) 5 The superconducting transition temperature of lead under atmospheric pressure

Te®) ; The superconducting transition temperature of lead under pressure

As for the first-class superconductor such as lead and tin, when a superconducting
state is destroyed, the real part of the interchange susceptibility suddenly changes into
the conductor at that time gradually give temperature from a superconducting state (or
the time of lower temperature from the conductor that it is usual) and the transition

temperature. We can identify a transition temperature by this.

We attached a pressure cell to the tip of the cryostat in this study and demand a
transition point (temperature) by putting a pressure cell in liquid He4, and measured
the interchange susceptibility of lead coil the pressure cell inside and outside. We speak

below the procedure.

* We attached a pressure cell to the tip of cryostat and let it glue the thermometer
(Carbon Glass Resistance; Model CGR1-1500 by Lake Shore 2-300 K) and an outside
lead coil (a coil using copper wire of = 37 um) together. We took the heat contact
using N grease (M&I MATERIALS LTD) to coil and a thermometer of the pressure cell
and roll a copper sheet around a pressure cell, so that three temperature of inside lead
coil, outside lead coil, the thermometer are same, considered difference of temperature
of sample space and the pressure cell outside.

* We attached a pipe of the brass to surround a pressure cell and performed a vacuum
pull.

* Because heat conduction of the brass pipe worsened when a vacuum degree was too
high, I enclosed He gas after having performed a vacuum pull.

* We connected interchange resistance bridge LR-700 (LINEAR RESEACH CO;
frequency is 16 Hz), AVS48, digital voltmeter 2000 and measured some resistance of
Sample, inside lead coil, outside lead coil, the thermometer. We measured temperature
and the interchange susceptibility at the same time.

* We performed temperature adjustment by regulating the height of the rod.

* We measured the interchange susceptibility about the lead coils in the pressure cell

and an outside.
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We estimated the value of internal pressure of the cell at the low temperature by
these measurements. Because the transition temperature of lead sensitively changed by
pressure to understand from an expression in front, we measured in small space
neighborhood the transition point to get for more exactly transition point. In addition, it

was repeated several times and performed reproducible confirmation.

3.3 Pressured resistivity measurement under magnetic field

In this experiment, we used a piston cylinder type pressure cell to hold pressured at
room temperature. Where we attached two kinds of samples to make a clear difference
to be seen by the difference of the direction to apply of the magnetic field to a sample in
the inside of the pressure cell, one is the longitudinal magneto-resistance it is parallel to
the magnetic field direction and the current flowing through the sample (J/moH),
another is the transverse magneto-resistance it is perpendicular to the magnetic field

direction and current flowing through the sample (J//moH) in Fig3.5.

In addition, we have placed the Pb coil (Fig 3.6) used for the determination of applied

pressure at low temperatures.
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Figure 3.5 Magnetic resistance measurement setting
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Figure 3.6 Pb coil in Pressure cell

We performed some terminal for electrical resistance measurement. 4 terminals
method was used for the measurement of the electrical resistance. But in this study, we
attached 6 terminals in consideration of the damage of the terminal with the
pressurization. We made gold evaporation in an adhesion side to attach a terminal.

We may not be able to measure the electrical resistance exactly when we attach with
the terminal at the upper (bottom) of the missing sample. The reason for the structure
of CazRu0yz4 is the layered and the thickness of a few u m, they mounted. Therefore, we
performed vapor deposition of the Au on the side of CasRuO4 for the electrical resistance
measurement.

In addition, the voltage terminal was connected to the place inside than a one-third or
less of the long side, this is because to get a stable electric current. If a terminal is

attached towards the edge of side, an electric current becomes easy to be confused.

Au thin-films with sub-micrometers thickness are formed on the fleshly cleaved
(001)-surface by using a gold sputtering technique (ULVAC QUICK COATER) at 4 mA
for 30 minutes to ensure good contact points. The gold sputtering reached by each three
times both the top surface and the base of sample.

We cooled enough Ca2RuQ4 after having evaporate once and the next, because it
caused structure phase transition in 375 K and was broken. We measured a size of
Sample and position of the gold evaporation to calculate it in specific resistance.
Longitudinal resistance ; Voltage terminal (3-4) S/1=19.0X 104, Voltage terminal (5-6)
S /1= 20.2X10* Transversal resistance ; Voltage terminal (3-4) S /1 = 95.1X10-4,
Voltage terminal (5-6) S/1=81.0 X104 Unit of credit.

Magnetic-resistance was measured by a standard four-probe method under P up to 4
GPa and fields up to 14 T by using a physical properties measurement system Quantum
Design, model PPMS equipped with a homemade nonmagnetic clamp-piston-cylinder

cell in fig3.5. We measured two kinds of the longitudinal resistance (J L o0 H) and
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the transversal resistance (J// u oH) using AC Transport Mode at the same time.

The magnetic field dependence fixed temperature with 2, 4, 6, 7, 8, 9, 10, 12,
14, 16, 20, 25, 30, 50 K, and we changed magnetic field to 100 Oe/sec in 0~10 T and
50 Oe/sec in 10-14 T. The temperature dependence fixed a magnetic field with 0, 3, 5,
7.5, 10, 14 T, and we changed temperature to 1 K/sec in 2-300 K. Pressured C2RuQO4 has
Insulator-Metal (Mott) transition was in approximately 100 K and large change of
magnetic-resistance in the low temperature side (less than about 40 K).

We made a small temperature interval of the measurement point around those
temperatures. The measurement point at magnetic field 0 T draws hysteresis from a
state of zero field cool both temperature-dependence and magnetic-field dependence.
Therefore, we compare it with other data, which we do the magnetic field in 0 T after

having run the magnetic field of number temperature once (field cool).

Shown in result is the field dependence of the resistivity for the c-axis (inter plane) o
¢ for T= 2K and under pressured P=2 GPa with B // a-axis. For the B // a-axis (magnetic
easy axis), pc shows an abrupt drop by an order of magnitude, corresponding to the
first-order metamagnetic transition leading to the spin-polarized of ferromagnetic
state with a saturated moment Ms of 1.8 1 B/Ru or more than 80% polarized spin. For
the B // c-axis (magnetic hard axis), there is no spinflop transition and the system
remains antiferromagnetic. As magnetic field is increased further from 0 to 12 T, p ab
and p cincreases linearly with magnetic field.

The resistivity reduction achieved by this metamagnetic transition can be associated
with a tunneling magnetoresistance. Because of the layered nature, the insulating Ca-O
plane and the spin-polarized Ru-O ©planes from the ferromagnetic—
insulator-ferromagnetic junction which facilitates coherent motion of the electrons
along the ¢ -axis. The magnetoresistance mechanism is similar to the traditional

magnetic materials like the Fe/Ge/Fe multilayers.

3.4 The voltage-current properties measurement at room
temperature and low temperature

At first, we measured the voltage-current characteristics by two-point-probe method

to estimate the threshold electric field (Fw) that we checked whether the
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insulator-metal transition was induced by an electric field. It is necessary to remove an
outside effect as much as possible to find the accurate value of the threshold electric
field. Therefore, we speak the experimental method that a measurement circuit and to
estimate a threshold electric field.

Next, in the state that held metal by an electric field, we measured the temperature
dependence of the electric resistance. It is extremely difficult to lower temperature with
holding metal-state. we speak a method to hold metal of Ca2RuO4 stably, and to lower
temperature.

The voltage-current properties were measured by applying standard two-point-probe
technique and four-point-probe technique. The transport property measurement is
carried out with a TR6143 (The power supply by ADVANTEST). It can carry out Max

voltage; 110V, Max current; 2A with ammeter.

When four probes, furthermore, we used a digital volt meter (KEITHLEY 2000).
Four-point-probe technique is chosen over a two-point-probe method because
four-point-probe technique eliminates the probe resistance, contact resistance. As
illustrated circuit diagram in Fig 3.7, two (four) probes are brought into contact with a

tested sample at known distance and geometry.

two-probe Load Resigance
(0~100Q2)

=]
Voltagesource

sample

four-probe KEITHLEY2000

Locad Resigance
(0~1000Q2) sample
WV -

ol

b N
boltagesource

Figure 3.7 Illustrated circuit diagram for 2,4 probe
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In addition, it is measurement in the state that we dipped the sample into in
insulating oil (Dafney oil 7243) and nitrogen gas. It went to avoid the fever of the
sample and the electronic whom-like breakdown by the weak point of the sample
surface.

The terminals were performed charge account of the sample like a foregoing
paragraph. Gold electrodes were sputtered on both ends of the sample and then twisted
gold wires with diameter of 25 1 m were attached to them by silver paste (EMERSON
& COMING ECOBOND56C). To make a solid contact between the probe and the sample,

silver paste is used as glue to attach lead to the sample.

Since the studied crystals, C2RuO4 has highly anisotropic and has cleaved surface. We
have to special attention for Ca2RuOs+ when putting the leads on the samples. We
minded the installation of the electrode (gold evaporation and gold wire). Particularly,
the measurement of the ab -plane may not measure partial electrical resistance when
we attach a terminal (probe) from upper to bottom aspect. Therefore we performed Au
vapor deposition on the whole side and did it with a terminal surface for the electrical
resistance measurement. The shape of sample is formed that dimension is d; 1X102 ~3
X101 ¢cm, and square is S ; 5X104 ~2! cm? in Fig 3.8. In single crystal Ca2RuOg,
thickness is very thinly with of dozens n m for c-axis lamellar structure .

Then, we speak how to the temperature-dependent measurement of the electrical
resistance in the metal state under electric field. In this study, we measured
temperature dependence by letting the rod which I attached a sample for 2 terminals
method measurement to go up and down in liquid-He-Dewar. In addition, we used for a
thermometer "Cernox-Cx-1050-AA". The thermometer resistance was measured an

interchange resistance bridge (AVS-46 by RV companies).
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The sample
which | took out of FZ furnace.

Gold evaporation

Figure 3.8 Electrode manufacture process

At first, we applied an electric field in a top of He-Dewar, and a sample become metal.
Insulator-Metal (Mott) transition comes to have a big threshold electric field in low
temperature, and this is to prevent the destruction of the sample by a large electric
suddenly current flow when it became metal. After metallization, we lowered
temperature at 2 K/min, but electrical resistance increased suddenly and may become
unstable. We amplify an electric current with lowered temperature each time while
maintain a metal state. After the sample temperature was confirmed at 4.2 K and the

electrical resistance was stable, we reached the measurement.
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3.5 X-ray diffraction measurement

The knowledge of crystalline structure is essential for an understanding of the
physical properties of materials. X-ray powder diffraction is one of the methods that
have been widely applied in condensed matter physics to study crystalline structure.
X-ray is in fact electromagnetic radiation with wavelength around 1 A.

Since that wavelength is comparable with the size of an atom, they are used to
explore within crystals. The diffraction pattern of x-ray reveals critical information
about the structure of the materials. Positions of the peaks determined by the Bragg
law reflect the crystal structure. The combination of peak positions and the intensity is
unique for different types of crystal structures.

X-ray diffraction profiles at room temperature were measured with CuK «
radiation (1 =0.1542 nm, 30 mA, 40 kV ) on a RINT2000 diffractometer. The data were
collected in a step-scanning mode over the 20 range of 5° -2 0 -135° . The step width
and step time are 0.02° and 1 sec, respectively. The samples were well ground, and
then were put on the glass holder in measurement. The crystal structures of sample

were determined by the Rietveld analysis method.

The key procedure that determines the success of this experiment is to find the x-ray
diffraction measurement under the electric field. There are three important
characteristic points. First point is the sample size and it is the irradiation direction of
the x-ray. In this study, x-ray diffraction apparatus used was the originally powder
sample measurements.

However, we performed experiments using a single crystal to measure the change in
the crystal structure while applying an electric field was essential. Therefore, by using
the fact that cleavage plane direction between c-axis which is one of the features of
CazRuO4, commensurate with the size of the sample holder for powders, and was
measured by processing the sample thickness 0.1mm. The measurement is performed in
an arrangement utilizing this characteristic it has become possible to measure
indicating the c-axis length (002) direction. The change in the c-axis length of the by
chance an important position in the Insulator-Metal transition which that accounting

has been reported in studies in external field under such pressure and temperature.
Second is the shape of the terminal. Initially to measure Insulator-Metal transition

by an applied electric field in CagRuQy, in order to be applied electric field uniformly to

the entire crystal, the shape of the gold deposition to serve as an electrode surface has
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been applied widely as possible in the whole of the voltage induced surface of the sample.
However, the x-ray diffraction spectrum of the sample cannot be measured gold
deposition is overlap in the x-ray irradiation position.

It was devised so as not to perform the gold deposited on the center of the ab-plane
corresponding to the x-ray irradiation position. As a result, we made a ring-shape
(donut-like shape) of the electrode and another is full filmed in fig3.9.

Last point is the fixed method of the sample. The sample with the gold wire was not
glued to the glass plate with something varnish like, it is because we did not want to put
the effect that prevents to self-distortion from the external environment. In a past study,
it was showed so far that CasRuO4 has the change of the lattice parameters to the
a,b-axis when Insulator-Metal transition under pressured and

temperature-dependence.

So we measured of x-ray diffraction under the electric field, the sample of single
crystal is keeping flexibility. Fixing neighboring the gold wires to the glass plate
without itself fixing to the glass plate by varnish. And, the gold wires are then attached
to the probe leads with silver paint. I enabled the x-ray diffraction measurement under

the electric field in equally to a sample.

Lead wire
[to Voltage/Current source]

Au wire

Glass plate

Figure 3.9 Schema of electric field induced single crystal x-ray measurement.
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The sample was placed on this center part of the glass plate. We put the single crystal
with the terminal on the glass plate for powdery x-ray measurement. The set of the
sample performed x—ray measurement at the same time to apply an electric field by an
outside power supply. And x-rays irradiated area was set c-axis direction for the
structure transition with the metallization of Ca2RuQO4 because the c-axis head showed
it conspicuously. Cleavage characteristics seemed the c-axis in Ca2RuO4, and a sample

was attached to a glass plate to have cleavage planes in the c-axis direction.

3.6 Soft x-ray measurement

Both x-ray absorption spectroscopy and x-ray emission spectroscopy at the O K-edge
were measured on the linear undulator beamline 2C at the Photon Factory of the High
Energy Accelerator Research Organization (KEK-PF), Japan. Here, a varied line
spacing plane grating with an averaged groove density of 1000 lines/mm is used to
monochromatize the soft x-ray beam [45]. The beam spot size on the sample was 1 mm
in diameter and the energy resolution of the incident photon was ca. 0.1 eV.

The spectrometer used for the partial fluorescence yield method for x-ray absorption
spectroscopy and x-ray emission spectroscopy measurements was installed at the end of
the beamline [46]. The base pressure of the chamber was on the order of 10-¢ Pa. The
angle between the incident and emitted x-rays (scattering angle) was fixed at 90° . The
x-ray incident angle during the electric field-dependent measurements was 45° with
the polarization vector lying in the ab plane. We turned CasRuO4 around at the incident
angular dependent spectra.

This is the polarized configuration in which the emitted photon contains the same
polarization vector as that of incident photons [47]. The scattered x-rays were
monochromatized with a grating that had a groove density of 1200 lines/mm and their
energy resolution was ca. 0.5 eV. The O 2p-1s fluorescence (O K) was then collected
using a 2-dimensional multichannel detector.

The partial fluorescence yield method for x-ray absorption spectroscopy spectra
were obtained by changing the incident photon energy h v from 522 to 565 eV, while
the x-ray emission spectroscopy spectra were obtained with hv fixed at 536.1 eV. It
should be noted that the relation between the polarization vector of the incident photon
and the crystal axes is more important rather than the configuration of the polarization

in our study.
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The angular dependent spectra were collected with polarized and depolarized
configurations. X-ray absorption spectroscopy and x-ray emission spectroscopy spectra
taken for the incident angular 0 varying between 20° and 60° , 0 is the angle
between the surface parallel and the incident x-ray beam. The incidence angle of the
soft x-ray was about 30-70° to avoid the self-absorption effect. The x-ray absorption
spectroscopy and x-ray emission spectroscopy were measured at "depolarized" and
"polarized" configurations.

When the x-ray absorption spectroscopy was measured in the depolarized
configuration, the polarization vector of the emitted photon rotates by 90° from the
polarization vector of the incident photon. On the other hand, when the x-ray absorption
spectroscopy was measured in the polarized configuration, the polarization vector of the

emitted photon contains the same polarization vector as that of the incident photon.

The sample holder of applied electric field was connected the two blocks of cupper,
highly insulated alumina, and played the role of the electrode with performing at a fixed

sample.

3.6.1 Sample evaluation of the on site

The voltage-current (V-I) characteristics were measured in situ during the
spectroscopic measurements with a two-probe method using a DC voltage-current
source/monitor (ADVANTEST, TR6143). A 100 Q load resistance was connected in
series to prevent short-circuit damage at the Insulator-Metal transition. The electric
field was applied parallel to the ab plane. For each Voltage-Current (VI) condition,
approximately 1.5 hours were required to obtain one set of x-ray absorption
spectroscopy and x-ray emission spectroscopy spectra, and therefore, the current-control

mode was used to ensure long-term stabilization.
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Chapter4 Result and Discussion

In this chapter, I report a result of Ca2RuO4
+ Impurities evaluation of the sample
- Magnetic resistance measurement under the pressure
+ Voltage-Current properties under the electric field in room temperature
+ Lattice parameter under the electric field by x-ray diffraction measurement
- Electric state under the electric field by soft x-ray absorption and emission

measurement

4.1 Sample evaluation

In the single crystal of CazRuQO4 by the Florting-Zone method, CasRuz207 is generated
at the same time and may become the impurity. The sample was confirmed by the
magnetic measurement and the powder x-ray diffraction measurement which is not
included in impurities (CasRu207, Ru et al). We show the powder x-ray diffraction

measurement in fig4.1.

— 's,ingle c;'ystal_
------- poly crystal

Intensity (arb.units)

0 20 40 60 80
26 (degree)

Figure 4.1 The powder x-ray diffraction in CazRuO4
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Figure 4.2 Magnetic susceptibility

We also confirmed a single phase of CazRuQO4 from powdered crystals. Using an
orthorhombic symmetry with space group Pbca, we are able to estimate the crystalline
lattices to be a =5.41&, b =5.50A and ¢ =11.94A. We notice that the impurity phase such

as CasRu207 is not absent in the diffraction patterns.

We show the temperature dependence of magnetic susceptibility from 2 to 300 K in fig
4.2. No data of magnetic phase had been shown. To compere this sample and to have
been showed, we do not have impurity, it is small so as to be able to ignore it. It is

cleared that the sample is pure by p 0~3 1 Qcm in the metallic state at high pressures.

4.2 Pressured resistivity of Ca,RuQ,4 under the magnetic field

In contrast, pressure (P), phase diagram is quite unique and different from that of the
substituted system. It 1is reported that the Ca2RuOs is transformed to a
quasi-two-dimensional metal with a ferromagnetic ground state from antiferromagnetic
Mott insulator by pressurization at 0.5 GPa. We have measured in-plane

magnetoresistance MRapabis up to 14 T.
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The longitudinal MRL-MR : JoH: and the transverse MRr -MR : JoH. at several fixed
temperatures between 50 and 2 K are plotted against magnetic fields. Respectively.
Application of magnetic field up to 14 T enlarges the longitudinal- magnetoresistance
negatively and monotonically over the whole temperature range we measured. The
longitudinal resistance (J L 1 o H) and the transversal resistance (J// 1 oH).

On heating from 2 K, the amplitude of the negative longitudinal- magnetoresistance
continues to rise from 7% at 2 K and 14 T, reaching a maximum of 55% at 10 K of Tt,
then it turns to decrease. Moreover, the negative longitudinal- magnetoresistance curve
turns from concave to convex one in the vicinity of Tc¢ 10 K. It can, thus, be seen that the
negative magnetoresistance effect becomes remarkable at Tc.

On the contrary, the magnetic field variation in the transversal- magnetoresistance is
mainly positive but relatively complicated magnetic field and temperature variations.
At 2 K, the transversal- magnetoresistance rises positively and monotonically, peaking
at the maximum of +120% in 9.7 T, and then it turns to reduce. We note that the value
of +120% at 2 K and 1.9 GPa is the largest effect in the temperature and pressure
ranges we measured in Fig 4.3.

Such a large magnetoresistance is actually rare among positive than negative effect.
With temperature, however, the amplitude of the positive the transversal-
magnetoresistance reduces, and then the sign turns from positive to negative in the
vicinity of Tc. Above 30 K the amplitude becomes quite small, similar to the
longitudinal- magnetoresistance. The characteristic peaks were observed at magnetic

fields of 9.7, 9.4, 8.9, 8.6, 8.4, and 7.4 T for T=2, 4, 6, 7, 8, and 10 K, respectively.

Thus, the peak decreases gradually and vanishes suddenly above 10 K of Tc. Thus,
the peak nature is most probably related to the ferromagnetic ordering. In order to
display the complicated magnetoresistance nature intelligibly, the changes of
longitudinal- magnetoresistance and transversal- magnetoresistance at 3 T are plotted
as a function of transversal- magnetoresistance.

With reducing temperature from 50 K, the longitudinal- magnetoresistance enlarges
negatively, reaching a peak of 30% in the vicinity of T¢= 10 K, then it decreases rapidly
toward zero at absolute zero. Qualitatively similar magnetic field and temperature
variations in longitudinal- magnetoresistance can be seen in a typical ferromagnetic
metal such as nickel in the vicinity of Tc. This behavior is interpreted in terms of a
change in the ferromagnetic spin fluctuation, which is suppressed in the vicinity of T¢

with magnetic fields.
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Figure 4.3 Magnetic resistance under pressure
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We can, therefore, understand the observed nature of longitudinal -
magnetoresistance as a typical ferromagnetic behavior near Tc¢. In contrast, the
transversal- magnetoresistance nature, especially T dependence, remains puzzling. On
cooling from 50 K, the transversal- magnetoresistance increasing positively and weakly
dips suddenly into the negative value of 8% on the border of Tc . Below T¢ it rises again
toward 40% at 2 K.

On the analogy of magnetoresistance of nickel, the negative dip at Tc¢ appears
naturally in both colossal magnetoresistance and longitudinal- magnetoresistance. That
is, the dip in the transversal- magnetoresistance is most likely due to the same origin as
seen in the longitudinal- magnetoresistance. It is generally known that a resistance
caused by magnetic scattering obeys the Matthiessen rule; therefore, the transversal-
magnetoresistance excluding the ferromagnetic fluctuation effect is obtained after
subtraction of the longitudinal-magnetoresistance from the observed transversal-

magnetoresistance,

4.2.1 Collosal Magnetic Resistance

Collosal magnetic resistance is let us consider the reason why application of Hc¢ only
causes the characteristic changes in the resistivity. We infer that the characteristic
magnetoresistance nature is due to a change in the magnetization, namely, the
magnetic scattering. Indeed, the characteristic magnetoresistance has mainly been
observed in the ferromagnetic state only.

Recently we show that the ferromagnetic moment is strongly anisotropic; that is, the ¢
axis is the hard direction. A comparison of the anisotropic magnetization processes at 2
K and 1.8 GPa gives us Ha 9.5 T of the anisotropy field, at which the direction of the
spin orientation is forced from the a-axis to the ¢ -axis by applying H.. Here we note that

H4 9.5 T corresponds to the peak field of the transversal- magnetoresistance.

Indeed, a change in magnetoresistance at 0 Ha has often been reported as a
characteristic nature of a ferromagnet. That is, a rotation of ferromagnetic moment is
known as a factor for a change in magnetoresistance. In our transversal -
magnetoresistance case, the current and fields are applied perpendicular and parallel to

the hard direction of the c axis, respectively.
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With applying Ha, the angle between the magnetized and the current directions
initially increases, then it becomes a right angle above Ha. At Ha, such a change in
magnetization is naturally reflected in the transversal - magnetoresistance. In contrast,
the longitudinal- magnetoresistance shows no characteristic change because the
application of He induces no characteristic change in the ferromagnetic moment.

It, thus, can be seen that the anisotropic magnetoresistance is interpreted in terms of
anisotropic magnetization, namely, spin flop induced by fields applied to the hard
direction of ¢ However, there remains a question why the transversal -
magnetoresistance shows positive and giant magnetoresistance effect. We can fully
expect that our finding of the positive and giant magnetoresistance effect is interpreted
in terms of the tunnel magnetoresistance effect although there is no direct evidence to
confirm this so far.

It is known that the tunnel magnetoresistance effect, which can often cause a large
and positive magnetoresistance, occurs in magnetic tunnel junctions consisting of
ferromagnet isolated by thin insulators. Electron tunneling between the isolated
ferromagnetic islands can occur in the case that the insulating layer is thin enough.
Moreover, an angle dependence of magnetoresistance is known as a characteristic

behavior of the tunnel magnetoresistance.

In the pressurized Ca2RuQOs4, the ferromgnetic metallic phase is induced and enlarged
by pressurizing above 0.5 GPa, then it is dominant above 1.5 GPa. Indeed, the linear
extrapolation of pressuring the S-Pbca volume fraction vs Pressure suggests that the
S-Pbca insulating phase is almost killed by P=1.5 GPa. Moreover, pressurization above
1.5 GPa kills TN and makes it possible to reach the remnant ferromagnetic moment as
a bulk system the ferromagnetic moment is almost constant above 1.6 GPa, as indicated
by our magnetization 10 and SR studies.

However, the resistivity still shows a nonmetallic T dependence even above 1.5 GPa.
These mean that there exist many of the ferromagnetic metallic islands separated by
the thin insulating layers in the mixed state. Moreover, we can fully expect that the
magnetic tunnel junctions be naturally formed in the mixed state.

As shown in Fig 4.3, magnetic resistance under 1.3,1.9.2.1GPa, with pressurizing
above 0.5 GPa the positive and giant magnetoresistance effect is initially enlarged,
reaching a maximum value of +120% at 1.9 GPa, then reduces rapidly and vanishes in
the metallic state above 2.3 GPa. Thus, the positive magnetoresistance effect is
characteristic of in the mixed state. We, therefore, infer that the positive

magnetoresistance is due to the tunnel magnetoresistance effect, namely the tunnel
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junctions consisting of the ferromagnetic metallic islands L- Pbca isolated each other by
the thin insulating layers S- Pbca.

The tunnel magnetoresistance effect is actually a strong candidate for the mechanism
of the peculiar magnetoresistance in the mixed state, but it is not enough for full
understanding of our observed magnetoresistance effect. As another factor enlarging
magnetoresistance, we should discuss the [orbital physics], which is proposed to
understand the peculiar properties of Ru214 in the vicinity of Mott transition, specially
the [orbital-selective Mott transition]. We focus on two evidences indicating importance

of strong coupling with spin, charge, and the orbital degrees of freedom.

First, we pay attention to the value of Ha, which is known as an indication of
spin-orbit coupling. Ha = 9.5 T is one of the largest values as a d electron ferromagnet.
Even for a typical anisotropic ferromagnet of Co with Ha = 1 T, the orbital angular
momentum plays a key role to understand the strong magnetic anisotropy. Thus,
importance of the orbital physics is demonstrated by the strongly anisotropic
ferromagnetism of the pressurized CasRuOua.

Second, we note that the large negative magnetoresistance is not limited in the mixed
state. The negative longitudinal-magnetoresistance reaching 50% have been observed
in the paramagnetic region above Tc¢ and the metallic state above 2.3 GPa. It is known
that magnetoresistance in 3d ferromagnetic metals shows the qualitatively similar
temperature and magnetic-field dependences, especially negative dip in the vicinity of
Tc although the amplitude of magnetoresistance is a few percent at the most.

The amplitude of the magnetoresistance in Ca2RuOy is too large to explain in terms of
simple magnetic scattering as is the case with 3d ferromagnetic metals. We deduce that
the orbital physics, namely strong spin-orbit coupling, amplifies the magnetoresistance

due to magnetic scattering.
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Figure 4.4 Transverse magneto resistance of each pressure in 2K
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Fig 4.5 pressure dependence (MAX[2K,9.7T] of transverse magneto resistance)

I settled pressure dependence of the magneto resistance in Fig4.4,4.5. It is thought

that a peak of the equilateral wide reluctance may become maximum in 1.7~1.8GPa.
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4.2.2 Temperature dependence of magnetic resistance

It is shown the temperature dependence in each magnetic field such as 3, 5, 7.5, 10,14
T under the pressure of 1.9 GPa in Fig4.6. When the value of the longitudinal
magnetic-resistance lets temperature descend, it is decreases equally towards Tc. After
having taken the minimum in Tg, it is increases immediately.

The change volume of transverse magneto-resistance is small wide temperature drop.
I decline that a rise is Tc afterwards and slightly from T¢ takes the minimum in a high
temperature side and it is less than Tc¢ and suddenly rises. It rises in the slightly high
temperature side from T¢, further declines afterwards to take the minimum in Te. It is
suddenly rises at less than Tc¢. In temperature dependence, as big difference with the
measurement in magnetic field dependence, it makes a peak towards Tc¢ with the
longitudinal and transverse magneto-resistance.

I show difference of the longitudinal and transverse magneto-resistance in Fig4.7.
The sharp peak is disappear near Tc. Magnetic resistance is increases to go to low
temperature. It shows the max value under 10 T at 2 K. Compare with magnetic field

dependence, it is compatible with the transverse magneto resistance at 8 ~ 10 T.
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Figure 4.6 Temperature dependence in each magnetic field
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4.2.3 Compare with magnetic resistance and magnetic
susceptibility

In Fig4.8, () A magnetization curve to apply below magnetic field to a -axis and ¢
-axis at 1.8 GPa in 2 K (II) Magnetic field dependence longitudinal and transverse
magneto resistance at 1.9 GPa in 2 K. From magnetization curve (I), I made clear that a
-axis i1s easy magnetization axis, ¢ -axis is hard magnetization axis in Ca2RuQOa. I
determined the anisotropic magnetic field at 9.5 T by the point that accords of the
magnetic susceptibility of easy magnetization axis and hard magnetization axis
magnetic. A value of the anisotropic magnetic field (9.5 T) accords with the peak of

transverse magneto resistance field (9.7 T).
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The anisotropic magnetic field under the pressure of 1.9 GPa of Ca2RuOs4 was
identified as 9.5 T as demanded. This anisotropic magnetic field understands the thing
that is remarkably bigger than other materials in Table 4.1. The anisotropic energy can
be demanded using this anisotropic magnetic field and value of the natural

magnetization of the magnetization easy axis.

Anisotropic magnetic field (T)

Ca2Ru0Os4 9.5
Co 1.04
Fe 0.049

Table 4.1 Anisotropic magnetic field

64



An anisotropic magnetic field showed 9.5T (a very big thing) and assumed
anisotropic energy 100kd/m3 in 3-3 and 4. It is show the anisotropic energy of a
representative material in Table4-1. The anisotropic energy has the enough size that it
ignores in comparison with other materials. It is understood that there is magnetic
anisotropy.

The Ru is 4d electron system, and it is reported to Ca2zRuQO4 oneself so far that a
journey is ferromagnetic. Judging from these two points, there cannot be the magnetic
anisotropy. We were able to show magnetic anisotropy with clear size in this study so
much. It is very rare, the consideration is necessary that included the new concept such
as the orbital effect, mott transition, strong correlation electron system. It has not yet
understood it, but will be the fact that is interesting as understanding to a new material

in future.

4.3 The effect under the electric field

Fig4.9 shows changes in Current at 295 K as a function of Voltage. With increasing
Voltage along the ¢ -axis, Current first rises linearly at a rate indicating nonmetallic
conduction of ~60 Qcm, but then jumps discontinuously from 18 to 700 mA at 0.8 V,
indicating switching, and is followed by an increase at a rate indicating metallic
conduction of ~0.4 Qcm. Surprisingly, the threshold value E,; ~ 40 V/cm for E j/ ¢ is far
smaller than our expectation of ~ 4 MV/cm. We typically obtained E, ~ 50 V/em for £ |

¢ Thus, the value of the E,; is almost independent of the electric field direction.

With reducing Voltage, Current decreases with the metallic slope. However, Current
vanishes abruptly at ~ 10 V/cm because the sample breaks into pieces (single crystalline
CazRuOy4 disintegrates not in the process of the insulator-to-metal transition but in the
metal-to-insulator transition. Thus, the electric field induced disintegration occurs only
in the decreasing voltage process at E < E,). Until this disintegration occurs, the
Voltage-Current curves show a large hysteresis indicating a first order Mott transition

[34,35] during voltage sweeps.
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Figure 4.9 Voltage-Current characteristics were measured two-probe method
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This value is very low number by comparison that other Mott insulators show FEin is
kV/ecm~ MV/cm order. In addition, Vih shows a dry-cell battery voltage, it mean that
CazRuO4 could be applicable to a low power consumption device.

It should be noted that Joule heat generated at the sample is rather diminishing due
to the rapid decrease of the sample resistance in CagRuQO4. The sample temperature has
to be stabilized at same temperature with the air. The electric field induced is slow
enough to allow the sample temperature to become uniform yet fast enough to lose heat
from the single crystal sample to the heat bath.

The Experiment reached in the helium gas and oil and air. As for the "dielectric
breakdown" to happen in a low electric field, there are usually many "snow slide"
phenomena to produce with non-homogeneity such as impurities or the surface.
However, it is thought that there is not the "dielectric breakdown" (Insulator-Metal
transition) of Ca2RuO4 by the electric discharge phenomenon by superficial "snow slide"
and impurities, even if we think in conjunction with high purity in the sample
evaluation.

The argument about the Joule heat performed by the experiment of the direct
observation experiment using the radiation thermometer and to attach a thermometer
to in the case of applying it went the electric field by the cooperation of the Yamagishi et
al.[48]. As a result, it is reported that the "dielectric breakdown" (Insulator-Metal

transition) by the electric field is not a thing due to a temperature rise (heat
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phenomenon).

Voltage-current characteristics were measured with a four-probe method in Fig 4.10.
As a result, where Vih showed the value that was lower than the measurement of
two-probe method in Fig 4.9. In addition, the voltage-current characteristic after the
metal phase showed the linear nature. Next, we show voltage-current characteristic by

current control method in Fig 4.11.
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Figure 4.10 Voltage-current characteristics were measured with a four-probe method
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Figure 4.11 Voltage-Current characteristic by current sweep method



Current sweeps method shows a equivalent Vin with Volatege sweeps method, it
shows Negative Differential Resistance. Negative Differential Resistance is generally
observed when a dielectric breakdown happened for an electrode perpendicularly (e.g.,
into a filament form).

Negative Differential Resistance could be observed when the electric field induced
both of ab -plane and c¢ -axis. This suggests that it is a characteristic as the whole

CazRuOy, it is not the special phenomenon of the direction in the cleavage planes.

We show that simple Joule heating is negligible from the following three pieces of
experimental evidence: Firstly, there was no appreciable change in temperature of the
sample during voltage sweeps; secondly, the switching is also induced by applying only
one tiny electric pulse such as Vi, ~6 V and I~ 20 mA for the duration of 100 ms. In this
switching, the total power of ~12 md is fed into a sample in contact with a heat bath.
Even if the sample absorbs all the heat, the possible temperature rise of the sample (2.5
mg) is less than ~ 7 K. Thus, the actual temperature should remain much less than Ty
=357 K.

Lastly, the voltage current curves obtained for different duration time are shown in
Fig 4.12(left) in order to characterize the amount of heat needed to induce switching.
Total heating Q,, at a threshold point is plotted as a function of the duration time in Fig
4.12(right). Q, rises almost linearly with the duration time, in sharp contrast to
constant Q, expected for a heating-dominated case. Thus, our switching phenomena
cannot be interpreted in terms of a Joule heating.

Total heating Qth at the switching threshold estimated by Qth = ¢ Vth(t) Ith(t) dt in
an adiabatic model plotted as a function of duration time. The almost linear increase of
Qth with duration time gives clear evidence that the switching is not dominated by

heating. The solid line is guide for the eye.
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Figure 4.12 (left) The switching curves for pulse application EHc with a different
duration time. The threshold Vth and Ith are defined from the maximum voltage in the

IV curve. (right) Total heating Qth at the switching threshold estimated.

4.3.1 The model of insulator-metal transition under the electric field

We, next, consider whether the switching in CagRuO4 occurs in local or in bulk. As
discussed in the development of switching into the resistance RAM, many of switching
phenomena in insulating oxides have successfully been interpreted in terms of local
switching. Two kinds of local-switching models have recently been proposed: one is due
to formation of a filamentary path as seen in highly insulating oxides such as NiO[49],
and the other is due to interface-resistance switching as seen in relatively conductive
perovskite-oxide insulators[50]. In the case that switching occurs locally, the size effect
on resistance and threshold voltage should be different from that in a bulk switching
case. To inspect this point, we examine the voltage-current curves obtained by using a

four-probe method for the samples with different sizes and shapes.
We show three models of the dielectric breakdown in solid,

1; Avalanche Breakdown (electric snow slide),

69



2; Zener Breakdown (electron emission field breakdown),
3; Joule heating (heating breakdown)
I argument to the threshold value of electric field (i ~40 V/em).

1, Avalanche Breakdown
Avalanche Breakdown is a breakdown by the multiplication of the electron density by
the collision ionization in the solid. In addition, it is a model that the pass of the electric
current appears in a solid material for a snow slide and produces conduction like
another name. Therefore it remains in a small portion to a metal state in samples.
However, it was revealed that it was accompanied by a change of the x-ray diffraction
in the breakdown of Ca2RuOs. It is clear that this breakdown (insulator-metal

transition) is the bulk transition.

2, Zener Breakdown

Zener Breakdown is an electron goes through from valence band to a conduction band
by tunneling effect (Zener effect) of the quantum mechanics and is the breakdown by
conductive electron density doing multiplication. It is a judgment by Zener criterion.

The value of energy gap (egap) which I estimated to be lowest under the atmosphere
pressure and the difference of temperature ~60 K between room temperature and Mott
transition temperature (Thir= 357 K), and it is with egap ~5 meV in the case of Ca2RuOa.
Using the value of Vih ~40 V/em at the atmosphere pressure and room temperature
(when apply it to expression IV-1), fermi energy (er) is er ~12 eV. Even if this value
compares with biggest er ~ 0.2 eV of SraRuQO4, which is the resemblance material which
substituted Ca for Sr, it takes the double-figures big value. It is not thought to take big

er in Ca2RuOu.

3, Joule heating

Joule heating is the so-called heating breakdown. It is a breakdown that a changes a
state of material in itself by heating to occur by current flow.

The Twmr decreases with pressurization in CasRuQO4 is known ant take Tmr ~300 K by
pressurization in quite 0.5 GPa. Therefore a breakdown of Ca:RuOs4 under a few
pressurized was tried by Yamauchi [51]. However, Ein of CazRuO4 did not almost move
to the pressure and took the same value.

Furthermore in the x-ray diffraction measurement, the sharply peak of the metal
phase after the insulator-metal transition can identify with the peak of the insulator

phase before applying the voltage as showed by a structural change result. It is thought
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that the contribution of the heating by applying electric field has little. Rather than
these, I know that it is not the insulator-metal phase transition (breakdown) because of

a sample run purely heating and beyond 7.

4.4 Measurement of x-ray diffraction

X-ray diffraction measurement at room temperature were measured with Cu-Ka (1
=0.1542 nm) radiation (40 kV, 30 mA) on a RINT2000 diffractometer (Rigaku). The data
were collected in a step-scanning mode over the 20/ 0 range of 5-135° . The step
width and step time are 0.02° and, respectively. I checked the lattice constant of the
single crystal under the electric field and the impurities which I made Ca2RuOa.

The obtained crystals are plate-like cleaved with typical size of the crystals being 5 X
103~10 mm3. From cleaved CasRuQs single crystals, x-ray diffraction patterns for (001)
reflections showed no impurity peaks as shown in Fig 4.13 . The x-ray incident angle is ¢
-axis.

The single crystal of Ca2RuOu4 is a plate-shaped crystal with a ¢ -axis [(001)] plane was
obtained by self-cleavage and is known that it has characteristic change in ¢ -axis when
insulator-metal transition. Estimated ¢ parameter from the pattern is in the table. I

show the (006) diffraction line that I measured under some voltage in Fig 4.13.
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Figure 4.12 X-ray diffraction of single crystal
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In V-control method, when an electric current has begun to flow metallically, a big
black kite necessarily occurs in the current value. So, it is the problem to x-ray
diffraction measurement near Vin. In current-control method, because I could control a
current value, the x-ray diffraction measurement was enabled on a stable condition. In

Fig 4.14, Voltage-Current characteristic and x-ray diffraction which I measured at the

same time.
: CaRu0, 006) RT
-~ \ 450m A
380mA
s
4001 Ca,RUO, RT ] 1 Bt
\ J % 315mA
Ellc WA VR
300 | I-sweep 1 \
_}\ J . 260m A
/ +150m A
2
i OmA
44 45 46

72



Figure 4.14 Voltage-Current characteristic (left) and x-ray diffraction (right) at the

same time

Fig.4.13,4.14 shows x-ray diffraction measurement spectra (E/ ¢ by V-control). When
there is zero electric field, a peak appearsin 2 0 ~45.5° . This means that short S-Pbca
(insulator phase) of the ¢ -axis head has crystal structure. Then, L- Pbca aspect (I make
primary phase transition to metal aspect 2 0 ~44.2° ) that I apply an electric field, and
has a long ¢ -axis head through 2 phase coexistence aspects from S-Pbca aspect in E ~40
V/em. Furthermore, it becomes the single-phase alternating current of the L-Pbca

aspect when I increase an electric field.

As a result, the breakdown of Ca2RuQzs is understood that it is the transition of "bulk"
with the structure transition. Then, I compared the relations of the structure transition
and the voltage-current properties. I compared the electric field dependence of the

sample volume and the voltage-current properties.

The Fig.4.15 up shows the voltage-current properties with the insulator-metal
transition (breakdown), Fig.4.15 down shows the volume fraction of the insulator-phase
and the metal-phase in the electric field dependence. From the figures, after an electric
current have begun to flow metallically, the ¢ -axis constance head grew. I understood

structure transition occurred after an electric current had begun to flow metallically.
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Figure 4.15 (up) The volume fraction of the Insulator-phase (S-Pbca) and the
metal-phase (L-Pbca) in the electric field dependence. (down) The voltage-current

properties.

We note that an isovalent substitution of Sr for Ca[50] or pressurisation[22] turns a
Mott insulator to a quasi-two-dimensional Fermi- liquid metal without any carrier
doping. In these cases, the Mott transition is interpreted in terms of a switching in the
orbital occu- pation driven by the lattice flattening distortion[52]. In contrast,
application of an E-field itself cannot directly act on the structural distortions, and in
fact, the switching occurs prior to the structural transition as indicated by the

comparison between Fig. 4.15.

4.4.1 Crystal structure under the electric field

Fig.4.16 is showed electric field dependence of lattice parameters of ¢ -axis for 0-V -2

V (11.924 under zero field). It is understood that the c¢ -axis is gradually grows in the
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insulator state with applying electric field. When the ¢ -axis head reaches 12.014,
CazRuO4 becomes insulator-metal coexistence phase, and it has long 12.204 in a metal
phase. Furthermore, a metal phase is made a single-phase to increase the induced
voltage. The electric field (voltage) cause the structure transition with growth of the ¢
-axis in Ca2RuO4. A change of the ¢ -axis at the time of the insulator-metal phase
transition is resemble at pressure and temperature.

I performed the x-ray diffraction measurement with fixed a sample to the glasswork. I
put of the ab -plane side of the glass surface with the silver epoxy which it is I used to fix
the gold wires. When the silver epoxy is dried and it hardens. Using the property, I fixed
the ab -plane side of the sample and controlled in-plane distortion. I show the result in
Fig.4.17.

Like a case not to fix a sample, I was able to confirm structure transition with a
insulator-metal transition. However, the value of Ein is increased and the coexistence
phase of an insulator phase and the metal phase (slanted line part) is increased. It could
be control the insulator-metal transition under the electric field by the control of the

distortion in the ab -plane.
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Fig 4.16 External field dependence of lattice parameters of ¢ -axis
(left) Electric-field, (center) Pressure, (right) Temperature
In pure CRO, the high-T (T . 357 K) or high-P ( P . 0.5 GPa) metallic phase
shows the structure called “L-Pbca”, with a weaker flattening and as well as a
weaker tilt and smaller volume than the low-T (T, 357 K) or low-P (P, 0.5
GPa) insulating phase with the “S-Pbca” structure[48,49].
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I compare with Ca2RuOs4 and other Mott insulator. The value of Ein~40 V/em of
CazRuOy4 is a small Ei, value as several columns declined in comparison with other Mott
insulators. In addition, I have a very interesting characteristic in Ca2zRuQO4 that it is to
be able to cause the breakdown of CazRuO4 under room temperature and atmosphere
pressure whereas the breakdown experiment of other Mott insulators is mainly
conducted at low temperature less than room temperature. When even an applied
aspect thinks about electronic devices such as the storage medium, this characteristic is
very interesting.

I compare the three fields (electric field, pressure and temperature) in Ca2RuOs to
investigate a cause why CasRuOys is able to cause insulator-metal transition by low Fin.
In Mott insulator CazRuQy4, insulator-metal transition has been tried so far by changing
pressure and temperature. The x-ray diffraction measurement had been measured with
the pressure dependence and temperature dependence.

It is reported of the structural transition and structural parameters. The thing which
behavior at the time of those metal-insulator transition shows, after the ¢ -axis head
passed through growth from 11.924 at insulator of room temperature and the
atmosphere pressure to 12.014, and after having passed through double phase
coexistence, it is apparent to 12.274 of the metal phase.

This was very much similar to behavior that I reported in this study at the time of the
electric field evocation insulator-metal phase transition. It is regarded the approach
from two directions such as "filling control" as "band width control" about the
metallization of the Mott insulator until now. However, the crystal structure is
suggested the presentation of the way of thinking that is new as a key and control of the
electronic state that it is if I can dealt with insulator-metal phase transition of CazRuQO4

as unified behavior not to depend on the kind of the outside field.
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Figure 4.17 (up) The x-ray diffraction measurement with a sample of free distorsion

(under) The x-ray diffraction measurement with fixed a sample to the glasswork
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4.5 Soft x-ray measurement

The sample dimensions used in this study were about 3xX3X0.1 mm3. Gold electrodes
were sputtered on both ends of the sample, and twisted gold wires with diameter of 25
pm were attached to the electrodes using silver epoxy. We clarified a change of the
crystal structure parameter at the time of the insulator-metal (breakdown) transition
while adding an electric field to Ca2RuOs4 by performing the x-ray diffraction
measurement. We move a viewpoint of vision to the micro phenomenon in this chapter
until now by discussing the electronic state from the macro phenomenon such as
transport property and the crystal structure change. We finally compare these results

and mention the details of the insulator-metal transition and the structural change.

We performed the soft x-ray measurement while an electric current. But all the lines
for the soft x-ray measurement are kept by the high vacuum because it is strong in
dispersion. The sample space is in vacuum equally, too. We must watch that the heat is
difficult to escape in comparison with an experiment in the air atmosphere that we
spoke so far.

Fig 4.18 shows the raw Voltage-Current characteristic of the whole circuit, which
includes the voltage at the load resistance (Vi). To clarify the phase transition, the net
Voltage-Current characteristic of the sample is displayed in Fig. 4.18(b) by subtracting
VL. Open squares denote the points at which the spectra were measured.

The Voltage-Current characteristic can be divided into three regimes: a high-resistive
insulator state (phase 1), a transient insulator-metal coexisting state (phase 2), and a
low-resistive metallic state (phase 3). The resistance of the sample was initially 500 Q
at 0 V (0 mA), and it retained the order of magnitude in the phase 1.

After the first critical point (1.07 V, 10 mA), the sample resistance rapidly decreases
down to several Q indicating the so-called negative differential resistance in the phase
2. Voltage and current values at each measurement point were stable, however,
extreme care was required during the operation between the points. It should be noted
that joule heat generated at the sample is rather diminishing due to the rapid decrease
in the sample resistance in this phase. This ensures that the spectral changes observed

by us were electric-field induced ones.
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Figure 4.18 (left) The raw Voltage-Current characteristic
(right) The Voltage-Current characteristic of the sample

Above the threshold current of 90 mA, the sample undergoes several transitions with
discontinuous jumps in the Voltage-Current characteristic. The sample resistance in
the phase 3 was on the order of 10Q. The discontinuities in the graph are due to the
cracks in the sample caused by sudden and irreversible elongation along the ¢ -axis,
which was check by x-ray diffraction measurements.

The apparent resistance of the sample seems to be slightly larger than that in the
phase 2. This is mainly due to the contact resistance between fractured layers within
the sample, even though each layer is metallic, a redistribution of the d electrons at the
Insulator-Metal transition accompanied by the structural change, x-ray absorption

spectroscopy (XAS) at the O K- edge.

Taking into account the difference in the angular dependence between the apical O
2p-Ru 4d t2g bonding and in-plane O 2p-Ru 4d {25 bonding. The total electron yield
method commonly used for x-ray absorption spectroscopy measurements in the soft
x-ray region is, however, inapplicable to an electric field-dependent x-ray absorption
spectroscopy measurement because of the deflection of electrons. In this study, we
therefore employed the partial fluorescence yield method for x-ray absorption
spectroscopy measurements (PFY-XAS) using a soft x-ray spectrometer, which was also

applied to observe O K-edge x-ray emission spectra (XES).
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All the spectra taken in phases 1 and 2 are summarized in Fig 4.19. The
rainbow-color represents the order of six current conditions from 0 mA, 0 V (blue) to 100
mA, 0.8 V (red). The O-K x-ray absorption spectroscopy are normalized to unity at the
peak maximum of 533.4 eV, while the O-K o x-ray emission spectra are
area-normalized to a comparable scale.

Firstly, we explain the x-ray absorption spectroscopy results. Overall features are the
same as experimental, and theoretical data [53] reported previously by other
researchers. The structures from 528 to 530 eV (labeled as A and B) and that from 531
to 534 eV (labeled as C and D) are assigned to transitions from the O 1s core level to the
O 2p orbitals hybridized with the unoccupied Ru 4d t2; and eg state, respectively.

From a molecular orbital point of view, these hybridized states can be considered to
be pdz* and pdo * states[54]. Furthermore, Mozokawa et al. concluded from their
angle-dependent x-ray absorption spectroscopy results that peaks A and B, and peaks C
and D, are due to hybridization between the apical and planer oxygen sites, respectively.
Clear electric-field dependence is found in the t2s-derived region. The spectral weight
gradually shifted from peaks A to B by increasing current amplitude. A similar
spectral-weight shift was also observed by temperature variation from 90 K to 300 K,

which is accompanied by 2.5% elongation of the ¢ -axis similar to our results.
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Figure 4.19 x-ray absorption spectroscopy and x-ray emission spectra
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451 The incidence-angle dependence of x-ray absorption
spectroscopy

The assignment of the peaks was also verified by us. Fig 4.20 shows the
incidence-angle (0) dependence of the O-K x-ray absorption spectroscopy observed in
the (a) polarized and (b) depolarized configurations. In the former geometry, the
unoccupied O 2p final state in the dipole-transition lies along the a-axis and is

unchanged regardless of , therefore slight 6 dependence is observed.

The polarization vector of the incident photon (e) lies in the ac -plane in this
configuration: e//a-axis at 0 =0° (normal incidence) and e//c-axis at 0=90° (grazing
incidence). In the normal (grazing) incident regime, the planer (apical) oxygen sites are
preferably detected in the pd o * region, which results in the enhancement of the D (C)
peak as observed in our present study. This trend, together with the 6 dependence of

the peaks A and B, is the same as that previously reported by Mizokawa et al. [39]
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Fig 4.20 The incidence-angle (0 ) dependence of the O-K x-ray absorption spectroscopy

observed in the (a) polarized and (b) depolarized configurations.
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4.5.2 X-ray emission spectra

In the next place, the field-dependent x-ray emission spectra result in Fig 4.19. The
elastic peak energy of 536.1 eV corresponds to the 5th peak (D) in the x-ray absorption
spectra. A broad fluorescence feature is common to other inorganic oxides[55,56]. The
main intense peak at 526 eV can be assigned to the de-excitation from the non-bonding
O 2p states, and the shoulder at 523 eV can be assigned to the bonding ones. Again, six
spectra are displayed with colors corresponding to the current amplitude of the x-ray
absorption spectra.

A gradual increase of the elastic peak by current is apparent, directly indicating the
increase of reflectivity. This is consistent with the Voltage-Current characteristic in Fig
4.18 where the gradual increase of the metallic phase is evidenced. Even more
important changes induced by current in the spectra are the decrease/increase of the
bonding/non-bonding peaks, as well we a faint decrease of a bump structure at 527 eV.

A key factor for the changes in the spectral weight is the elongation of the ¢ -axis,
because the bonding between apical oxygen 2p states with Ru 4d states is weakened. It
should be mentioned that the band-gap of CasRuO4 cannot be estimated from our
results, since the final state of x-ray absorption spectra process contains a core hole and

therefore its energy level is pulled down.

4.5.3 Discussion by soft x-ray measurement

Compared to the x-ray absorption spectra, the x-ray emission spectra spectral width is
large due to the short lifetime of the O 1s core hole, therefore the contribution of the in-plane
and apical oxygen is not separated, unlike the x-ray absorption spectra case. The presence of
the core hole also prevents us from estimating the band-gap of Ca,RuQy, since the final state of
the x-ray absorption spectra process contains a core hole and then its energy level is pulled
down.

The electric-field induced spectral weight shifts in the spectra are considered with
regard to the number of holes, nxy and nyz / nzx. The shift from peaks A to B observed in
x-ray absorption spectra corresponds to an increase of nxy. Mizokawa et al, roughly
estimated the nxy / nyz / nz ration increases from 1/3 to 1 from their temperature
dependent experiment. The amount of the spectral weight shift is quite similar in both

the temperature variation from 90 K to 300 K and the electric field application in the
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present study. We can conclude that the electric field induces the structural transition
followed by an induces of nxy, or vice versa.

The drastic increase of nxy is nicely illustrated by the recent theoretical calculation
based on the dynamical mean-field theory [57]. Figure 4.21 shows the energy dependence of
the electronic densities of the (a) d, state and (b) dy..x state. Each line is reproduced from the
original figure 11 in Ref. 57.

The main peak of the d,, state locates below the Fermi level at the binding energy (Eg) of 0.5
eV in the insulator phase, while it shifts upward across the Fermi level in the metallic phase,
leading to an increase in n,,. The majority peak of dxy state located below the Fermi level
in the insulator phase moves upward across the Fermi level in the metallic phase as
shown in the figure 4.21 in the reference.

Also presented in this figure is the decrease of the occupied density of the dxy state at
binding energies (E) ranging from 1 to 3 eV through the Insulator-Metal transition.
Besides, the occupied density of dyzzx states are broadened, which have peaks at Ez= 3
eV in the insulator phase in Fig 4.21. The decrease of the Ru 4d occupied states results
in the increase of the O 2p occupied states, if the number of valence electrons is
conserved. This corresponds to the increase of the non-bonding peak in x-ray emission

spectroscopy through the Insulator-Metal transition.
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The decrease of the bonding peak in x-ray emission spectroscopy can also be
explained by the decrease in the occupied density the of dy./.x states. The orbital
character of the valence band, as concluded from the x-ray emission spectroscopy
results, is consistent with that deduced from the valence band photoemission spectra

[39].

4.6 Model of the metal-insulator transition in Ca,RuQO,4

In the CasRu207, it was found that the metal-insulator transition at 7w It is
accompanied by a softening and broadening of the out-of-phase oxygen phonon mode. It
is certainly an important system that provides a precious opportunity for studying the
strongly correlated interaction which is the central feature of the transition metal
oxides.

In this study, the negative differential resistance was confirmed by current induced in
Voltage-Current properties in current sweep method. It is understood that the insulator
phase and the metal phase are vertically-ordered for an electrode. It is expected that the
pass of the electric current such as the filament occurs because of "insulator phase" and
"metal phase" is showing vertical to electrode not parallelism. However, the structural
phase transition was confirmed by the x-ray diffraction measurement. It is concurrently
the form of locally filament add it and the pass of the electric current appearing and
know the insulator-metal phase transition as bulk.

In addition, by coincident measurement of Voltage-Current characteristic and x-ray
diffraction, a metal phase in the x-ray diffraction is confirmed after pass through
negative differential resistance is disappearance to differential calculus resistance right
by Voltage-Current properties. While negative differential resistance state, bulk state is
insulator phase. We can do the whole sample with a metal state afterwards by
increasing the current value. There are not the reported cases from the local change to
transition of the bulk so far. It is thought that a structural change may become the key

as a thing to connect this local change and the bulk change .

The structural transition with the insulator-metal transition of CazRuO4 changes the
c-axis head ~3%, and the volume amount of change extends to ~2%. This change is a
large change as it leads to destruction of sample oneself. The coexistence of the "local"

element and the "bulk" element in CazRuQ4 is special phenomena which assumes a
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change of the structure transition intermediation.

Though Ca2RuO4 has the number of the carriers same as Sr2RuO4 which substituted
Ca for Sr. Ground state is Mott insulator whereas Sr2RuOs is spin triplet
superconductor. This characteristic is a high-temperature superconductor of the same
perovskite type. But electric charges collect to top oxygen of the RuOs octahedron in
CazRuOy so that it is reported. It is thought that this is because there are few electronic
numbers of the conduction side.

We think about that an electric charge of top oxygen that the insulator-metal phase
transition was saved to this limit. The electric field that we took up in this study occurs
because of applying it. It was thought that I woke up insulator-metal phase transition
only in an electric charge added by outside electric field to apply in the model of the
Zener breakdown that we proposed so far.

However, which is guessed when it may cause insulator-metal phase transition if
originally there are many electric charges contained by material oneself even if the
quantity of the electric charge. As the outside electric field is a whit. If it is dropped in a
conduction side by an electric field, and the electric charge that collected to top oxygen
made it metal, we think from the size of the electric charge that CasRuO4 originally has,
and there is the thing which can nod in the littleness of the threshold electric field.

There remains an absorbing question. What is happening in the electric field induced
metallic phase at low temperatures. To the best of our knowledge, there has been no
previous example of cooling a volatile switching-system while keeping the metallic state.
With the parameters found, it would reach quite a large value, over 100 kV/ecm at 4.2 K.
In reality, it is extremely difficult to induce a Mott transition by the electric field at low

temperatures.

Keeping this in mind, let us now present the results of current biased experiments.
Figure 4.22 (a) shows in-plane resistance measured with a constant current of 420 mA
by a two-probe method as a function of temperature. Surprisingly, the
temperature-variation shows a positive slope ( A p ,,/dT > 0) indicating metallic
conduction in the temperature range from 300 to 4.2 K. That is, once the switching has
occurred, the electric-field-induced metallic state becomes stable with flowing current
even in electric fields much less than E,;. A heuristic analogy may be drawn with a
well-known phenomenon that “flowing” suppresses the freezing point of water.

Figure 4.22 (b) shows the same data as (a) but for temperatures below 30 K. An
abrupt change in the metallic slope at ~15 K is reminiscent of the resistivity change

associated with a ferromagnetic transition in the pressure induced metallic CascRuO4 in
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Fig. 4.22 (c¢). Thus, we naturally anticipate that a ferromagnetic ordered state appears
also in this current-driven metal as a stationary but nonequilibrium state. Indeed, we
have observed a change in the local magnetic field with magnetic probes. Although such

measurements are technically not easy, they are in progress.
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Figure 4.22 Temperature variations of in-plane resistance. (a) With constant current
420 mA. (b) Same data as (a) but for T~30 K: The slope of the in-plane resistance in the
electric field changes abruptly at ~15 K as indicated by an arrow. (c¢) In plane resistivity
under P ~2.6 GPa, for which a similar variation to the electric field induced case is seen

at a temperature corresponding to ferromagnetic 7¢.

We have experimentally shown that a number of unusual phenomena emerge in the
Mott insulator Ca2RuO4 by applications of electric fields and currents. First, the
switching is induced by application of such low fields as E,; ~ 40 V/cm, which is102,103
times lower than that reported in other Mott insulators. Second, the switching is
accompanied by a bulk structural phase transition. Third, the induced metallic phase
becomes stable to low temperatures if the flowing bias current is maintained.

To add, we also show that under bias current the antiferromagnetic transition,
characteristic of the Mott insulating state of CazRuQ4, disappears and moreover
ferromagnetic ordering emerges below 15 K as indicated by the resistance drop as well

as the spontaneous magnetization at low temperature.
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It should be emphasized that the “flowing current” plays a key role in maintaining
the induced metallic state, although the switching itself is induced not by the
application of current but voltage. This phenomenon is truly unexpected and most
probably requires a mechanism of stabilising a steady but nonequilibrium state (current
maintained metal) over an equilibrium state (Mott insulator). Thus, application of
electric fields and/or flowing currents has a great potential as a new tool to induce novel
quantum phenomena in a variety of materials. Utilising such nonequilibrium states will

cer- tainly help expanding our knowledge of material science [58-60].
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Chapter5 Conclusion

Colossal magneto-resistance under the pressured Ca2RuO4

We summarize several attractive findings in an anisotropic and colossal
magneto-resistance effect in the pressure induced Mott transition system of CazRuQO4 as
follows: first, the temperature variation in both he transversal magneto-resistance (J L
v o H) and the longitudinal magneto-resistance (J// u oH) show a negative dip near 7c.
The dip nature is qualitatively understood as a change in magnetic fluctuation as is also
seen in typical ferromagnetic metals. Second, attention has been paid to the positive
transversal magneto-resistance peaking at Ha ~9.5 T and reaching +120%. Such a giant
positive effect, which is actually rare in bulk system, is characteristic of the mixed state;
therefore, this is due to the magnetic tunnelling between the ferromagnetic islands
isolated by the thin insulating layers. Lastly, we propose the importance of the orbital
physics as another key factor for amplifying the magneto-resistance effect. Indeed, this

is clearly indicated by the largeness of the anisotropy magnetic field of 9.5 T.

Insulator-Metal transition under the Electric-field

In this study, we succeeded in Insulator-Metal transition by a view of electric
resistance for an emergency called threshold electric field Ew~40V/em at room
temperature in a low electric field in Mott insulator CasRuOs4. E-field induced
superconductivity has recently been reported in the surface layer of a band insulator
SrTiO4 by the E-field application of 20 kV/cm. The other is a Mott transition induced by
applying E-fields, namely, “switching”. Some transition-metal oxides in strongly
correlated electron systems have gained attention as a candidate for the switching to
practical use as an electronic device such as resistance RAM. Most of these previously
reported switching phenomena have been achieved only at low temperatures and/or
high voltage (typically 1-100 kV/cm).

Surprisingly, the threshold value E,; ~40 V/cm for E //c is far smaller than our
expectation of ~4 MV/cm. We typically obtained E,; ~50 V/em for EL c. Thus, the value

of the E,;, is almost independent of the electric field direction.

Crystal structure change under the Electric-field
We confirmed that the structure transition (the lattice change) was taking place by
performing the x-ray diffraction measurement at the same time. At the time of the

electric field evocation Insulator-Metal phase transition, CasRuO4 shows a structural
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change (a lattice change) like with the other outside ground such as pressure and the
temperature. Therefore it is assumed that the effect that CazRuOy4 itself has inherent
and may act essentially more effectively. In other words, as for the dielectric breakdown
of Ca2RuOQy, it became clear the current thing was not able to pass for a simple filament.

At the time of the Insulator-Metal phase transition by the electric field, the c-axis
constant gradually extended it from 11.92A to 12.01A, and jump to 12.20A, having
reached a structural change it becoming clear of the metal aspect. The electric field
evocation Insulator-Metal phase transition is the primary phase transition with the
change of the structure. However, about the low threshold electric field as is unique

elsewhere, still theoretical explanation without being able to elucidate it.

By x-ray absorption spectroscopy and x-ray emission spectroscopy with electric field
induced CazRuO4

The O K-edge x-ray absorption spectroscopy and x-ray emission spectroscopy of
CazRuO4 were measured under an FE-field applied field in order to investigate the
changes in the valence and conduction bands through the Insulator-Metal transition.
Spectral weight shifts were observed in both series of spectra. The changes in x-ray
absorption spectroscopy can be comprehended as an increase in dxy holes (nx) though
metallization, which is consistently understood by the model used to explain the
temperature dependence in x-ray absorption spectroscopy.

We have measured O 1s the partial fluorescence yield method for x-ray absorption
spectroscopy and x-ray emission spectroscopy spectra of CazRuO4 to check the change of
a valence electron band and the conduction band with the insulator-metal transition
under an electric field. Movement of the spectrum strength was seen with both x-ray
absorption spectroscopy and x-ray emission spectroscopy. This change of x-ray
absorption spectroscopy was the same trend explained in temperature dependence. The
under with nxy increasing with metallization.

The enhancement in the non-bonding peak in x-ray emission spectroscopy can be
simply understood by the weakening of the O 2p-Ru 4d hybridization caused by the
elongation of the c-axis through the Insulator-Metal transition. In addition, not only the
enhancement of the non-bonding peak but also the increase of nxy is nicely elucidated by
the recent theoretical band calculation.

The increase in nonbonding state with metallization seen in x-ray emission
spectroscopy knew could be understood it that the O 2p-Ru 4d combination brought
weakened by the spread of the c-axis with the structural transition. While it showed the

agreement that was good with the change of the valence electron band based on the
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recent DMF'T calculation.
This change in x-ray absorption spectroscopy and XES was consistent with

temperature dependence data with the nxy increasing with metalize.

We can consider these changes to be a characteristic (= PROPERTY) of CasRuOQy itself
and not due to a kind of outside field (=FACTOR,VARIABLE). It is very interesting that
the role of top Oxygen (in particular ¢ - axis length) structural changes in the crystal the
characteristic (Metal versus Insulator). Future research will be needed to examine the
effect that the E-field brings by using a new pulse E-field approach. Also, neutron

measurement could be used to more accurately measure data.

We //=the

In addition, to measure the magnetization and the transport property at the low
temperature in the electric field, and act for elucidation of the ground state of CasRuO4
in the electric field state to apply. And in cooperation with a coworker, it is new the
studies such as the metal-insulator transition of Ca2RuO4 by the optical pumping want
to reach as an effect of the places, too. We deepen unified understanding in Mott

insulator Ca2Ru04.
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A novel insulator-metal transition induced by an applied electric field in the 4d-electron Mott insulator Ca,RuO4 was
investigated by oxygen 1s absorption and emission spectroscopy using synchrotron radiation x-ray. The field-dependent
spectra were measured by taking full advantage of the fluorescence method. The spectral weight shifts caused by the
field were observed both in the first two peaks of the absorption spectra and in the emission spectra. These results can
be attributed to changes in the bonding between the Ru 4d and the surrounding O 2p orbitals, which was also confirmed

consistently by recent theoretical band calculations.

KEYWORDS: Ca,RuQ,, I-M transition, x-ray absorption and emission spectroscopy

The transport properties of strongly correlated electron sys-
tems have attracted much interest, such as for exotic su-
perconductivity in Sr;RuO4"+? and the insulator-metal (I-M)
transition in Ca,RuQy4.>*¥ The latter is induced by increasing
temperature>® or by applying pressure,” and is accompanied
by an isomorphic transition from S-Pbca to L-Pbca® Re-
cently, the electric field was found to be another driving force
for the same I-M transition.”>'? Okazaki et al. confirmed that
the I-M transition was induced by a change in the current,
even though there was Joule heating from the temperature de-
pendence of the resistivity as determined using a non-contact
infrared thermometer.'” A dry-cell battery voltage of 1 V is
sufficient to induce this transition, which could be applicable
to a low power consumption device.

From an electronic point of view, the I-M transition of
CayRuQy is the change in the occupation and energy levels
of the three nearly degenerate Ru 4d t,, orbitals (d,y, dy,, and
d,;). In the insulator phase, two of the four 4d electrons oc-
cupy the lowest lying d,, orbital due to the rather short c-axis
in the S-Pbca phase within the framework of a crystal field
model.!"'? On the other hand, in the metallic phase, the en-
ergy level of d,, to d,./d., is inverted because of the elonga-
tion of the c-axis in the L-Pbca phase. As a result, a hole is
created in the d,, state, which leads to two-dimensional con-
ductivity.

A redistribution of the d electrons at the I-M transition ac-
companied by the structural change is nicely demonstrated
by Mizokawa et al. on the basis of temperature- and angular-
dependent x-ray absorption spectroscopy (XAS) at the O K-
edge.!*!> Taking into account the difference in the angular
dependence between the apical O 2p-Ru 4d t,, bonding and
in-plane O 2p-Ru 44 1,, bonding, the spectral weight-transfer
within the two pdn* states can be elucidated by the change
in the number of holes in the d,, and d,;,,, states, which are
denoted as n,, and n,,/., respectively, from here on.

Similar changes in ny, and ny.. are expected for the
electric field-induced I-M transition. The total electron yield

*E-mail: nobuo@hiroshima-u.ac.jp

method commonly used for XAS measurements in the soft
x-ray region is, however, inapplicable to an electric field-
dependent XAS measurement because of the deflection of
electrons. In this study, we therefore employed the partial flu-
orescence yield method for XAS measurements (PFY-XAS)
using a soft x-ray spectrometer, which was also applied to
observe O K-edge x-ray emission spectra (XES).!® The O
K-XES provides information about the pdr states which are
the counterparts of the pdr* states. The complementary XAS
and XES measurements can give insights into the electronic
transport properties of Ca;RuQy.

A single crystal of Ca,RuO4 was grown by the floating-
zone method with the RuO, self-flux using a commercial
infrared furnace (Canon Machinery, SC-M15HD). A plate-
shaped crystal with a (001) plane was obtained by self-
cleavage during the cooling procedure, since self-cleavage oc-
curs due to the first order structural transition accompanied by
a large distortion at around 350 K. The quality of the sample
was checked by x-ray powder diffraction (XRD) and mag-
netization measurements. No magnetic foreign phase, such
as CazRu,07, was detected within the experimental accu-
racy. The sample dimensions used in this study were about
3x3x0.1 mm?3. Gold electrodes were sputtered on both ends
of the sample, and twisted gold wires with diameter of 25 ym
were attached to the electrodes using silver epoxy.

Both XAS and XES at the O K-edge were measured on
the linear undulator beamline 2C at the Photon Factory of the
High Energy Accelerator Research Organization (KEK-PF).
Here, a varied line spacing plane grating with an averaged
groove density of 1000 lines/mm is used to monochromatize
the soft x-ray beam.!” The beam spot size on the sample was
1 mm in diameter and the energy resolution of the incident
photon was ca. 0.1 eV. The spectrometer used for the PFY-
XAS and XES measurements was installed at the end of the
beamline. The base pressure of the chamber was on the or-
der of 1076 Pa. The angle between the incident and emitted x-
rays (scattering angle) was fixed at 90°. The x-ray incident an-
gle during the electric field-dependent measurements was 45°
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with the polarization vector lying in the ab plane. This is the
polarized configuration in which the emitted photon contains
the same polarization vector as that of incident photons.'®
The scattered x-rays were monochromatized with a grating
that had a groove density of 1200 lines/mm and their energy
resolution was ca. 0.5 eV. The O 2p-1s fluorescence (O Ka)
was then collected using a 2-dimensional multichannel detec-
tor. PFY-XAS spectra were obtained by changing the incident
photon energy hv from 522 to 565 eV, while the XES spectra
were obtained with hv fixed at 536.1 eV. The incident angle-
dependent XAS spectra were measured both in the polarized
and depolarized configurations as shown in the insets of Fig.
3.1 It should be noted that the relation between the polariza-
tion vector of the incident photon and the crystal axes is more
important rather than the configuration of the polarization in
our study.

The voltage-current (V-I) characteristics were measured in
situ during the spectroscopic measurements with a two-probe
method using a DC voltage-current source/monitor (ADVAN-
TEST, TR6143). A 100 Q load resistance was connected in se-
ries to prevent short-circuit damage at the I-M transition. The
electric field was applied parallel to the ab plane. For each V-
I condition, approximately 1.5 hours were required to obtain
one set of XAS and XES spectra, and therefore, the current-
control mode was used to ensure long-term stabilization.

Figure 1 shows the in situ V-I characteristics of the sample.
The open squares denote the points at which the spectra were
measured. The V-I characteristics can be divided into three
regimes: a high-resistive insulator state (phase I), a transient
insulator-metal coexisting state (phase II), and a low-resistive
metallic state (phase III). The resistance of the sample was
initially 500 Q at 0 V (0 mA), and it retained the order of the
magnitude in phase I.

After the first transition point (1.07 V, 10 mA), the sam-
ple resistance rapidly decreased down to several Q indicat-
ing the so-called negative differential resistance in phase II.
Voltage and current values at each measurement point were
stable, however, extreme care was required during the opera-
tion between the points. It should be noted that the joule heat
generated at the sample is rather diminishing due to the rapid

150—””I””I””I””—
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Fig. 1. In situ V-1 characteristics of the sample. The open squares denote
the points at which XAS and XES spectra were measured. The characteristic
curve is divided into three regimes: an insulator phase I, a transient phase II,
and a metallic phase III.

decrease in the sample resistance in this phase. This ensures
that the spectral changes observed by us were electric-field
induced ones.

Above the threshold current of 90 mA, the sample under-
goes several transitions with discontinuous jumps in the V-I
characteristics. The sample resistance in phase III was on the
order of 10 Q. The discontinuities in the graph are due to the
cracks in the sample caused by sudden and irreversible elon-
gation along the c-axis, which was checked by XRD mea-
surements. The apparent resistance of the sample seems to
be slightly larger than that in phase II. This is mainly due to
the contact resistance between the fractured layers within the
sample, even though each layer is metallic.

All the spectra are shown in Fig. 2. The rainbow-color rep-
resents the order of six current conditions from 0 mA, 0 V
(black) to 100 mA, 0.8 V (red). The O K XAS are normalized
to unity at the peak maximum of 533.4 eV, while the O Ka
XES are area-normalized to a comparable scale. We first ex-
plain the XAS results. The overall features are the same as in
the experimental'*'> and theoretical data'® reported previ-
ously by other researchers. The structures from 528 to 530 eV
(labeled as A and B) and that from 531 to 534 eV (labeled as
C and D) are assigned to transitions from the O 1s core level
to the O 2p orbitals hybridized with the unoccupied Ru 4d 1,
and e, states, respectively. From a molecular orbital point of
view, these hybridized states can be considered to be pdr* and
pdo™ states.2? Furthermore, Mizokawa et al. concluded from
their angle-dependent XAS results that the peaks A, B and the
peaks C, D are due to hybridization between the apical and
planer oxygen sites, respectively. Clear electric-field depen-
dence is found in the #,,-derived region. The spectral weight
gradually shifted from peak A to B with increasing current
amplitude. A similar spectral-weight shift was also observed
by temperature variation from 90 to 300 K, accompanied by
2.5% elongation of the c-axis'® similar to our results.

The assignment of the peaks was also verified by us. Figure
3 shows the incidence-angle (6) dependence of the O K XAS
observed in the (a) polarized and (b) depolarized configura-
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Fig. 2. O ls x-ray absorption and emission spectra of CaRuOy4 under var-
ious current conditions from 0 mA (black) to 100 mA (red). The resonant
photon energy of the XES spectra is tuned to 536.1 eV, as evidenced by
the elastic-peak energy. The arrows indicate the current-induced variations
of each peak.
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Fig. 3. Incident angle (6) dependence of the O 15 XAS spectra of CaRuOj4
taken in the (a) polarized and (b) depolarized configurations. In the former
(latter) configuration, the polarization vector e lies in the ab (ac) plane, as
shown in the illustrations. The labels C and D are identical to those in Fig. 2.

tions. In the former configuration, the unoccupied O 2p final
state in the dipole-transition lies along the g-axis and is un-
changed regardless of 6, therefore slight 6 dependence is ob-
served. On the other hand, in the latter configuration, a clear
0 dependence is observed. The polarization vector of the inci-
dent photon (e) lies in the ac-plane in this configuration: e || a-
axis at & = 0° (normal incidence) and e || c-axis at § = 90°
(grazing incidence). In the normal (grazing) incidence regime,
the in-plane (apical) oxygen sites are preferably detected in
the pdo™ region, which results in the enhancement of the rel-
ative intensity of the D (C) peak as observed in the present
study. This trend, together with the 6 dependence of peaks A
and B, is the same as that previously reported by Mizokawa
etal®

We next discuss the field-dependent XES results in Fig.
2. The elastic peak energy of 536.1 eV corresponds to the
5th peak in the XAS spectra. A broad fluorescence feature
is common to other inorganic oxides.?!*>? The main intense
peak at 526 eV can be assigned to the de-excitation from the
non-bonding O 2p states, and the shoulder at 523 eV can
be assigned to the bonding ones. Again, six spectra are dis-
played with colors corresponding to the current amplitude of
the XAS spectra. A gradual increase in the elastic peak by cur-
rent is apparent, directly indicating the increase in reflectivity.
This is consistent with the V-I characteristics in Fig. 1 wherein
a gradual increase of the metallic phase is evident. Even more
important changes induced by current in the spectra are the
decrease/increase of the bonding/non-bonding peaks, as well
as a faint decrease of the bump structure at 527 eV. A key
factor for the changes in the spectral weight is the elonga-
tion of the c-axis, because the bonding between apical O 2p
states with the Ru 4d states is weakened. Compared to the
XAS spectra, the XES spectral width is large due to the short
lifetime of the O 15 core hole, therefore the contribution of the
in-plane and apical oxygen is not separated, unlike the XAS
case. The presence of the core hole also prevents us from es-
timating the band-gap of Ca,RuQy, since the final state of the
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Fig. 4. Electronic densities of the (a) dyy state and (b) dy./., state obtained
from the dynamical mean-field theory by Karolak et al. The red (blue) lines
are for the metallic (insulator) phase. The origin of the energy is the Fermi
level (EF). The original data are presented in Fig. 11 in Ref. 23.

XAS process contains a core hole and then its energy level is
pulled down.

Finally, the electric-field induced spectral weight shifts in
the spectra are considered with regard to the number of holes,
Ny and ny,... The shift from peak A to B observed in the XAS
corresponds to an increase of n,,. Mizokawa et al. roughly es-
timated that the n,/n,,., ratio increases from 1/3 to 1 from
their temperature dependence experiment.'¥ The amount of
the spectral weight shift is quite similar in both the tempera-
ture variation from 90°C to 300°C and the electric field appli-
cation in the present study. We can conclude that the electric
field induces the structural phase transition followed by an in-
crease in n,,, or vice versa.

The drastic increase in n,, is nicely illustrated by the recent
theoretical calculation based on the dynamical mean-field the-
ory.?® Figure 4 shows the energy dependence of the electronic
densities of the (a) d,, state and (b) dy/., state. Each line is
reproduced from the original figure 11 in Ref. 23. The main
peak of the d,, state locates below the Fermi level at the bind-
ing energy (Ep) of 0.5 eV in the insulator phase, while it shifts
upward across the Fermi level in the metallic phase, leading
to an increase in 7y,

Also presented in this figure is the decrease in the occupied
density of the d,, state at binding eneries ranging from 1 to 3
eV through the I-M transition. Besides, the occupied density
of the d,. /., state is broadened, which have peaks at Eg=3 eV
in the insulator phase (Fig. 4(b)). The decrease and broaden-
ing of the Ru 4d occupied states results in an increase of the O
2p occupied states, if the number of valence electrons is con-
served. This corresponds to an increase in the non-bonding
peak in XES through the I-M transition. The decrease of the
bonding peak in XES can also be explained by the decrease
in the occupied density of the d,;,, states. The orbital char-
acter of the valence band, as concluded from the XES results,
is consistent with that deduced from the valence band photoe-
mission spectra.'?

The O K-edge XAS and XES of Ca;RuO, were measured
under a DC applied field in order to investigate the changes in
the valence and conduction bands through the I-M transition.
Spectral weight shifts were observed in both series of spec-
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tra. The changes in XAS can be comprehended as an increase
in d,, holes (n,,) though metallization, which is consistently
understood by the model used to explain the temperature-
dependence in XAS. The enhancement in the non-bonding
peak in XES can be simply understood by the weakening of
the O 2p-Ru 4d hybridization caused by the elongation of the
c-axis through the I-M transition. In addition, not only the en-
hancement of the non-bonding peak but also the increase of
n,y is nicely elucidated by the recent theoretical band calcula-

tion.
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Recently, “application of electric field (E-field)” has received considerable attention as a new method to
induce novel quantum phenomena since application of E-field can tune the electronic states directly with
obvious scientific and industrial advantages over other turning methods. However, E-field-induced Mott
transitions are rare and typically require high E-field and low temperature. Here we report that the
multiband Mott insulator Ca,RuO, shows unique insulator-metal switching induced by applying a
dry-battery level voltage at room temperature. The threshold field Ey, ~40 V/cm is much weaker than the
Mott gap energy. Moreover, the switching is accompanied by a bulk structural transition. Perhaps the most
peculiar of the present findings is that the induced metal can be maintained to low temperature by a weak
current.

n the last few decades, there has been growing interest in developing energy-saving devices based on novel

quantum phenomena. In particular, the Mott transition is one of the most attractive many-body effects'.

Pressure (P) is a suitable tuning method to explore such novel phenomena; however, high-P conditions are
generally achieved in a complicated apparatus requiring sophisticated skills. In contrast, there has been growing
recognition of applying E-field as a complementary method to P, since an insulator-metal switching, namely
controlling E-field, has many advantages for practical use, especially for electronic devices. Moreover, application
of E-fields can govern the electronic states directly whereas P tunes the electronic states indirectly via the change
of lattice parameters.

Let us mention two well-known examples of E-field-induced phenomena. One is “electrostatic carrier doping”
(ESD)*?, which controls carrier density in a surface region of an insulator by an extremely large electric field.
Indeed, E-field-induced superconductivity has recently been reported in the surface layer of a band insulator
SrTiO; by the E-field application of 20 kV/cm*®. The other is a Mott transition induced by applying E-fields,
namely, “switching”. Some transition-metal oxides in strongly correlated electron systems have gained attention
as a candidate for the switching to practical use as an electronic device such as resistance RAM®’. Most of these
previously reported switching phenomena have been achieved only at low temperatures and/or high voltage
(typically 1-100 kV/cm)®* . In order to develop energy saving devices, it is essential to find a switching system
driven at room temperature (RT) and by weak E-fields. An example is the metal-insulator-transition (MIT)
induced above room temperature in films of a Mott insulator VO,®. It would be desirable to find a system in which
bulk metallic state is induced by electric switching with low E-field.

As another challenge, it is desirable to maintain the E-field-induced metallic state in a “volatile” switching
system on cooling and identify interesting ground states, since there have been few such reports in a system
stabilising a steady but nonequilibrium state.

We have devoted considerable efforts on the Mott insulator Ca,RuQO, (CRO) to induce switching and explore
its ground state because CRO has the following versatile properties. Firstly, pressurised CRO displays a variety of
quantum states, ranging from an antiferromagnetic (AFM) Mott insulator to superconductivity via a ferromag-
netic (FM) quasi-two-dimensional metal>""*. Secondly, the magnetic and electronic properties of CRO are known
to be quite sensitive to coupling of spin, charge and the orbital degrees of freedom'*"’. Lastly, the metalisation of
the Mott insulator CRO can be achieved by heating above Ty = 357 K'®.

The gap energy in CRO is 0.2 eV determined from the activation energy based on the temperature (T)
dependence of resistivity'®. On the basis of a simple Zener breakdown model* we estimate Ey, for CRO to be
~4 MV/cm (we use here the in-plane lattice spacing of a = 5.45 A. Since Ey has been unknown for CRO, the
Fermi energy of Er ~0.2 eV for the y band of Sr,RuO, from ref. 21).
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Results

To investigate the switching phenomena, voltage-current (V-I)
curves have been measured by using a two-probe method for CRO
single crystals. Let us first present the results of V-biased experi-
ments. Figure 1 (a) shows changes in I at 295 K as a function of V.
With increasing V along the ¢ axis, I first rises linearly at a rate
indicating nonmetallic conduction of ~60 Qcm, but then jumps
discontinuously from 18 to 700 mA at 0.8 V, indicating switching,
and is followed by an increase at a rate indicating metallic conduction
of ~0.4 Qcm. Surprisingly, the threshold value Eg, ~ 40 V/cm for E) .
is far smaller than our expectation of ~4 MV/cm. We typically
obtained Ey, ~ 50 V/cm for E | .. Thus, the value of the Ey, is almost
independent of the E-field direction.

With reducing V, I decreases with the metallic slope. However, I
vanishes abruptly at ~10 V/cm because the sample breaks into
pieces (single crystalline CRO disintegrates not in the process of
the insulator-to-metal transition but in the metal-to-insulator trans-
ition. Thus, the E-field induced disintegration occurs only in the
decreasing V process at E < Ey,). Until this disintegration occurs,
the V-I curves show a large hysteresis indicating a first order Mott
transition**** during V sweeps.

We show that simple Joule heating is negligible from the following
three pieces of experimental evidence: Firstly, there was no

appreciable change in T of the sample during V sweeps; secondly,
the switching is also induced by applying only one tiny electric pulse
such as Vi, ~ 6 Vand I ~ 20 mA for the duration of 100 ms. In this
switching, the total power of ~12 m] is fed into a sample in contact
with a heat bath. Even if the sample absorbs all the heat, the possible T
rise of the sample (2.5 mg) is less than ~7 K. Thus, the actual T
should remain much less than Tyyr = 357 K. Lastly, the IV curves
obtained for different duration time are shown in Fig. 1(b) in order to
characterize the amount of heat needed to induce switching. Total
heating Qy, at a threshold point is plotted as a function of the dura-
tion time in Fig. 1(c). Qy, rises almost linearly with the duration time,
in sharp contrast to constant Qy, expected for a heating-dominated
case. Thus, our switching phenomena cannot be interpreted in terms
of a Joule heating.

From the V-I curves, we obtained the threshold values Eg, at
several temperatures below 320 K. Figure 1(d) shows the E, divided
by E, the extrapolated value of the Ey, to absolute zero, plotted as a
function T. The Ey, rises on cooling. The linear relation in a logarith-
mic scale is characteristic of T variation of the E,. The linear line is a
fit with a formula of Ey,(T)/Ey = exp(—T/Ty), using the characteristic
values E, = 80 kV/cm and T, = 39.2 K.

We, next, consider whether the switching in CRO occurs in local
or in bulk. As discussed in the development of switching into the
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Figure 1| Switching in voltage-current curves for Ca,RuOy. (a) The voltage-current curves obtained by a two terminal method with continuous Ej cat
295 K. There exists a large hysteresis during the voltage sweeps. (b) The switching curves for pulse application E, ¢ with a different duration time. The

threshold Vi, and I, are defined from the maximum voltage in the IV curve. (c) Total heating Qy, at the switching threshold estimated by Qu, = | Vi ()
I, (1) dt in an adiabatic model plotted as a function of duration time. The almost linear increase of Qy, with duration time gives clear evidence that the
switching is not dominated by heating. The solid line is guide for the eye. (d) E;;, below 320 K plotted as a function of T. The solid line is a fit with Ey,(T)/Ey
= exp(—T/Ty), using the characteristic values E, = 80 kV/cm and T, = 39.2 K. (e, f, g) The voltage-current curves measured by using a four-probe

method for a step-shaped sample consisting of different cross-sectional areas. The schematic view of the step-shape sample is shown in the inset. The
current are plotted against (e) voltage and (f) E-field. (g) The current density plotted as a function of E-field, showing that all the switching curves agree

with each other.
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Figure 2 | An x-ray diffraction study on single-crystalline Ca,RuO, in electric fields applied along the caxis at 290 K. (a) Comparison of the diffraction
patterns, showing the (006) reflections at representative electric fields. (b) Volume fraction of S and L-Pbca phases plotted as a function of E.

(c) Switching transition measured simultaneously with the x-ray diffraction. Comparing Fig. 2 (b) with 2 (c), we see that switching occurs prior to the
structural transition. (d) Electric-field variation of the lattice parameter c. The phase transition from S to L-Pbca phase occurs at Ey, via the mixed phases
(hatched region). (e) Pressure variation of lattice parameter ¢, from P. Stefen et al. (ref. 23). (f) Temperature variation of the lattice parameter ¢, from O.

Friedt et al. (ref. 22).

resistance RAM, many of switching phenomena in insulating oxides
have successfully been interpreted in terms of local switching. Two
kinds of local-switching models have recently been proposed: one is
due to formation of a filamentary path as seen in highly insulating
oxides such as NiO*, and the other is due to interface-resistance
switching as seen in relatively conductive perovskite-oxide insula-
tors®. In the case that switching occurs locally, the size effect on
resistance and threshold voltage should be different from that in a
bulk switching case. To inspect this point, we examine the V-I curves
obtained by using a four-probe method for the samples with different
sizes and shapes.

To clarify whether the switching is due to a filamentary path or
not, we used single-crystals of CRO formed into a shape with a step
with different cross-sectional area. Current is plotted as a function of
voltage and E-field in Fig. 1 (e) and (f), respectively. In both plots, a
difference is visible between large and small cross-sectional area. In
contrast, the plots of current density, J, against E-fields in Fig. 1(g) are
universal behavior of the switching in a wide range of E-field. From
the initial linear slope in the J-E curve the resistivity of ~4.7 Qcm is
obtained and agrees well with the resistivity obtained by an ac mea-
surement. Moreover, the value of 4.7 Qcm indicates that the system is
weakly conductive in bulk at RT. Thus, we conclude that the switch-
ing in CRO is not due to a filamentary path.

Next, we examine another possibility due to the interface resist-
ance switching. In this case, the switching probability should increase
with the area of electrodes because the switching occurs on the inter-
face between a sample and an electrode. We have, however, observed
that the resistance and the threshold voltage are almost independent
of the area of electrodes. Moreover, the threshold voltage rises lin-
eally with the distance of the electrodes. These clearly indicate that
the switching in CRO is not due to interface resistance switching
(many of switching phenomena in oxides can successfully be inter-
preted in terms of diffusion of oxygen defects; however, this model is
not suitable for the switching in CRO because CRO does not prefer to
produce the oxygen defects).

Now we examine the relation between structure and electronic
properties in single-layered ruthenates. It has been known that the
electronic phase stability of CRO are governed not simply by the
effective correlation energy U/W, but also by the orbital degeneracy
of the Ru"" t,, levels, both of which may abruptly change due to the
RuOg-octahedral distortions of flattening, tilt and rotation***. In
particular, the Mott transition is mainly due to the Jahn-Teller effect
which produces a change in the orbital occupation associated with
the flattening distortion'.

In pure CRO, the high-T (T > 357 K) or high-P ( P > 0.5 GPa)
metallic phase shows the structure called “L-Pbca”, with a weaker
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flattening and as well as a weaker tilt and smaller volume than the
low-T (T < 357 K) orlow-P (P < 0.5 GPa) insulating phase with the
“S-Pbca” structure®**. Thus, it is anticipated that the application of
E-fields to CRO is accompanied by the structural distortion to release
the “flattening” (by the c-axis expansion).

To confirm the E-field-induced structural transition, we per-
formed x-ray diffraction measurements for single-crystalline CRO
in E). at 290 K. Figure 2 (a) shows comparison of the diffraction
patterns, showing the (006) reflection at representative E-fields. The
(006) peak at E = 0 V/cm observed at 45.62 degree (11.915 A)
indicates that the system is in the stoichiometric S-Pbca insulating
phase. In contrast, the application of E turns the system from the S-
Pbca phase with the short c-axis to the L-Pbca metallic phase with
long ¢ (12.276 A) via a mixed state where the metallic phase coexists
with the insulating phase. Since the L-Pbca (006) peak becomes
visible at ~Ey,, the switching is accompanied by a bulk first-order
structural transition.

It should be noted that this structural transition is actually visible
under a microscope. As evident in the supplemental video, contrac-
tion and expansion of a CRO crystal (showing its ab plane) is induced
by repeatedly applying “tiny electric pulses” of 25 mJ (100 ms, 8.5 V
and 30 mA) at 290 K. This phenomenon may remind us of the
piezoelectric effect in ferroelectric crystals but is actually due to the
I-M switching accompanied by a structural transition. We note thata
large current often destroys the samples. However, the switching
phenomenon driven by the tiny electric pulses can be stably repeated
at least three thousand times. The E-field-induced Mott transition
thus occurs in the bulk of the sample, not just on the surface or in a
filamentary region.

As shown in Fig. 2 (b) and (c), the detailed process of the switching
accompanied by a structural transition is obtained by a simultaneous
measurement of volume fraction (b) and I (c) as functions of E. As
seen in this comparison, with increasing V the switching precedes the
structural transition. Moreover, the mixed phase persists in the field
range from 36 to 48 V/cm. We can, thus, deduce that the bulk metal-
lic region is initially formed along the E direction and then spreads
through the whole crystal.

We note that an isovalent substitution of Sr for Ca® or pressurisa-
tion" turns a Mott insulator to a quasi-two-dimensional Fermi-
liquid metal without any carrier doping. In these cases, the Mott
transition is interpreted in terms of a switching in the orbital occu-
pation driven by the lattice flattening distortion”. In contrast,
application of an E-field itself cannot directly act on the structural
distortions, and in fact, the switching occurs prior to the structural
transition as indicated by the comparison between Fig. 2(b) and (c).

Let us next compare the lattice parameter ¢ among the E-field, P,
and heating induced structural transitions. Figures 2 (d—f) show the
lattice parameter cas functions of E-field, P,and T, respectively. With
increasing E-field, the lattice parameter ¢ ~ 11.92 A (S-Pbca) gradu-
ally increases, and reaches ~12.01 A at E;, ~ 40 V/cm, where it
abruptly changes to ¢ ~ 12.28 A of the L-Pbca phase in a narrow
mixed-phase region. Clearly, there are quantitative similarities
among the E-field, P, and T variations of the ¢ parameter in the
vicinity of the Mott transitions.

However, we note here an important difference between the E-
field and heating induced metallic states. Once the switching occurs,
the lattice parameter ¢ ~ 12.28 A remains almost constant in the E-
field range from 40 to 70 V/cm. In contrast, heating makes the c-
parameter increase linearly at a rate of ~5 X 10~* A/K up to ~640 K.
This adds further evidence that the c-parameter variation in the E-
field cannot be identified as due to heating.

There remains an absorbing question: what is happening in the E-
field-induced metallic phase at low temperatures? To the best of our
knowledge, there has been no previous example of cooling a volatile
switching-system while keeping the metallic state. With the para-
meters found, it would reach quite a large value, over 100 kV/cm
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Figure 3 | Temperature variations of in-plane resistance. (a) With
constant current I = 420 mA. (b) Same data as (a) but for T<< 30 K: The
slope of the in-plane resistance in the electric field changes abruptly at
~15 K as indicated by an arrow. (c) In-plane resistivity under P ~

2.6 GPa, for which a similar variation to the E-field-induced case is seen at
a temperature corresponding to ferromagnetic Tc.

at4.2 K. In reality, it is extremely difficult to induce a Mott transition
by the E-field at low temperatures.

Keeping this in mind, let us now present the results of I-biased
experiments. Figure 3 (a) shows in-plane resistance measured with a
constant current of 420 mA by a two-probe method as a function of
T. Surprisingly, the T-variation shows a positive slope ( dp,,/dT > 0)
indicating metallic conduction in the T range from 300 to 4.2 K. That
is, once the switching has occurred, the E-field-induced metallic state
becomes stable with flowing current even in E-fields much less than
Ejh. A heuristic analogy may be drawn with a well-known phenom-
enon that “flowing” suppresses the freezing point of water.

Figure 3 (b) shows the same data as (a) but for temperatures below
30 K. An abrupt change in the metallic slope at ~15 Kis reminiscent
of the resistivity change associated with a FM transition in the P-
induced metallic CRO in Fig. 3 (c). Thus, we naturally anticipate that
a FM ordered state appears also in this current-driven metal as a
stationary but nonequilibrium state. Indeed, we have observed a
change in the local magnetic field with magnetic probes. Although
such measurements are technically not easy, they are in progress.

We have experimentally shown that a number of unusual phe-
nomena emerge in the Mott insulator CRO by applications of electric
fields and currents. First, the switching is induced by application of
such low fields as Ey, ~ 40 V/cm, which is 10> ~ 10° times lower than
that reported in other Mott insulators. Second, the switching is
accompanied by a bulk structural phase transition. Third, the
induced metallic phase becomes stable to low temperatures if the
flowing bias current is maintained. To add, we also show that under
bias current the AFM transition, characteristic of the Mott insulating
state of CRO, disappears and moreover FM ordering emerges below
15 K as indicated by the resistance drop as well as the spontaneous
magnetization at low temperature.

Discussion

Now, let us start with a discussion of why CRO shows switching with
a structural change. It might seem that switching at a low field is
connected with “avalanche breakdown”, a dielectric breakdown
propagating from a small region of a sample associated with an
impurity or surface effect. However, the switching in CRO cannot
be understood as such an avalanche breakdown for the following
reasons: first, the values of Ey, indicate good reproducibility, second,
the switching characteristics are nearly independent of envir-
onmental atmosphere, and last, the switching is accompanied by a
bulk structural change.

| 3:2536 | DOI: 10.1038/srep02536



Among the intrinsic mechanisms, the observed Ey, ~ 40 V/cm is
too small to be accounted for by a conventional Zener breakdown
model. We should note that in a Mott insulator like CRO, for which
conduction is frozen by Coulomb repulsion, unconventional mech-
anism of dielectric breakdown based on “the many-body Zener
effect” is expected to be essential. In fact recent theoretical studies
in terms of nonequilibrium processes in highly-correlated electron
systems predict that a metallic state is induced at a threshold voltage
much smaller than the Mott gap®*. Such unconventional mechanism
may explain relatively small threshold voltage of switching in some
Mott insulators even without active orbital degeneracy® ">

In addition, orbital depolarization characteristic of a multiband
system such as CRO may well be important in further reducing Ej,.
Specifically, it is known that in the insulating phase the lower orbital,
Ru-d,y, is fully occupied and the other bands, derived from the d,,
and dy, orbitals, are half-filled, whereas in the metallic phase more
electrons in the dy, and d, lead to full orbital depolarisation. Such
orbital depolarisation is strongly coupled to the structural transition.
Due to the availability of this self-doping mechanism associated with
spatial charge redistribution, the application of E-field may further
enhance the electronic instability driven by the many-body Zener
effect.

Here, we should also mention that the formula which describes
the observed threshold energy to induce the metallic state, Ey,(T)/E
= exp(—T/T)), is often used for CDW systems and interpreted in
terms of weakening of the pinning potential'*’. This formula is
importantly different from that for a thermal activation process,
En(T)/Ey = exp(To/T) and explains why Ey, is much smaller than
the Mott gap at RT and why the E-field induced metal is maintained
by current, in terms of delocalisation of carriers. A charge depinning
process deduced from the observed behaviour suggests that the
switching phenomena may be related to a ferro-type orbital ordering
in the insulating phase®, expected to be accompanied by charge
localisation.

Lastly, it should be emphasized that the “flowing current” plays a
key role in maintaining the induced metallic state, although the
switching itself is induced not by the application of current but
voltage. This phenomenon is truly unexpected and most probably
requires a mechanism of stabilising a steady but nonequilibrium state
(current maintained metal) over an equilibrium state (Mott insu-
lator). Thus, application of E-fields and/or flowing currents has a
great potential as a new tool to induce novel quantum phenomena in
a variety of materials. Utilising such nonequilibrium states will cer-
tainly help expanding our knowledge of material science®**.

Methods

Single crystals of CRO were grown by a floating-zone method with RuO, self-flux. We
used high quality samples'*~'* with essentially stoichiometric oxygen content judging
from the c-axis lattice parameter of ~11.92 A at 290 K and the AFM transition at
113 K. Judging from the c-axis lattice parameter before and after switching, there is
little change in the oxygen content during our switching experiments. Voltage-cur-
rent (V-I') curves have been obtained with a load resistor (0 ~ 1 kQ) connected in
series and a dc voltage and current source/monitor (ADVANTEST, model TR6143
and ADCMT, model 6241A). The electrodes were made by gold evaporation on a
freshly cleaved surface. The distance between the electrodes is typically 0.2 mm. We
monitored a change in T at the sample during voltage sweeps. There exists little
evidence for T rise in the E range below Ey,. The resistance have often been measured
by using a two-terminal method when there is negligible deference between a two-
and a four-terminal one as shown in Fig. 1(e-g).

The x-ray diffraction study was performed for single-crystalline CRO in E applied
along the ¢ axis at 295 K. We irradiate the cleaved (001) surface with a ring-shaped
electrode with x-ray. The contribution from CuKa, radiation was analytically sub-
tracted.

We have tried to examine a change in the local magnetic field directly using a
superconducting quantum interference device (SQUID) magnetometer as well as a
Hall probe. Detailed study is underway to determine the magnetic properties as a
function of temperature.
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We have observed an anisotropic and giant magnetoresistance (MR) in the 4d-electron Mott transition
system of Ca,RuQ,. On the border of the Mott transition (~2 GPa), the MR effect at ~10 T reaches ~
—55% at T¢ for longitudinal and ~+120% at low temperatures for the transverse effects. The negative MR is

most likely interpreted as a reduction in a ferromagnetic (FM) fluctuation at T¢. In contrast, the large positive
effect is actually rare and is characteristic of the mixed state where the FM metallic islands are flecked with the
insulating phases. We discuss the reason of the peculiar MR from the viewpoint of the “anisotropic magne-

tism,” the “tunnel MR,” and the “orbital physics.”

DOI: 10.1103/PhysRevB.80.193103

To explore novel quantum phenomena such as unconven-
tional superconductivity (SC), itinerant magnetism, and large
magnetoresistance (MR) effect, is one of the most important
and interesting subjects in condensed matter physics.! It is
known that transition-metal compounds in the vicinity of a
Mott transition exhibit a rich variety of quantum phenomena
caused by strong coupling with orbital degrees of freedom,
charge and spin.> As seen in the discovery of anomalous
metal such as the high-7 cuprates and the manganites, there
has been a growing interest in the Mott transition, which is
known as a dramatic and fundamental many-body effect in
itself. Most of the previous work on the Mott transition has
been confined to 3d transition-metal systems. In particular,
there has been growing recognition of a large decrease of
MR so-called the colossal magnetoresistance.’

In contrast, 4d metal-nonmetal systems are actually rare
since 4d orbitals are generally more extended than 3d ones,
giving rise naturally to wide bandwidths W. Moreover, the
orbital angular momentum of 4d electron is not entirely
quenched.* That is, the magnetic and electronic properties
are more sensitive to coupling with spin, charge and the or-
bital degrees of freedom. We thus expect a peculiar Mott
transition in 4d transition-metal systems. Much attention has
been paid for a Mott transition system in ruthenates with
perovskite-type structure. In particular, single-layered ruth-
enates (Ru** 44%) display versatile quantum phenomena,
ranging from an antiferromagnetic (AFM) Mott insulator to a
ferromagnetic (FM) metal, as well as SC. As well known,
Sr,RuO, shows the spin-triplet SC.°> In contrast, Ca,RuQ,
(CRO), which has a larger U/W than Sr,RuQ,, is a Mott
insulator with an AFM ground state.® The solid solution sys-
tem Ca,_,Sr,RuO, shows a complex phase diagram with a
peculiar Mott transition.” Isoelectric substitution of Sr by Ca
is, thus, an effective and convenient method to control U/ W
over a wide range through tuning the RuOg-octahedral dis-
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tortions of flattening, tilt and rotation.® In particular, the
Mott-type nonmetal-metal transition is accompanied by a
first-order structural transition from S-Pbca with flatted octa-
hedron (Ru-O distance along ¢ is shorter than that perpen-
dicular to ¢) into L-Pbca with nonflatted one (Ru-O distance
perpendicular to ¢ is longer than that along ¢). That is, the
nonmetal-metal transition is strongly related to expanding
the Ru-O distance along c.

In contrast, pressure, P, phase diagram is quite unique and
different from that of the substituted system. We reported
that pressurization of CRO transforms it from an AFM insu-
lator to a quasi-two-dimensional metal with a FM ground
state.>!9 The intrinsic FM ground state thus appears only in
the pressurized system. Our magnetization measurements'’
indicate that the FM has several features of an itinerant
magnetism:!! first, M., ~0.35up at 1.5 GPa is much
smaller than the saturated moment of 2 uy of localized Ru**
ion, second, magnetization is not easily saturated with ap-
plied magnetic fields up to 5 T, and lastly, a ratio of
Deit! M ery ~ 5 is much larger than the 1 of localized systems.

Here, noteworthy is that there exists a mixed state in the
pressure range 0.5 <P < ~2 GPa where the FM shows itin-
erant nature in spite of nonmetallic 7 dependence of
resistivity.!? Indeed, two characteristic changes in p,,(7)
were observed in CRO pressurized from 0.8 to ~2 GPa.
First, the metallic p,, (dp,,/dT>0) jumps discontinuously
and then turns into nonmetallic one (dp,,/dT<0). With
pressurization, the metal-nonmetal transition temperature
(Tyyr) is suppressed, and is killed above ~2 GPa. Second,
CRO pressurized above 0.8 GPa shows a drop in p,,(7T) at
around 7 determined by magnetization measurement. Such
a drop in p,,(T) at T is most likely understood as magnetic
scattering reduced by a FM ordering. Moreover, our high-P
diffraction study'? indicates that the structural phase separa-

©2009 The American Physical Society
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FIG. 1. (Color online) The longitudinal (a) and the transverse
(b) MR up to 14 T at 1.9 GPa and several fixed 7. The L-MR is
negative in the whole temperature and field ranges we measured.
The T-MR shows a positive MR reaching ~+120% at ~9.5 T and
2 K.

tion of L- and S-Pbca has been observed in the vicinity of the
Mott transition at ~0.5 GPa.

Single-crystals Ca,RuO, with an essentially stoichio-
metric oxygen content® were grown by a floating-zone
method. Resistivity was measured by a standard four-probe
method under P up to 4 GPa and fields up to 14 T by using
a physical properties measurement system (Quantum Design,
model PPMS) equipped with a homemade nonmagnetic
clamp-piston-cylinder cell. Our P cell uses a compound de-
sign with the MP35N alloy inner cylinder and outer sleeve.
Pressures were generated with Daphne oil 7243 (Idemitsu
Kosan Co., Ltd.) as a P-transmitting medium. '3

We have measured in-plane magnetoresistance MR
{Apab/pabz[pab(lu“OH)_pab(o)]/pah(o)} up to 14 T for CRO
pressurized at 1.9 GPa. The longitudinal (L-MR: Jll woH L ¢)
and the transverse MR (T-MR: J L uoHllc) at several fixed
temperatures between 50 and 2 K are plotted against mag-
netic fields in Figs. 1(a) and 1(b), respectively. Application of
MoH up to 14 T enlarges the L-MR negatively and monotoni-
cally over the whole T range we measured. On heating from
2 K, the amplitude of the negative L-MR continues to rise
from —7% at 2 K and 14 T, reaching a maximum of —55% at
10 K of T, then it turns to decrease. Moreover, the negative
L-MR curve turns from concave to convex one in the vicin-
ity of Tc~ 10 K. It can, thus, be seen that the negative MR
effect becomes remarkable at 7.

On the contrary, the uyH variation in the T-MR is mainly
positive but relatively complicated wyH and T variations. At
2 K, the T-MR rises positively and monotonically, peaking at
the maximum of ~+120% in 9.7 T, and then it turns to
reduce. We note that the value of ~+120% at 2 K and 1.9
GPa is the largest effect in the 7" and P ranges we measured.
Such a large MR is actually rare among positive than nega-
tive effect. With 7, however, the amplitude of the positive
T-MR reduces, and then the sign turns from positive to nega-
tive in the vicinity of 7. Above 30 K the amplitude becomes
quite small, similar to the L-MR. The characteristic peaks
were observed at fields of 9.7, 9.4, 8.9, 8.6, 8.4, and 7.4 T for
T=2,4,6,7,8, and 10 K, respectively. Thus, the peak de-
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FIG. 2. (Color online) Anisotropic MR at 3 T and 1.9 GPa
plotted against T, where (blue) triangle is the L-MR, (red) closed
circle is the T-MR, open circle is reminder of subtraction of L-MR
from T-MR. The dotted lines are guides to the eyes.

creases gradually and vanishes suddenly above 10 K of T.
Thus, the peak nature is most probably related to the FM
ordering.

In order to display the complicated MR nature intelligibly,
the changes of L- and T-MR at 3 T are plotted as a function
of T in Fig. 2. With reducing T from 50 K, the L-MR en-
larges negatively, reaching a peak of ~-30% in the vicinity
of T~ 10 K, then it decreases rapidly toward zero at abso-
lute zero. Qualitatively similar woH and 7T variations in
L-MR can be seen in a typical FM metal such as nickel in the
vicinity of T¢.'*!> This behavior is interpreted in terms of a
change in the FM spin fluctuation, which is suppressed in the
vicinity of 7 with magnetic fields. We can, therefore, under-
stand the observed nature of L-MR as a typical FM behavior
near Tc.

In contrast, the T-MR nature, especially 7 dependence,
remains puzzling. On cooling from 50 K, the T-MR increas-
ing positively and weakly dips suddenly into the negative
value of ~—8% on the border of 7. Below T it rises again
toward ~—40% at 2 K.

On the analogy of MR of nickel, the negative dip at ~T¢
appears naturally in both T- and L-MR.!*!3 That is, the dip in
the T-MR is most likely due to the same origin as seen in the
L-MR. It is generally known that a resistance caused by
magnetic scattering obeys the Matthiessen rule; therefore,
the T-MR excluding the FM fluctuation effect is obtained
after subtraction of the L-MR from the observed T-MR as is
shown in Fig. 2 (open circle). We can understand the trans-
verse effect is composed of two independent contributions:
the one due to magnetic scattering near 7 and intrinsically
positive one.

To obtain further information of the positive effect, we
examined the influence of wyHlc on the p,,(T). Figure 3
shows p,,(T) curves in several fixed woHllc at 0.8 GPa. The
pu(T) curves show nonmetallic increase below Ty
~230 K. The zero field p,,(T) curve peaks at Tc~10 K,
then it decreases monotonically as indicating a metal-like
dependence. On the contrary, application of uyH|lc induces a
low-T upturn (10 T), and then it kills the metallic decrease
(14 T).
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FIG. 3. (Color online) T-variation of p,, at 0.8 GPa in several
fixed uoH along c. The low-T drop in p,,(T) is suppressed by
applying uoHllc=10 T.

Let us consider the reason why application of uyH/|lc only
causes the characteristic changes in the resistivity. We infer
that the characteristic MR nature is due to a change in the
magnetization, namely, the magnetic scattering. Indeed, the
characteristic MR has mainly been observed in the FM state
only.

Recently we show that the FM moment is strongly aniso-
tropic; that is, the ¢ axis is the hard direction.!' A comparison
of the anisotropic magnetization processes at 2 K and 1.8
GPa gives us uogH,~9.5 T of the anisotropy field, at which
the direction of the spin orientation is forced from the a to
the ¢ axis by applying uoHllc.'® Here we note that poH,
~9.5 T corresponds to the peak field of the T-MR. Indeed, a
change in MR at uyH, has often been reported as a charac-
teristic nature of a ferromagnet. That is, a rotation of FM
moment is known as a factor for a change in MR.!7

In our T-MR case, the current and fields are applied per-
pendicular and parallel to the hard direction of the ¢ axis,
respectively. With applying uHllc, the angle between the
magnetized and the current directions initially increases, then
it becomes a right angle above uyH,. At uyH,, such a
change in magnetization is naturally reflected in the T-MR.
In contrast, the L-MR shows no characteristic change be-
cause the application of ugH L ¢ induces no characteristic
change in the FM moment. It, thus, can be seen that the
anisotropic MR is interpreted in terms of anisotropic magne-
tization, namely, spin flop induced by fields applied to the
hard direction of c.

However, there remains a question why the T-MR shows
positive and giant MR effect. We can fully expect that our
finding of the positive and giant MR effect is interpreted in
terms of the tunnel MR effect although there is no direct
evidence to confirm this so far. It is known that the tunnel
MR effect, which can often cause a large and positive MR,
occurs in magnetic tunnel junctions consisting of ferromag-
net isolated by thin insulators. Electron tunnelling between
the isolated FM islands can occur in the case that the insu-
lating layer is thin enough. Moreover, an angle dependence
of MR is known as a characteristic behavior of the tunnel
MR.
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FIG. 4. (Color online) At 2 K the p,,(uoH | ¢) (T-MR) measured
in several fixed pressures. The T-MR curves below 2.3 GPa peaks at
the characteristic fields, which are indicated by allows, are 9.1, 8.7,
9.2,9.6,and 9.7 T at 0.8, 1, 1.3, 1.8, and 2 GPa, respectively.

In the pressurized CRO, the FM metallic phase is induced
and enlarged by pressurizing above 0.5 GPa, then it is domi-
nant above 1.5 GPa. Indeed, the linear extrapolation of pres-
suring the S-Pbca volume fraction vs P suggests that the
S-Pbca insulating phase is almost killed by P=1.5 GPa.
Moreover, pressurization above ~1.5 GPa kills Ty and
makes it possible to reach the remnant FM moment as a bulk
system (the FM moment is almost constant above
~1.6 GPa), as indicated by our magnetization'? and uSR
studies.'® However, the resistivity still shows a nonmetallic 7'
dependence even above ~1.5 GPa. These mean that there
exist many of the FM metallic islands separated by the thin
insulating layers in the mixed state. Moreover, we can fully
expect that the magnetic tunnel junctions are naturally
formed in the mixed state.

As shown in Fig. 4, with pressurizing above 0.5 GPa the
positive and giant MR effect is initially enlarged, reaching a
maximum value of ~+120% at 1.9 GPa, then reduces rap-
idly and vanishes in the metallic state above ~2.3 GPa.
Thus, the positive MR effect is characteristic of in the mixed
state. We, therefore, infer that the positive MR is due to the
tunnel MR effect, namely the tunnel junctions consisting of
the FM metallic islands (L-Pbca) isolated each other by the
thin insulating layers (S-Pbca). The tunnel MR effect is ac-
tually a strong candidate for the mechanism of the peculiar
MR in the mixed state, but it is not enough for full under-
standing of our observed MR effect.

As another factor enlarging MR, we should discuss the
“orbital physics,” which is proposed to understand the pecu-
liar properties of Ru214 in the vicinity of Mott transition,
specially the “orbital-selective Mott transition.”*”!° We fo-
cus on two evidences indicating importance of strong cou-
pling with spin, charge, and the orbital degrees of freedom.
First, we pay attention to the value of uoH,, which is known
as an indication of spin-orbit coupling. uoH,~9.5 T is one
of the largest values as a d electron ferromagnet. Even for a
typical anisotropic ferromagnet of Co with woH,~1 T, the
orbital angular momentum plays a key role to understand the
strong magnetic anisotropy. Thus, importance of the “orbital
physics” is demonstrated by the strongly anisotropic ferro-
magnetism of the pressurized CRO.
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Second, we note that the large negative MR is not limited
in the mixed state. The negative L-MR reaching =-50%
have been observed in the paramagnetic region above 7 and
the metallic state above 2.3 GPa. It is known that MR in 3d
FM metals shows the qualitatively similar 7" and uoH depen-
dences, especially negative dip in the vicinity of 7 although
the amplitude of MR is a few percent at the most.'* The
amplitude of the MR in CRO is too large to explain in terms
of simple magnetic scattering as is the case with 3d FM
metals. We deduce that the orbital physics, namely strong
spin-orbit coupling, amplifies the MR due to magnetic
scattering.

We summarize several attractive findings in an anisotropic
and giant MR effect in the P induced Mott transition system
of CRO as follows: first, the 7 variation in both T-MR and
L-MR shows a negative dip near 7. The dip nature is quali-

PHYSICAL REVIEW B 80, 193103 (2009)

tatively understood as a change in magnetic fluctuation as is
also seen in typical FM metals. Second, concern has been
paid to the positive T-MR peaking at uoH,~9.5 T and
reaching ~+120%. Such a giant positive effect, which is
actually rare in bulk system, is characteristic of the mixed
state; therefore, this is due to the magnetic tunnelling be-
tween the FM islands isolated by the thin insulating layers.
Lastly, we propose the importance of the orbital physics as
another key factor for amplifying the MR effect. Indeed, this
is clearly indicated by the largeness of the anisotropy field of
95T.

A part of this work has been supported by a Grant-in-Aid
for Scientific Research on Priority Areas (Grant No.
20029017) from the MEXT of Japan.
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In order to explore unconventional superconductivity, we have studied pressure effect on a 4d-electron
Mott insulator Ca,RuQy. Pressurisation to Ca,Ru04 above 0.5 GPa transforms it from a Mott insulator to a
metal with a ferromagnetic ground state. The itinerancy of the ferromagnetic state at 2 GPa is quantita-
tively evidenced by the magnetisation process at 2 K. Moreover, the pressure phase diagram of this sys-
tem suggests the existence of a ferromagnetic quantum phase transition at ~10 GPa.

© 2009 Elsevier B.V. All rights reserved.

Recently, there has been growing interest in pressure effect on
quantum phenomena such as unconventional superconductivity
(SC) in strongly correlated electron systems. This is because
pressurisation is generally known as a powerful tool to tune the
properties of materials without introducing randomness, which
can be extremely hostile to unconventional SC states.

It is known that a 4d-electron single-layered ruthenates
Sr,Ru0,4 shows spin-triplet SC below 1.5 K [1]. Moreover, an isova-
lent replacement of Sr with Ca changes quasi-2D metal (SrpRuQ,4)
into Mott insulator (Ca;RuQy). To bridge this gap without introduc-
ing disorder, we have pressurised the Mott insulator Ca;RuO,.

So far, we have reported that pressurisation to CaRuO4 above
0.5 GPa transforms it from Mott insulator with Antiferromagnet-
ism ground state to a metal with a ferromagnetic ground state
[2,3]. We thus have strong interest in measurements at higher
pressure as a crucial test of the connection between the unconven-
tional SC and the pressure-induced ferromagnetism. However,
many of the ferromagnetic properties remain to be veiled because
of a luck of a nonmagnetic pressure cell allowing us to achieve
pressure over 2 GPa at low temperatures. We have recently
developed a piston-cylinder pressure cell for a commercial SQUID
magnetometer (Quantum Design, model MPMS) allowing us to
achieve pressure of 2.1 GPa at low temperature [4].

In the beginning of this paper, we show the magnetisation
process of the pressure-induced ferromagnetic state in Ca;RuQy4
at 2 GPa and discuss the itinerancy. The itinerancy of the ferromag-

* Corresponding author. Tel./fax: +81 824 7042.
E-mail address: fumihiko@hiroshima-u.ac.jp (F. Nakamura).

0921-4534/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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netism in the pressurised Ca,RuQ,4 is evidenced by following
reasons: Firstly, the ferromagnetism was observed in the metallic
phase. Secondly, the susceptibility obeys the Curie-Weiss law
above Tc ~ 10 K, however, the effective paramagnetic moment of
Deir 1.9 z/Ru-ion is too small to interpret a localised case
(2.73 pg/for S =1). Thirdly, the magnetisation M is not easily satu-
rated with uy,H. Moreover, the remnant M along the a axis of
Miem ~ 0.4 iy is quite smaller than the saturated moment of 2 p,
of localised system. A ratio of p.g/Mrem ~ 4.2 is much larger than
1 of localised spins systems. Thus, it can be seen that the pres-
sure-induced ferromagnetic nature is well interpreted as itinerant
ferromagnetism.

Next we quantitatively evaluate the itinerant parameters
according to the SCR spin fluctuation theory [5]. As shown in
Fig. 1, the magnetisation process at the lowest T of 2 K exhibits a
good linearity in an Arrott plot (M%, vs. H/M plot).

The characteristic temperature due to spin fluctuation is esti-
mated to be To ~ 80K, namely Tc/To ~ 0.13. Fig. 2 is based on
the generalized Rhodes-Wohlfarth plot for itinerant ferromagne-
tism by Takahashi [6] where p.s/M:em is plotted as a function of
Tc/To. The itinerant parameters of Ca,RuO,4 at 2 GPa are well lo-
cated on the theoretical curve. Thus, it can be seen that the pres-
surised Ca;RuQ4 is an itinerant ferromagnetism in a Q2D metal,
which is theoretically predicted [7].

Let us next mention the pressure phase diagram of Ca;RuQ,,
especially in the vicinity of 10 GPa. In our previous report, the
pressure variation of ferromagnetic transition was obtained from
a peak in the T dependence of out-of-plane resistivity at T* [2].
We show here the pressure variation of Tc obtained by the T
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Fig. 2. The generalized Rhodes-Wohlfarth plot for itinerant ferromagnetism [6].
The parameter of the pressure-induced ferromagnetism in Ca;RuQy is indicated by a
closed circle.

dependence of magnetic measurements. The dc magnetisation was
measured under pressure generated by two types of clump-type
cells (piston-cylinder and diamond anvil). Furthermore, ac suscep-
tibility was measured in a constant-pressure condition achieved by
a cubic-anvil apparatus.

Fig. 3 summarises the T¢ obtained by the clump-type cells (open
square) and the constant-pressure type apparatus (closed circle) as
a function of pressure up to ~10 GPa. With pressurising, Tc¢ in-
creases from ~10K at 0.5 GPa reaching maximum of ~25 K at
~6 GPa, and then it starts to decrease. The T¢ obtained by the con-
stant-pressure type cubic-anvil apparatus decreases gradually with
pressurising up to ~10 GPa. This variation agrees well with the
pressure dependence of T" [2].

In contrast, the pressure variation of T¢ obtained by the clump-
type diamond-anvil cell shows an evident difference above 7 GPa.
That is, any evidence of ferromagnetic ordering could not identified
in our measurement with further pressurisation above P ~ 6.5 GPa.
Indeed, a drastic reduction of the ferromagnetic moment at ~9 GPa
has also been reported in the measurement using the clump-type

30 T T
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- oy e% o
X [} ® ..
~ 20 o i
2 o
2
S
G
- ]
€ ® 7_: Cubic anvil
ﬁ [ ] o T_:Clump type
0 L L
0 5 10

Pressure (GPa)

Fig. 3. Pressure phase diagram of Ca,RuO,4. The data obtained by using clump-type
cells and cubic anvil type is shown by an open square and a closed circle,
respectively. The evidence of ferromagnetic ordering in the T dependence of
magnetisation is killed by pressurising above 6.5 GPa. The phase transition is
marked by a dotted line.

Moissanite-anvil cell [8]. Moreover, absence of the FM-T¢ and evi-
dence of pressure-induced superconductivity above ~8 GPa has
also been reported recently [9]. Thus, it can be seen that the Tc
abruptly vanishes in the case of the pressurisation using a
clump-type cell.

We deduce that this difference is due to the deviation from
hydrostaticity. It is known that a significant difference in pressure
effect on a quasi-2D system is often caused by the deviation from
hydrostaticity [10]. Indeed, the pressurised Ca;RuQ, is strongly
anisotropic in not only metallic nature but also magnetism [2,3].

In summary, pressurisation to a 4d-electron Mott insulator
Ca,Ru0, transforms to a quasi-2D metal with a ferromagnetic
ground state. We have evaluated that the magnetic properties is
quantitatively interpreted as an itinerant ferromagnetism, which
is predicted based on the SCR theory. Moreover, pressure variation
of T¢ at ~10 GPa indicates the existence of quantum phase transi-
tion, which is most likely sensitive to hydrostaticity. We thus have
strong interest in measurements at higher pressure as a crucial test
of the bridge between the p-wave SC and the itinerant
ferromagnetism.
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