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Chapter 1

Introduction

1.1 Background

Strongly correlated materials have attracted much attention for the past few decades
because they exhibit unique and intriguing physical properties not found in conven-
tional metals and semiconductors. Electrons in these materials move around in a
crystal lattice while avoiding with each other because of the strong Coulomb re-
pulsion between them. When the Coulomb repulsion is comparable to or exceeds
the energy gain of the kinetic energy, each electron stops traveling and localizes at
each atomic site. In such a situation, in addition to the charge degree of freedom of
electrons, the spin and orbital degrees of freedom become obvious, which can be a
source of electronic and magnetic properties.

One of the fascinating systems is transition metal oxides (TMOs), where elec-
trons in unfilled d orbitals in a transition metal ion play an important role in physical
properties. Especially, 3d TMOs have been a major focus for investigating electronic
correlations owing to a sizable Coulomb repulsion in well-localized 3d orbitals. An
enormous number of studies so far have discovered many interesting physical phe-
nomena such as high-T, superconductivity in cupurates and colossal magnetoresis-
tance in manganites, and revealed that they manifest themselves in the vicinity of
the metal-non-metal transition [1]. On the other hand, since 4d and 5d orbitals
are spatially more extended than the 3d orbitals, a smaller Coulomb repulsion is
expected. Moreover, strong hybridization between these orbitals produces relatively
wide d bands, being favorable for metallic conduction. Thus, it is generally antici-
pated that 4d or 5d TMOs are far from the borderline between electronic itinerancy
and localization, and only trivial metallic states are realized. But practically, unex-
pectedly complex electronic states have been found in some of 4d or 5d TMOs.

Among them, perovskite ruthenium oxides (Ca, Sr),+1Ru,0Os,41 have been
extensively studied since the discovery of an unconventional superconductivity in
SroRuOy4 [2]. In these compounds, 4d electrons in Ru** ions are responsible for
their physical properties. They belong to Ruddlesden-Popper phases of layered per-
ovskite structure, consisting of Ru-O layers interleaved with a Ca- or Sr-O interlayer.



Each Ru-O layer is composed of corner-sharing RuOg octahedra, and the number of
the layers directly connected via oxygen ions increases with increasing n (n = oo cor-
responds to a well-known perovskite structure ABOs3). These ruthenates are found
to exhibit a variety of electronic and magnetic ground states, depending on n and
A-site cation, such as an antiferromagnetic Mott-insulator, an itinerant metamag-
net, and a ferromagnetic metal [3-6]. This richness of ground states indeed testifies
the competition between itinerancy and localization of the 4d electrons.

Another important characteristic of these systems is electron-lattice coupling.
Owing to the spatially extended 4d orbitals, the Ru** ions experience a strong static
electric field, i.e., crystal field from the six surrounding O?~ ions coordinated octa-
hedrally, leading to the lifting of the degeneracy of the 4d orbitals. As a result, the
electronic state of Ru**t ions depends on the slight distortion of a RuOg octahedron.
In other words, they are easily modified by changing the lattice degrees of freedom.
In an ideal RuOg octahedron, the 4d orbitals split into the three lower-energy ts4
orbitals (dgy, dyz,d.;) and the two higher-energy e, orbitals (d,2_,2,ds,2_,2), and
then four 4d electrons in a Ru*t ion occupy the tog orbitals with low-spin state
(S = 1) because of the large crystal field. When the RuOg octahedron is distorted,
the degeneracy of the ty, orbitals is further lifted, resulting in the change of the
electronic state.

Furthermore, the significance of the spin-orbit coupling (SOC) has often been
discussed in the ruthenates [7-11]. The orbital angular momentum of the 4d elec-
trons remains a finite value in the degenerate to, state of Ru** ions [7]. Since the
SOC in 4d transition metal is more substantial than in 3d transition metal, it can
affect the electronic state by lifting the degeneracy, which competes with the crystal
field. Besides, in recent studies, it has been pointed out that the ruthenates are
described as Hund’s metals, in which the Hund coupling plays a crucial role in pro-
ducing the electronic correlations [12-15]. In this way, the wide variety of ground
states in (Ca, Sr),+1Ru, 03,11 are believed to be realized under the delicate balance
among the various interaction. In such systems, small perturbations are expected
to break the balance and drives the systems into new exotic ground states.

In this respect, a pseudo-cubic perovskite CaRuOs (n = o0) is of particular
interest. This compound is a paramagnetic metal, which shows a metallic-like con-
duction and a Curie-Weiss-like paramagnetic susceptibility down to the lowest tem-
perature [16,17]. At the same time, it has been reported that the dilute impurity
substitution for Ru-site induces ferromagnetism [18], clearly demonstrating the mag-
netic instability of this material. Concerning this impurity-induced ferromagnetism,
only a few things have been revealed on its mechanism, as well as even on its nature.
To address these issues, we conduct a comprehensive investigation of magnetic and
transport properties in non-magnetic-impurity-substituted CaRuOs.

In the rest of this chapter, we briefly introduce the physical properties of CaRuOs3
and the discussion on its ground state and the impurity-induced ferromagnetism.
Finally, we will describe the purpose and composition of this thesis.



1.2 Pseudo-cubic perovskite ruthenium oxide CaRuQO;

In this section, we first show the crystal structure and the physical properties of a
pseudo-cubic perovskite ruthenium oxide CaRuQOj3 with comparison to the closely
related ruthenate SrRuQOj3, and then introduce the discussion on the magnetic ground
state related to the magnetic instability of CaRuOs.

1.2.1 Crystal structure

The pseudo-cubic perovskite ruthenates CaRuO3 and SrRuOg3 were first synthesized
nearly 60 years ago [19]. Both compounds crystallize in an orthorhombic struc-
ture with the space group Pnma as shown in Fig. 1.1. The lattice parameters of
Ca(Sr)RuO3 are a = 5.52 (5.53) A, b = 7.66 (7.84) A, and ¢ = 5.36 (5.57) A at
room temperature, respectively [20]. This structure is characterized by a zig-zag
network of corner-sharing RuOg octahedra. Owing to the size mismatch between
A-site cation and Ru ion, these octahedra are tilted and rotated with the isotropic
Ru-O bond length, resulting in the distortion from the ideal perovskite structure.

The degree of the distortion can be evaluated in terms of the Ru-O-Ru bond
angle, which is equal to 180° in the ideal perovskite. Kobayashi et al. have been re-
ported that the Ru-O-Ru bond angle monotonically decreases from 164° for SrRuOs3
to 150° for CaRuOg with substitution of Ca for Sr [20], indicating that CaRuOs is
more distorted than SrRuQOj3. In addition, there is no significant change of the Ru-O
bond length in (Ca, Sr)RuOs, suggesting no distortion of the RuOg octahedra by Sr
substitution.

Cc

Figure 1.1: Crystal structure of ARuOs (A = Ca, Sr). The solid lines represent the or-
thorhombic unit cell with the space group Pnma.
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Figure 1.2: The temperature dependence of the resistivity in StRuOg (the left panel) and
CaRuOs (the right panel) single crystals [16].

1.2.2 Physical properties of (Ca, Sr)RuQ; system

Transport properties of CaRuO3 and SrRuOgs are similar with each other. They
show the metallic resistivity (Fig. 1.2) and thermopower down to the lowest tem-
perature [16,21]. The metallic conduction is observed even in the solid solution
Sri_,Ca,RuOg [22]. Furthermore, optical spectroscopy and photoemission exper-
iment have found that CaRuOs exhibits peak structures of the spectra similar to
those of SrTRuO3 [23,24], suggesting that these compounds have almost the same
electronic structure as predicted by a band structure calculation [25]. These results
are consistent with the similar structural characteristics. We should note, however,
that the slope of the resistivity changes at around 160 K (denoted by T in Fig. 1.2)
in SrRuQOg, while no anomaly can be found in CaRuOj3. This kink is the consequence
of the ferromagnetic transition [5]. Accordingly, the absence of the kink implies a
clear difference between the two ruthenates in magnetic properties.

Figure 1.3 shows the temperature dependence of the inverse magnetic suscepti-
bility of Sri_,Ca;RuO3 [26]. The magnetic susceptibility exhibits a paramagnetic
temperature dependence obeying with the Curie-Weiss law at high temperatures
above 250 K in the whole concentration range. The effective magnetic moment peg
is estimated from the Curie-Weiss fitting to be similar values between p.g = 2.8up
(StRuO3) and peg = 3.4up (CaRuOgs). These values are comparable to that ex-
pected from the magnetic moment of a Ru**t ion in the low-spin state (S = 1), i.e.,
Do = 2.83up. In SrRuOgs, the inverse susceptibility goes to zero with decreasing
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Figure 1.3: The temperature dependence of the inverse magnetic susceptibility of
Sr;_,Ca,RuO3 [26]. The inset shows the composition dependence of the ferromagnetic
transition temperature 7.

temperature toward 7T, of 160 K, which is typical of ferromagnets. One can see that
the ferromagnetic transition temperature T, decreases with increasing Ca content x,
and finally vanishes at around z = 0.7 as shown in the inset of Fig. 1.3, which is
accompanied by the disappearance of the spontaneous magnetization at 4.2 K (see
Fig. 2 in Ref. [26]). At the same time, the Curie-Weiss temperature fcw changes its
sign from positive to negative [17]. CaRuO3 shows a Curie-Weiss-like paramagnetic
susceptibility down to the lowest temperature without any sign of magnetic tran-
sition. Actually, a neutron diffraction measurement and a Mdssbauer spectroscopy
have revealed that no long-range magnetic ordering is found down to 1.5 K [27,28].
However, this fact is inconsistent with a large negative Ocw (~ —150 K) observed
in CaRuOj3 [17], because it usually suggests a strong antiferromagnetic interaction
between the magnetic moments.

The magnetization at low temperatures does not saturate at high fields in SrRuOs,
and its spontaneous magnetization per Ru ion is much smaller than that expected
from peg (2up/Ru) [5,29]. Considering these features with the metallic conductivity,
SrRuOg3 has been widely recognized as an itinerant ferromagnet. On the other hand,
the magnetic ground state of CaRuOg3 has been controversial for a long time.
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Figure 1.4: 1/T7T plotted as a function of the magnetic suceptibility x in Ca;_,Sr,RuO3
for x = 0 (filled squares), 0.6 (empty circles), and 1.0 (filled circles) [32], where 1/T1T is
170 nuclear spin-lattice relaxation rate. Solid lines represent a linear relation between the
two.

1.2.3 Magnetic ground state of CaRuQO;

In the initial studies, the magnetism of CaRuOgs was explained on the basis of the
framework of the localized magnetism [17,29], in which localized moments of Ru**
ions (S = 1) couple antiferromagnetically with each other via the antiferromagnetic
superexhange interaction. Considering the observed large negative fcwy, this is a
natural viewpoint. The change of Ocw in its sign was attributed to the modification
of the exchange interaction with Sr substitution.

On the other hand, Kiyama et al. have pointed out that Sri_,Ca,RuOgz sys-
tem is an itinerant magnetic system [26,30-32]. They have observed that SrRuOs3;
exhibits a spontaneous magneto-volume effect, i.e., the Invar effect below T, [30],
suggesting that the Ru 4d electrons, which induce ferromagnetism, actually have the
itinerant character, like conventional 3d itinerant ferromagnets. Furthermore, they
have found typical features of itinerant electron magnets in high-field magnetization
measurements [26]: a sizable increase of the magnetization by magnetic fields from
the reduced spontaneous magnetization at low temperatures and no saturation of
the magnetization with a large high-field magnetic susceptibility. In addition, they
have suggested that the specific heat of the paramagnetic samples (x = 0, 0.2) can
be quantitatively explained in terms of spin-fluctuation theory for weakly and nearly
ferromagnetic metal [31].

In this context, CaRuOj3 is considered as a nearly ferromagnetic metal which
exhibits the magnetic susceptibility obeying the Curie-Weiss law with the negative
Ocw. The magnitude and sign of fcw can be regarded as a parameter to measure
how far the magnetic ground state is from the ferromagnetism in SrRuQOj3. Actually,
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Figure 1.5: Density of states in the Ru 5, band near the Fermi surface for SrRuO3 in the
cubic and orthorhombic structure, and for CaRuOg in the orthorhombic structure [25].

they have revealed the existence of strong ferromagnetic fluctuations in CaRuQOj3 by a
NMR study [32]. Figure 1.4 shows 1/77T plotted against the magnetic susceptibility
x in Sr;_,Ca,RuO3 for x = 0, 0.6, and 1.0, where 1/T1T is 7O nuclear spin-lattice
relaxation rate. One can find a good linearity between 1/71T and x for all samples
including CaRuOg as depicted by solid lines. This result means that polarization
of the spin density at two neighboring Ru sites are linked with ferromagnetic spin
correlations.

An implication that CaRuOsg is a nearly ferromagnetic metal is also given by
a band structure calculation. Magzin et al. have investigated the magnetic states
of SrRuO3 and CaRuO3 based on spin-dependent density functional theory [25].
Figure 1.5 shows the density of states (DOS) in Ru ty, band near the Fermi level
(Ep) for StRuOg in the cubic and orthorhombic structure, and for CaRuOg in the
orthorhombic structure. In the ideal perovskite structure, the van Hove singularity
is found close to Er in SrRuOgs. Note that this is the case for CaRuOs. The
structural distortion in the actual structures affects the electronic structure so that
it broadens and splits the van Hove peak. In SrRuOgs, the DOS at Er (N(EF))
is still large because the splitting is small. In contrast, the large split leads to a
small DOS in CaRuOj3 owing to the larger distortion in this material. Within the
Stoner model on itinerant ferromagnetism, the ferromagnetism occurs when a stoner
factor @ = IexN(EF) is larger than the unity, where I¢ is the interaction constant.
Thus, the difference in the density of states would give the reason why SrRuOg is
ferromagnetic and CaRuQj3 is paramagnetic. At the same time, Mazin et al. have
pointed out the ferromagnetic instability of CaRuQOs. Independently, Mukuda et al.
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Figure 1.6: Temperature dependence of magnetic susceptibility of polycrystal CaRuOj3 at
various magnetic fields on field cooling (FC) and zero-field cooling (ZFC) processes [34].

have found the stoner factor o to be 0.98 in CaRuOg3 by means of Ru NMR [33].

Another possibility of the magnetic ground state has been pointed out by Felner
et al [34]. As shown in Fig. 1.6, they have observed that the magnetic susceptibility
shows the irreversibility between zero-field cooling and field cooling processes at low
magnetic fields for both polycrystal and single crystal (not shown) samples, imply-
ing an ordered magnetic state. They have further found that a bifurcation point
shifts to low temperatures with increasing magnetic field, and then the magnetic
susceptibility exhibits typical paramagnetic behavior at high magnetic fields. Based
on these results, they have claimed that CaRuQOgs is not paramagnetic, but rather
a spin-glass system. On the other hand, Koriyama et al. have suggested that the
irreversible feature is not an intrinsic property of CaRuQOj because it is observed
only for polycrystalline samples [35]. Besides, Baran et al. have discussed the sen-
sitivity of the magnetic susceptibility to magnetic field related with a possibility of
a quantum criticality [36].

In this way, the magnetic ground state of CaRuOs3 is still under debate. The
only consensus is that this material has magnetic instability and would readily turn
into a magnetically ordered state by a perturbation.
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Figure 1.7: Magnetic field dependence of magnetization of CaRu;_,Ti, O3 measured at 5 K
for x = 0.2, 0.4, 0.6, 0.8 [18]. The lower right and upper left inset show the magnetic hys-
teresis loop for z = 0.02 and the temperature dependence of the ferromagnetic contribution
to the magnetization My for x = 0.2, 0.4, 0.6, 0.8, respectively.

1.3 Impurity-induced magnetic state in CaRu; _,M ,O;

The substitutions for the Ru site in CaRuOj3 also have attracted much interest owing
to their peculiar effects on the magnetism. Many extensive studies have revealed
that various magnetic states are induced in CaRu;_,M,O3 by a small amount of
substitution of the 3d transition metal ions for Ru** ions; ferromagnetism is found
for M = Ti, Cr, Mn, Fe, and Ni [18,37-43], and a spin-glass state for M = Co and
Cu [44,45]. Note that this phenomenon occurs regardless of the magnetism of the
substituent ions, demonstrating the magnetic instability of CaRuOs.

Among these studies, most intriguing are the Ti substitution effects, which were
first reported by He and Cava [18]. Figure 1.7 shows the magnetic field dependence of
magnetization of CaRu;_,Ti; O3 for various Ti content measured at 5 K [18]. Clear
magnetic hysteresis loops are observed in Ti-substituted samples, which is a hallmark
of a ferromagnetic state. Ti ions are considered to be non-magnetic, isovalent cation
Ti**t (3d%), and should just disrupt the Ru-O-Ru network while keeping the Ru
formal valence. Thus, this result is seriously incompatible with a simple magnetic
dilution effect. We should emphasize that this ferromagnetism is induced by only
2% of Ti substitution as shown in the lower right inset of Fig. 1.7. He and Cava
have concluded that CaRuQj3 is located on a critical point between paramagnetic
and ferromagnetic ground state, where a balance is affected by small amounts of
disorder. Since the discovery of this Ti substitution effects, the impurity-induced
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magnetic state in CaRuO3 has attradted keen attention and has been extensively
investigated. However, the nature and mechanism of the ferromagnetism have not
been fully understood in spite of many efforts so far.

In considering these problems, one important fact is that the ferromagnetic tran-
sition temperature T is independent of substitution amount. As shown in the upper
left inset of Figure 1.7, the onset of ferromagnetic contribution to the magnetization
My is found at 55 K for any Ti content from z = 0.2 to x =0.8. A similar feature
has also been reported for Ti substitution by other groups [37,41] and other element
substitutions such as M = Mn and Fe [41,43], although the value of T, varies de-
pending on the literatures. Such z-independent 7, has been regarded as a signature
of the inhomogeneity of the induced magnetic state. He and Cava have suggested in
Ref. [43] that the element substitution induces small ferromagnetic regions with an
intrinsic T, and these regions increase in their size or volume fraction with increas-
ing substitution content. Another evidence of the inhomogeneous ferromagnetism
has been found by the specific heat measurements [37,46,47]. Figure 1.8 shows the
temperature dependence of the specific heat for CaRug 7Tip 303 with Tt of 34 K [37].
There is no clear peak of the specific heat at around 7, probably suggesting that
only small amount of the entropy is released accompanying with the ferromagnetic
transition. Considering this result with the intrinsic 7., Hardy et al. have proposed
that CaRu;_,Ti, O3 is heterogeneous ferromagnetic system, in which a short-range
ferromagnetism develops only for a specific range of local Ti content. Besides, some
groups have accounted for the ferromagnetism induced by the magnetic ion substi-
tutions in a common scenario [38,41,42]: magnetic clusters are formed around the
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Figure 1.9: The generalized Rhodes-Wohlfarth plot with the data points of CaRug 7 Tig 303
(square), CaRug gTig 203 (circle), and that of SroCaRu207 (diamond) [43]. The last ruthen-
tate is claimed to be a weakly itinerant ferromagnets [49]. The solid curve represents the
calculation for weakly itinerant ferromagnets predicted by Takahashi [48].

substituent ions coupled magnetically with the nearest-neighbor Ru ions and con-
tribute to the macroscopic ferromagnetism. As such, the inhomogeneity has been
widely recognized as one of the nature of the impurity-induced ferromagnetism.

To clarify the origin of the impurity-induced ferromagnetism, it would be in-
dispensable to address a significant problem that whether the nature of the ferro-
magnetism is localized or itinerant. Nevertheless, there are only a few arguments
in the previous studies. A general substitution effect for Ru-site is that the sub-
stitutions lead the Curie-Weiss temperature Ocw a less negative value than that
observed in CaRuOs3 [18,39,41,42]. He and Cava have interpreted fcw as a measure
of the change from the peculiar magnetic state of CaRuO3 to the conventional ferro-
magnetism [43], with the discussion in the itinerant (Ca, Sr)RuOg system in mind.
Furthermore, Hardy et al. [37] have examined the itinerancy of the ferromagnetism
more directly by using the generalized Rhodes-Wohlfarth plot, which has been pro-
posed by Takahashi [48]. They have estimated peg/ps and T, /Ty for CaRuj—,Ti, O3
(x = 0.2, 0.3) and compared with a universal curve predicted for weakly itinerant
ferromagnets, as shown in Fig. 1.9. Here ps is the spontaneous magnetic moment
per magnetic moment and Tg is a spin fluctuation parameter. The data points of
CaRu;_,Ti;O3 are found to lie close to the universal curve. In addition, they also
locate near the data point of SroCaRusO7, which is claimed to be a weakly itin-
erant ferromagnet [49]. These results have suggested that the ferromagnetism in
CaRuj_,Ti;O3 can be explained in terms of the itinerant electron model. A similar
argument has been made by Kawanaka et al. in CaRu;_,Mn,;Os3 [40]. It should be
noted that the cluster model proposed for the magnetic ion substitutions seems to
be based on the framework of localized magnetism.

11



1.4 Purpose of this thesis

Concerning the impurity-induced ferromagnetism, there remain many issues to be
solved. One of the main question is whether or not this ferromagnetism is the same as
the itinerant ferromagnetism induced by the Sr substitution for Ca. Although some
studies have suggested the implications of the itinerant character of the impurity-
induced ferromagnetism, there is almost no direct comparison with the (Ca,Sr)RuOs
system. Moreover, compared to the magnetic properties, the transport properties
of CaRu;_,M,0O3 have not been investigated in details, despite they may give us
fruitful information on the itinerancy and localization of electrons. Another problem
is the microscopic picture of the induced magnetic state. The direct observations
of the inhomogeneous ferromagnetism have not been found so far. The proposed
inhomogeneity implies the existence of Ru*t ions which are still involved in the
paramagnetic state, but the correlation of these Ru** ions with the ferromagnetic
state has not been discussed. In this sense, nothing is known about the magnetic
state induced by the impurities.

The purposes of this thesis are (1) to clarify the relationship of the impurity-
induced ferromagnetism with the itinerant ferromagnetism in the (Ca,Sr)RuOs3 sys-
tem, and (2) to explore the microscopic picture of the induced magnetic state through
the careful investigations on disorder effects of the impurities. We note here that it
would be an effective way to examine the system with a simple element substitution.
Thus, we focus on Sc substitution which has not been reported, because Sc ions have
only the unique and non-magnetic valence state of Sc3*.

The composition of this thesis and its contents are briefly described below. In
Chapter 1, we already showed the research background and the overview of CaRuOs.
In Chapter 2, we investigate static magnetic properties of CaRu;_,Sc, O3 and show
that Sc substitution induces ferromagnetism with an intrinsic 7¢ of 30 K. We suggest
that this system is a magnetically non-uniform system composed of two different
magnetic components through the quantitative analysis with a phenomenological
two-component model built by ourselves. Based on this result, we compare our
system with (Ca, Sr)RuOs system quantitatively. In Chapter 3, to verify the dis-
order effects of Sc ions, we examine dynamic magnetic properties and the chemical
homogeneity of the sample. From experimental results, we show a possibility that
a ferromagnetic cluster glass state is realized, and discuss its length scale and spa-
tial distribution. In Chapter 4, we investigate the magneto-transport properties in
order to the correlation between the ferromagnetic state and Ru**t ions which are
responsible for the paramagnetic metallic state. We demonstrate the presence of a
finite coupling between them and propose a microscopic picture different from that
proposed so far. In Chapter 5, we re-investigate the Ti substitution effects focusing
on the similarity with the Sc substitution. Through the two-component analysis and
the dynamic magnetic measurements in Ti-substituted CaRuOs, we point out a com-
mon magnetic state induced by non-magnetic impurities. In Chapter 6, we finally
summarize all the results and show the conclusions, followed by future prospects.

12



Chapter 2

Non-uniform magnetic state in
CaRu;_,Sc, 03

2.1 Introduction

In this chapter, we show the static magnetic properties of CaRuy_,Sc;O3. A vari-
ety of element substitutions for Ru site has been conducted in order to clarify the
impurity-induced magnetic state [18,37-39,44]. Nevertheless, its nature has not
been fully understood for more than two decades. One of the reasons would be the
fact that the element substitutions reported so far make the magnetism complex
owing to the magnetic moments and/or the multiple possible valence states of the
substituent ions. For instance, the coexistence of both magnetic Mn3* and Mn**
ions has been pointed out in CaRuj_;Mn,O3 [39]. Even in the non-magnetic Ti**
substitution, the existence of magnetic Ti** ions cannot be completely excluded.
In this study, we choose Sc substitution because Sc ions have only the unique and
non-magnetic valence state of Sc3t. We carry out the static magnetic measurements
on polycrystalline CaRu;_,Sc; O3 for 0 < x < 0.20, and investigate the nature of the
magnetic state of this system via the quantitative analysis based on a phenomeno-
logical model.

2.2 Experimental details

Polycrystalline specimens of CaRu;_,Sc,;O3 (0 < x < 0.20) were synthesized by a
standard solid-state reaction. A stoichiometric mixture of CaCOs (99.9%), RuOq
(99.9%), Sc203 (99.9%) was ground and calcined in an alumina boat at 1000°C for 12
h in air. Then, the calcined powder was reground, pressed into pellets, and sintered
in the boat at 1250°C for 48 h in air. The prepared samples were characterized by
powder X-ray diffraction measurements at room temperature with a Rigaku RINT-
2000 diffractometer (Cu K, radiation).

The static magnetic measurements were performed by a Quantum Design super-
conducting quantum interference device (SQUID) magnetometer. The dc magnetic
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Figure 2.1: Powder X-ray diffraction patterns of CaRu;_,Sc,;O3 at room temperature. A
calculated pattern of CaRuQj3 is shown at the bottom.

susceptibility M/H was collected from 2 to 300 K for an external dc magnetic field
(H) of 1 kOe in field cooling (FC) and zero field cooling (ZFC) processes. The field
dependence of magnetization (M) were measured at 2 K in the field range from -70
kOe to 70 kOe.

2.3 Results and discussion

2.3.1 Sample characterization of CaRu;_,Sc,03

Figure 2.1 shows powder X-ray diffraction patterns of CaRu;_,Sc, O3 (0 < z < 0.20)
at room temperature with a calculated pattern of CaRuOgs obtained with RIETAN-
FP [20,50]. The patterns show no additional diffraction peaks and no peak split
with increasing Sc content x, suggesting that all the obtained samples crystallize
in the orthorhombic structure of the space group Pnma. In addition, there is no
detectable impurity phases in the samples, confirming successful substitution of Sc
for Ru.

Figures 2.2 (a) and 2.2(b) show the composition dependence of the lattice con-
stants (a, b, and ¢ axis) and the lattice volume V' of CaRu;_,Sc, O3 obtained from
Fig. 2.1, respectively. The b and c axes gradually increase with increasing =, while
the change in the a axis is small, resulting in the monotonic increase in the lattice
volume with increasing Sc content. This fact is in agreement with the expectation
from empirical Vegard’s law because a Sc3* ion (0.745 A) is larger than a Ru**
ion (0.62 A). This empirical law, however, cannot be applied to our system since
CaScOg3 never exist owing to the charge neutrality condition. Taniguchi et al. [39]
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Figure 2.2: The composition dependence of (a) lattice constants for a, c (left scale),
and b axes (right scale), and (b) the lattice volume V' for CaRu;_,Sc,Os, respectively.
The solid line in (b) represents the calculation expected from the chemical formula
Ca[Ru;T, Ru?t]Sc3t 03 (see text).

have shown that the lattice volume of CaM O3 can be written as
V =224.3r3 4 173.5 [A3], (2.1)

where ry, is the average ionic radius of the B-site. Here we assume that Sc substi-
tution generates Ru®t ions for charge compensation. Then, according to Ref [39],
rm is given by

rm = (1 —2x) réﬁl + Tt + (2.2)
for the chemical formula Ca[Ruj™,, Ru2t]Sc3t O3, where ri7} (0.62 A), 73 (0.565 A),
and 77 (0.745 A) are the ionic radius of Ru**, Ru®*, and Sc*, respectively [51].
As shown in Fig. 2.2 (b), the experimentally-observed V is consistent with the

lattice volume calculated from Eq. 2.1 and 2.2. This result suggests the coexistence
of Ru*t, Ru®*, and Sc?t ions in CaRuj_.Sc,Os3.
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Figure 2.3: (a) Temperature dependence of magnetic susceptibility M /H and (b) the tem-
perature derivative d(M / H)/dT measured in 1 kOe. Solid and open symbols in (a) represent
the M/ H in the FC and ZFC processes, respectively.

2.3.2 Magnetic properties of CaRu;_,Sc, 03

Figure 2.3 (a) shows the temperature dependence of the magnetic susceptibility
M/H measured in 1 kOe in the ZFC (open symbols) and FC (solid symbols) pro-
cesses for CaRuj_,;Sc;O3. M/H rapidly increases below around 40 K and tends to
saturate at the lowest temperature in all the Sc-substituted specimens in the FC
process. In addition, a hysteresis between the ZFC and FC processes is observed
below around 15 K. These are typical features of ferromagnetic systems. Thus, we
can find that the Sc substitution induces ferromagnetism. We define the Curie tem-
perature T as an inflection point of M/H for the FC process. As shown Fig. 2.3
(b), the absolute value of d(M/H)/dT takes a maximum at around 30 K for all the
Sc-substituted samples. Accordingly, we estimate T, to be 30 K regardless of Sc
content. A similar feature has been observed in CaRu;_,Ti;O3 [18,37].
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Figure 2.4: Magnetic-field dependence of magnetization M measured at 2 K.

Figure 2.4 shows the magnetic-field dependence of magnetization measured at
2 K for CaRuj_;Sc,O3. We have confirmed that a demagnetization correction is
negligible for all the measurements. The magnetization exhibits a linear field de-
pendence for x = 0 sample, which is indicative of the paramagnetic ground state.
On the other hand, a magnetic hysteresis loop with a spontaneous magnetization
appears in the Sc-substituted samples, suggesting the ferromagnetic ordering. With
increasing Sc content up to x = 0.20, the magnetization continues to increase and the
hysteresis loop becomes more pronounced, reflecting the development of the ferro-
magnetism. However, we notice that the magnetization shows no sign of saturation
and increases linearly above 60 kOe. Furthermore, we should note that the value of
M at 70 kOe (0.4 pp per formula unit at z = 0.20) is much smaller than that of
the saturation magnetization expected from the Ru ions (2up for the Ru** ion and
3up for Ru®t ion). These results indicate that the ferromagnetism originates from
a weak ferromagnetic ordering, the nature of which is discussed below.

2.3.3 Signature of a non-uniform magnetic system

In this section, we show a signature of an anomalous magnetic state in CaRuj_;Sc, O3
based on the Curie-Weiss law. According to a conventional mean-field approxima-
tion for a uniform magnet, the magnetic susceptibility is well explained using the
Curie-Weiss law given by [52]

C

xX(T) = T fow (2.3)

at high temperatures where 7' > |0cw|. Here C' is the Curie constant and fcwy is the
Curie-Weiss temperature. In the localized magnetism, this expression is useful to
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Figure 2.5: The inverse magnetic susceptibility H /M as a function of temperature measured
in 1 kOe. The solid lines represent an extrapolation of the linear part to H/M = 0 (see text).
The inset shows the composition dependence of the Weiss temperature 0cvy.

predict whether a material becomes a ferromagnet (fcw > 0) or an antiferromagnet
(fcw < 0) below a transition temperature, namely the Curie temperature T, or the
Neel temperature Tx. For a simple system with only nearest-neighbor interaction,
|0cw | is equal to T, or Ty. Although the Weiss temperature is somewhat larger
than the transition temperature in real materials, Tx is usually proportional to
—fOcw. When one consider the magnetic dilution effect in a uniform magnet, the
Curie-Weiss law is found to be rewritten with the revised Curie constant C(p) =
(1—p)C° and Weiss temperature fcw (p) = (1—p)68y, where p is the concentration
of non-magnetic ions, C° and H%W are the values for p = 0, respectively [53, 54].
Accordingly, a transition temperature is expected to be varied linearly with p.
Figure 2.5 shows the temperature dependence of the inverse magnetic suscepti-
bility H/M in CaRuj_,;Sc;O3. We can find a sharp drop corresponding to the onset
of the weak ferromagnetism below 50 K for all the samples except for CaRuOs.
Another drop is seen at around 150 K for = 0.05 sample, but it is found to be
of batch-to-batch variation, suggesting that this drop would be extrinsic. Above
200 K, H/M exhibits a linear temperature dependence obeying the Curie-Weiss law
in all the specimens. According to Eq.(2.3), an extrapolation of the linear part to
H/M gives a value of cw. The solid lines in Fig. 2.5 represent the extrapolation
for x = 0 and 0.20 samples. As can be seen in the inset of Fig. 2.5, fcw shifts to
positive with increasing x, and the sign finally changes at x = 0.20 (fcw = + 5 K).
We should emphasize that this composition dependence of fcw is seriously in-
compatible with the almost z-independent T, because these two quantities should
show similar characteristics to x as discussed above. Therefore, this inconsistency
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between the two implies that CaRu;_,Sc,Og is magnetically non-uniform; the sus-
ceptibility should be understood as an average of a paramagnetic part with negative
fOcw and a weak ferromagnetic part with positive Ocw. In this case, the sign change
in cw would correspond to the increase in the volume fraction of the latter part.
Neumeier and Cohn have reported a similar change in 8cw for Ca;_,La,MnOs, in
which a ferromagnetic interaction is driven by La substitution [55]. Ling et al. have
suggested that La substitution generates a ferromagnetic component within the an-
tiferromagnetic host of CaMnOs3 [56,57]. On the other hand, we notice that fcw
changes with x in a similar way to 7. in the itinerant ferromagnetic systems such
as (Ca, Sr)RuOs [32] and Y(Coj_,Al,)2 [58], though the sign of fcw changes from
negative to positive with x

2.3.4 Two-component analysis

We have suggested that the Sc-substituted specimen is the non-uniform magnetic
system, i.e., a system consisting of more than one magnetic component. Based
on this speculation, we propose that the magnetic properties of CaRuj_;Sc;O3
can be described as a volume average of two contributions; the experimentally-
observed magnetic susceptibility x(z,7") above T, and magnetization M (x, H) at
low temperatures are given by

X(x7 T) = (1 - 2x)XP<T) + wa(T), 24)
M(J,‘, H) = (1 — 2x)Mp(H) + fo(H), (2.5)

where xp,(T") and M, (H) are the paramagnetic part of the susceptibility and mag-
netization respectively, x¢(7") and M;(H) are the weak ferromagnetic part of those.
Here we assume that the paramagnetic component originates from the Ru** ions and
the weak ferromagnetic one consisting of the Ru®*t ions generated by the Sc substi-
tution. We further assume two things. One assumption is that the volume fraction
of the two components is identical to that of the corresponding Ru ions. Since the
chemical formula is Ca[Ruj’,, Ru2t]Sc3* 03, we consider the volume fraction of each
component is 1 — 2z and x, respectively. The other assumption is that the param-
agnetic phase of CaRuQOjs is essentially unaffected by the Sc substitution except for
its volume fraction. Then we can regard the paramagnetic part as the experimental
data of z = 0 sample, i.e., xp(T") = x(0,7) and M,(H) = M (0, H)(= xpH). Under
these assumptions, we can extract the weak ferromagnetic part x¢(7") and M¢(H)
from the experimental data, using expressions given by

xt(T) =

Mi(H) =

[X(L T) - (1 - 2$)XP(T)]7 (2-6)

|l—=g—

[M(z, H) — (1 — 22) M, (H)). 2.7)

Figure 2.6(a) shows the temperature dependence of thus obtained weak ferro-
magnetic component y¢(7'). We can find that all the data fall into a single curve.
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Figure 2.6: (a) Temperature dependence of the weak ferromagnetic component of the sus-
ceptibility x¢(T") for the external field of 1 kOe. A broken line represents the calculation
derived from the Curie-Weiss law (see text). (b) Magnetic-field dependence of the weak-
ferromagnetic component of the magnetization M;(H) at 2 K. The solid line depicts an
extrapolation of M;(H) above 60 kOe to H = 0.

This scaling supports the validity of the two-component model and the existence of
the ferromagnetic component with the volume fraction of x. A broken curve in Fig.
2.6(a) depicts the calculation given by

Cr

Ty =
Xf( ) T_ch

(2.8)

where Cf is the Curie constant of the weak ferromagnetic component and 7¢ is the
transition temperature. The calculated curve reproduces well the experimental data
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when Ct = 2.08 emu K/mol and T, = 30 K. We employed the value of T, obtained
from Fig. 2.3(b). The value of Cf corresponds to an effective magnetic moment peg
of 4.08up per formula unit, or S ~ 3/2. This result implies that Ru®t ions with
S = 3/2 are responsible for the weak ferromagnetic component, which is consistent
with the assumptions. As can be seen in Fig. 2.6(b), M¢(H) roughly scales with
x, which further confirms the validity of the two-component model. Note that the
magnetization is unlikely to saturate at the highest field even after subtracting the
linear field-dependent M, (H). We evaluate the saturation magnetization Mg by
extrapolating M;(H) above 60 kOe to H = 0 as depicted as the solid line in Fig.
2.6(b), and find My to be about 1.0 up per formula unit. This value is only one-third
of the magnetic moment of the Ru®* ion.

Here we would like to emphasize the advantages of Sc substitution when we
construct our two-component model in this study. The Sc ions always act as non-
magnetic impurities since they can only be trivalent Sc3* (3d®). This property allows
us to safely rule out a possibility that Sc ions contribute to the magnetic properties.
Furthermore, Sc ions create the same number of the magnetic Ru®T ions as that.
This effect provides us a clear source of magnetic moments participating in the weak
ferromagnetism. Note that such a source is unclear in the case of the isovalent,
nonmagnetic Ti** substitution. Accordingly, thanks to these substitution effects of
Sc ions, we can simply decompose the magnetic properties into the two terms which
arise from the Ru®* ions and the remaining Ru** ions. To our knowledge, this kind
of analysis is the first attempt in not only the studies of CaRuy_, M ;O3 systems
but also those of the magnetic materials so far.

2.3.5 Nature of the weak ferromagnetic component in CaRu,_,Sc, 03

In this section, we discuss the nature of the weak ferromagnetism. We have shown
that Sc substitution induces the weak ferromagnetism with the identical T of 30
K, which can be attributed to the weak ferromagnetic component coexisting with
the paramagnetic component originating from CaRuOgs. A fundamental question
is whether the weak ferromagnetism is understood by the localized or itinerant
picture. The value of p.g above T, suggests that Ru®T ions are the source of the
weak ferromagnetism. The Ru®T ion with the electronic configuration of (4d)? is well
known to act as a local moment of S = 3/2 [59]. On the other hand, the observed
discrepancy between peg and M is typical of the itinerant ferromagnets [58,60]. The
fact that the extracted susceptibility x¢ follows the Curie-Weiss law is not convincing
evidence for the localized magnetism [48,61]. We estimate the degree of itinerancy
based on the Rhodes-Wohlfarth plot: the Rhodes-Wohlfarth ratio p./ps as a function
of T, [62]. Here ps is the spontaneous magnetic moment in unit of up per magnetic
ion and p. is deduced from peg using the relation peg = pc(pe +2). pe/ps is equal to
the unity in localized ferromagnets (LFM), while this ratio tends to increase with
decreasing T. and locates near a single curve on the plot in most typical itinerant
ferromagnets (IFM).
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Figure 2.7: Rhodes-Wohlfarth plot for CaRu;_;Sc,O3 (closed and empty squares),
CaRug 7Tig.303 [37] (diamond), Ca;_,Sr,RuO3 [26] (triangles). For CaRu;_,Sc; O3, the
two types of data sets are plotted (see text). The horizontal line and the broken curve
correspond to the localized ferromagnets (LFM) and typical itinerant ferromagnets (IFM),
respectively.

Figure 2.7 shows the Rhodes-Wohlfarth plot for CaRu;_,Sc,Ogs, along with the
data for (Sr, Ca)RuOg system [26] and CaRug 7 Tip.303 [37]. The horizontal solid line
depicts the case of the LFM, and the broken curve corresponds to the typical IFM.
The points for CaRu;_,Sc, O3 (empty squares) locate near the broken curve, when
we evaluate the ratio using the p.g and Mg obtained from the raw data shown in Fig.
2.3 and 2.4. It should be noted that these values are comparable to those obtained
for well-known weak itinerant ferromagnets such as Y(Coj_,Al; )2 or Fe;Coj_,Si. In
the same way, Hardy et al. [37] have estimated the ratio to be 7.5 for CaRug 7Tig 303
(shown as the diamond) and concluded that the ferromagnetism induced by Ti
substitution is of itinerant nature. These results appear to suggest the itinerant
character of the weak ferromagnetism in our Sc-substituted ruthenates.

We should emphasize, however, that one can come to a different conclusion
through the two-component analysis. As shown in Fig. 2.7 with the closed square,
the point estimated from the y¢ and M; (p./ps = 3.0), i.e., the data for the weak
ferromagnetic component (WFC) lies far below the broken curve. This fact strongly
indicates that the nature of the weak ferromagnetism of CaRuj_,Sc,Og is essentially
different from that of the ferromagnetism in the typical itinerant ferromagnets.

Another important issue is whether or not the weak ferromagnetism is the same
as the ferromagnetism in (Ca,Sr)RuOj3 system, which is attributed to the Ru** ions.
The points for Caj_,Sr,RuO3 are shown with the triangles, which are deduced us-
ing the magnetization data sets reported in Ref. [26]. Here the pg is estimated by
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extrapolating the magnetization above 400 kOe to H = 0. We find that the ratio
is almost unity for SrRuO3 and increases with decreasing T as well as Sr content
y. According to Kiyama et al. [26,31,32], this behavior can be interpreted as fol-
lows: Caj_,SryRuO3 changes from the intermediate itinerant ferromagnet SrRuOgz
like 3d-transition metal Fe or Ni (p./ps ~ 1) to the weak itinerant ferromagnetic
system (pc/ps > 1) with decreasing y, then finally to the nearly ferromagnetic metal
CaRuOgs. We should note that the point for the WFC deviates from the curve corre-
sponding to Ca;_,Sr,RuO3, suggesting that the weak ferromagnetism is of different
nature from the itinerant ferromagnetism in (Ca,Sr)RuOs system. This is supported
by the fact that the Sc substitution changes the resistivity from metallic character
to non-metallic one as shown in the Chapter 4, whereas (Ca,Sr)RuOs system shows
metallic-like conduction in the whole content range [22].

In conclusion, we propose that the weak ferromagnetism in CaRu;_;Sc,; O3 should
be explained by the localized picture and the generated Ru®* ions are likely to act as
the local moments. Further investigations such as NMR and neutron scattering mea-
surements are indispensable to confirm this possibility through direct observation of
the spin fluctuation.

2.4 Summary

We have measured the static magnetic susceptibility and the magnetization of poly-
crystalline CaRu;_,Sc, O3 (0 < 2 < 0.20). Non-magnetic Sc substitution for Ru
induces the weak ferromagnetism with the identical 7, ~ 30 K. The Curie-Weiss
temperature fcow dramatically changes from —150 K at x = 0 to +5 K at x = 0.20
with Sc substitution, which is seriously incompatible with T within the conventional
mean-field approximation. These results imply that CaRu;_,Sc,Os3 is a non-uniform
magnetic system consisting of more than one magnetic component. From the quanti-
tative analysis based on our two-component model, we have actually found that the
magnetic properties of Sc-substituted CaRuOgs can be understood as a volume av-
erage of two contributions: the paramagnetic component originating from CaRuOs3
with negative fcw and the weak ferromagnetic one with positive fcw driven by Sc
substitution. We have further investigated the nature of the weak ferromagnetism
based on the Rhodes-Wohlfarth plot. The values of p./ps is found to be comparable
to those obtained in prototypical itinerant ferromagnets when the ratio is estimated
by using the raw data sets of x = 0.10, 0.15, and 0.20. We have found through the
two-component analysis that the data point for the weak ferromagnetic component
deviates from the curves corresponding to the typical itinerant ferromagnets and
(Ca, Sr)RuOgz system. Therefore, we conclude that the weak ferromagnetism in
CaRuj_,Sc, O3 is of localized nature and consists of the local moments of the Ru®*t
ions generated by the Sc** ions.

23



Chapter 3

Disorder effects of Sc substitution on
the weak ferromagnetism

3.1 Introduction

In this chapter, we present dynamical magnetic properties of CaRu;_,Sc,O3 to
investigate disorder effects of the chemical substitution on the weak ferromagnetism.
In the previous chapter, we found through the two-component analysis that the
static magnetic properties of CaRu;_,Sc, O3 can be understood as a summation of
the two magnetic components: a paramagnetic component originating from Ru**
ions and a weak ferromagnetic one with an identical T, of 30 K consisting of Ru®*
ions generated by the Sc®* ions. We note here that the two-component analysis by
itself does not necessarily mean a phase segregation, and the microscopic parameters
such as the length scale of the weak ferromagnetic region are open to question.

It is especially nontrivial whether or not a long-range magnetic ordering exists,
because the chemical substitution usually introduces a disorder for the network of
magnetic moments in a material. In this context, the z-independent 7. could be
regarded as evidence for the inhomogeneity of the impurity-induced ferromagnetism.
Some groups have pointed out a possibility that CaRu;_,M,O3 is inhomogeneous
ferromagnetic system in which short-range ferromagnetic ordering with an intrinsic
T. exists [37,43], but the direct observations have not been found in these works.

One of powerful tools to investigate disorder effects on a magnetic ordering is
the dynamic magnetic measurement. For example, the ac magnetic susceptibility
measurement is often useful to probe a magnetic glassy state. Bréard et al. [44] have
measured in detail ac magnetic susceptibility in CaRu;_,Co,O3 and confirmed that
the Co substitution induces a spin glass state, not a long-range magnetic ordering.
In this study, we conduct the dynamic magnetic measurements in CaRu;_,;Sc;O3
and verify the role of Sc ions as a disorder for the weak ferromagnetism. We further
examine the chemical homogeneity of the sample to discuss the phase segregation.
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3.2 [Experimental details

Polycrystalline CaRuj_,;Sc; O3 (x = 0.1, 0.2) samples used here were the same as
used in the previous chapter, a detailed recipe of preparation of which was shown
in the section 2.2. As a reference material, STRuO3 was synthesized by a solid-state
reaction using high-purity reagents of SrCO3 (3N), RuO2 (3N). The stoichiometric
mixture of the oxides was ground and heated in air at 900°C for 12 h, and then re-
ground and pressed into pellets, followed by sintering in air at 1200°C for 24 h. No
impurity phase was found in all the samples by the powder X-ray diffraction (XRD)
measurements at room temperature. The chemical homogeneity was examined for
CaRug gScp.203 by the energy-dispersive X-ray spectroscopy (EDS) mapping analy-
sis using a JEOL JEM-2100F field-emission transmission electron microscope (TEM)
operated at 200 kV. The sample was mechanically ground with AlsO3 powder down
to a thickness of about 50 pum, followed by Ar-ion milling. As shown schematically
in Fig. 3.1, characteristic X-ray is emitted with a specific wave length correspond-
ing to each element when electron beam is irradiated to the sample. In the EDS
mapping analysis, the spatial distribution of each element can be probed selectively
by detecting the characteristic X-ray emitted from each element.

The dynamic magnetic measurements were performed in both CaRug 9Scy.103
and CaRuggScp.203. The ac magnetic susceptibility was measured between 2 and
60 K in the frequency range from 1 k to 100 kHz using a homemade probe employing
the mutual induction circuit, combining with a Quantum Design Physical Property
Measurement System (PPMS) for the temperature control. The amplitude of an ap-
plied ac magnetic field h,e is about 0.01 Oe. A digital lock-in amplifier (nf LI5640)
equipped with a voltage-controlled oscillator is used to generate the ac magnetic
field and measure an induced electromotive force. The real (imaginary) part of ac

(a) Incident electron (b)
Characteristic
Nucleus @ () X-ray
K-shell
L-shell @
M-shell

core electron
Figure 3.1: Schematic picture of the generation mechanism of the characteristic X-ray. (a)

An incident electron kicks out a core electron in K-shell. (b) The characteristic X-ray emits
when a core electron in L-shell drops down to K -shell (K, radiation).
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magnetic susceptibility X;C(T) (X;C(T)) is proportional to the imaginary (real) of
the induced electromotive force Vi” (Vl/) Magnetic relaxation measurements were
carried out at 2 and 5 K for 24 h using Quantum Design SQUID magnetometer. The
sample was first cooled in zero magnetic field from 200 K down to a desired tem-
perature, followed by applying a dc magnetic field of 70 kOe for 5 min. After that,
the field was swept down to zero, and then the isothermal remanent magnetization
Mirm(t) was collected as a function of time ¢. The static magnetic measurements
were conducted in CaRug gScg 203 using a Quantum Design SQUID magnetometer.
The dc magnetic susceptibility x(= M/H) in a low magnetic field was measured
between 2 and 60 K in field cooling (FC) and zero-field cooling (ZFC) processes for
an applied dc magnetic field (H) of 20 Oe. Magnetization (M) data were recorded
at various temperatures below 80 K in the field range of 0 < H < 70 kOe.

Figure 3.2: (a) TEM bright-field image of polycrystalline CaRug 8Scp203. (b)-(d) The
corresponding EDS mapping images for (b) Ca, (c) Ru, and (d) Sc elements, respectively.
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Figure 3.3: (a) X-ray diffraction patterns for 69° < 26 < 71° of CaRu;_,Sc,03 (x =0,
0.1, 0.2). (242) represents the (242) peak of the Pnma phase. (b) Schematic picture of the
effect of lattice strain on peak width and position [63].

3.3 Results and discussion

3.3.1 Chemical homogeneity

In this section, we evaluate the chemical homogeneity of the samples. Figure 3.2(a)
show the TEM bright-field image of CaRug.g Scg.2O3. The darker region means that
the density of the sample is higher. The corresponding EDS mapping images of
Ca, Ru, and Sc elements are shown in Fig. 3.2(b)-3.2(d). One bright spot stands
for the presence of one element. We can find that all the elements exhibit the
uniform distribution throughout the sample within a spatial resolution of 1-2 nm,
demonstrating that there is no chemical phase segregation. The homogeneity of the
sample is further confirmed by the X-ray diffraction measurement. Figure 3.3(a)
shows XRD patterns of CaRu;_;Sc;O3 (z = 0, 0.1, 0.2) for 69° < 20 < 71°. The
diffraction peaks shift systematically in 26 with increasing Sc content, though a full
width half maximum (FWHM) in 26 increases with Sc substitution; the FWHM of
(242) peak changes from 0.20° at = = 0 to 0.52° at x = 0.2. As shown in Fig. 3.3(b),
these peak shifts mean that crystal grains are given a uniform strain when lattice
spacing is uniformly distorted by the chemical substitution. In the case where the
chemical segregation occurs, only the broadening of the peak is observed because of a
non-uniform deformation of the grains. The observed broadening would reflect that
the grain size decreases with Sc substitution. Accordingly, chemical homogeneity of
the Sc-substituted samples is likely to be ensured.
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Figure 3.4: Temperature dependence of the real part of the ac magnetic susceptibility
X;C(T) for (a) CaRug gScp.203 and (b) StRuOs in the ac magnetic field with various fre-
quencies f = w/2m from 1 k to 100 kHz.

3.3.2 C(lster glass state in CaRu;_,Sc, O3

Figure 3.4(a) shows the temperature dependence of ac magnetic susceptibility of
Xue(T') normalized by its value at 2 K measured for various frequencies f = w/2m
in CaRuggScp203. We find a broad maximum of X;C(T) at a frequency-dependent
peak temperature Tt, e.g., Tt = 26.7 K at 1 kHz. As the frequency f increases, Tt
shifts to higher temperatures accompanying with a decrease of the peak height at
T:. We observed the same features of X;C(T) for CaRup 9Sco.103 (not shown). In
contrast, one can see that x,.(7) of SrRuOs, which is normalized by the value at
185 K, exhibits sharp peaks at a ferromagnetic transition temperature 7T, of 162.5
K, and T¢ is independent of frequency in the range of kHz, as shown in Fig. 3.4(b).
It is well known that the shift is observed in higher frequency range from MHz to
GHz for conventional ferromagnets [64]. Consequently, the shift observed in the
Sc-substituted specimens suggests that CaRu;_;Sc,; O3 has no long-range magnetic
ordering, but it has rather a magnetic glassy state.

Here we estimate the relative frequency-shift rate of Tt per decade of w defined as
0Tt = (ATt /Tt)/Aloggw. This parameter has often been used for characterizing the
dynamic properties in various magnetic glassy systems. The §T; value is found to be
about 0.022 in both x = 0.1 and 0.2 samples, which is evaluated by the least squares
fitting of T¢ data plotted against log,ow for the whole frequency range. The obtained
values are larger than the values observed for well-known spin-glass materials (67 =
0.005 for CuMn and 0.006 for AgMn, Ref [65]), but smaller than those reported for
typical superparamagnetic materials, e.g., 67y = 0.28 for a-Ho303(B203) [64]. Thus,
our system is likely to be an intermediate material, namely, a cluster glass mate-
rial which consists of interacting magnetic clusters freezing in the low temperature
region.
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Figure 3.5: Temperature dependence of the dc magnetic susceptibility y(= M/H) for
CaRug gScp 203 on field cooling (xrc) and zero-field cooling (xzrc) processes in the dc
magnetic field of 20 Oe. T}, and T}, represent a peak temperature of xzrc and a bifurcation
point between the two processes.

Another evidence of the cluster glass state is obtained from the static magnetic
measurements. Figure 3.5 shows the temperature dependence of the dc magnetic
susceptibility M/H below 60 K for CaRuggSco 203 measured at a low dc magnetic
field of 20 Oe. xpc and xzrc denote M/H in the field cooling and zero-field cooling
processes, respectively. No difference between xpc and xzpc is found far above
40 K, while yzpc deviates from xpc at a bifurcation point T (~ 38.0 K) as the
temperature decreases. Then yzrc shows a pronounced maximum at a characteristic
temperature Ty, (~ 24.5 K). The fact that T3, > Ty, is an important feature that
distinguishes ferromagnetic cluster glass systems from spin-glass materials [66, 67].
Another important fact is that xpc continues to increase below Ty, which is typical
of ferromagnetic cluster glass systems [68-70]. In spin-glass systems, xrc is almost
independent of temperature below Ty, (= Tiy) [66]. The irreversibility between xrc
and yzpc is usually regarded as a sign of the freezing in spin-glass systems, while
the higher T;, than Ty, in cluster glass systems reflects the formation of the clusters.
Thus, one should consider T3, as a freezing temperature of the ferromagnetic clusters.

We investigate how the ferromagnetic cluster glass state evolves by measuring
the field dependence of magnetization (M-H curve) at various temperatures in the
range from 2 to 80 K. Figure 3.6 shows the M-H curve for CaRuggScy.203 be-
tween 0 and 70 kOe. M increases linearly with increasing magnetic field above 60
K, indicating that the system is in a paramagnetic state. As the temperature is
lowered, the magnetization exhibits a significant non-linear field dependence below
40 K. This result suggests that the ferromagnetic clusters begin to form from this
temperature accompanying with the development of the ferromagnetic fluctuation,
which is consistent with the rapid increase in ypc below Ti.. The increase of M
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Figure 3.6: Magnetic Field dependence of the magnetization M in CaRug gScy 203 at vari-
ous temperatures below 80 K.

can be understood in terms of the increase in the volume fraction of the clusters.
Since M exhibits a monotonic increase with decreasing temperature down to 2 K,
the number and/or size of the clusters seems to increase even after freezing at Ty,.

The experimental results up to here suggest that there is no long-range ferro-
magnetic ordering in CaRuj_,Sc; O3 and the weak ferromagnetism results from a
cluster glass state with short-range ferromagnetic correlation. This means that Sc
ions play both roles of creating the magnetic moments which contribute to the weak
ferromagnetism and disturbing the magnetic ordering. In this context, the Tt defined
from M /H in the section 2.3.2 should be regarded as the characteristic temperature
of the cluster formation and referred to quasi-ferromagnetic transition temperature.

3.3.3 Nature of the cluster glass state

In this section, let us investigate in more detail the nature of the cluster glass state
by evaluating some characteristic parameters. Figure 3.7 shows the isothermal re-
manent magnetization Mry(t) for CaRug9Sco.103, CaRuggSco 203, and SrRuOs
as a function of time with a logarithmic axis, which is normalized by the value of
Mirm(t = 0). The magnetization of SrRuO3 is independent of the time at for ¢ >
60 min, which is indicative of a long-range ferromagnetic ordering. In contrast, the
magnetization continues to decrease with increasing time in both the Sc-substituted
samples. Such a magnetic relaxation also confirms the glassiness of the weak ferro-
magnetic state induced by Sc substitution. We should emphasize that the relaxation
is too slow; the magnetization at 2 K decreases only about 9% for CaRug gScg 103
and 7% for CaRug gSc 203 during a day. To evaluate a relaxation time 7, we fit the
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Figure 3.7: Time dependence of the isothermal remanent magnetization Mgy (t) measured
at 2 K normalized by the value of Mgy (¢t = 0) for CaRug 9Scg 103, CaRug gSco.203, and
SrRuOs3. The horizontal axis is shown by the logarithm. Solid lines represent least-squares
fits for ¢ > 60 min using Mipm(t) = Mo + o In(t).

Table 3.1: Characteristic parameters of CaRu;_,Sc,O3 (x = 0.1, 0.2): the fitting parame-
ters My and «, the relaxation time 7, the activation energy E,/kp, and the Vogel-Fulcher
temperature Ty .

Chemical formula My (up/fu.) o« (up/fu) 7 (min.) E,/kg (K) Tyr (K)

CaRug 9S¢(.103 0.0523 —0.0008 1014 85.9 22.1
CaRug 8Sc 203 0.1141 —0.0012 102! 86.0 22.8

data using the expression given by
MIRM(t) = My + « ln(t). 3.1

A good fit is obtained for ¢ > 60 min as shown in Fig. 3.7, while we needed
an additional exponential term to fit the data well at ¢ < 60 min (not shown).
Here we define 7 as the time required for the magnetization to decrease to half
of Mirm(t = 0). The two fitting parameters My, «, and the relaxation time 7 of
CaRuj_4Sc; O3 (x = 0.1, 0.2) are listed in Table 3.1. We find 7 to be extremely long
in both the samples, which makes it difficult to distinguish the glassy state from the
ferromagnetic ordering through the static magnetic measurements. In this sense,
the magnetic relaxation measurement is crucial for clarifying the disorder effect.
Interestingly, the relaxation time increases with increasing Sc content, which means
that the system goes to a robust ferromagnetic state by Sc substitution despite Sc
ions should act as disorder.
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Figure 3.8: The peak temperature T} plotted against 1/In(wp/w) with wo /27 = 102 Hz for
CaRug.9Scp.103, CaRug gScy.203. The solid lines depict a fit using the Vogel-Fulcher law
(see text).

In order to get more information, we analyze the Tt data by fitting using the
empirical Vogel-Fulcher law given by [64]

Ea
W = Wwp exp [—M] 5 (32)

where kp is the Boltzmann constant, wqg is the characteristic frequency, E, is the
activation energy, and Tyr is the Vogel-Fulcher temperature. A value of E, and
Ty is often regarded as a measure of the size of a cluster and the strength of the
intercluster interaction, respectively. Rewriting Eq. 3.2 as

T = Typ + i: [m (%)} - (3.3)

we notice that Tt is a linear function of 1/In(wp/w). As shown in Fig. 3.8, the
observed T} data exhibit indeed good linearity for both the Sc-substituted speci-
mens. The solid lines depict the best fit to the experimental data using Eq. 3.3.
Here we fixed wp/27 to be 10'2 Hz according to a previous study [71]. The values
of the parameters E,/kp and Typ are also listed in Table 3.1. The E,/kp (~ 86
K), which means the activation energy of the cluster flipping, are unchanged by Sc
substitution, while Ty, reflecting the inter-cluster distance, slightly increases from
22.1 to 22.8 K with increasing x. The obtained non-zero value of Ty excludes a
possibility that our system is a superparamagnet, in other words, a non-interacting
magnetic cluster system. Besides, the increase in Ty is agreement with the slower
relaxation of Migrm(t) in CaRug gScp203 than that in CaRug 9Sc.103. The compo-
sition dependence of E, and Tyg suggests that the ferromagnetic clusters increase
in number with increasing Sc content while keeping their size unchanged.
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3.3.4 A microscopic picture of the ferromagnetic cluster glass state

Now let us discuss a microscopic picture of the ferromagnetic cluster glass state.
As shown in the chapter 2, the Ru®*t ions generated by the Sc?* ions dominate the
weak ferromagnetic state, namely, the cluster glass state at present. The simplest
possibility for the clustering mechanism is that the ferromagnetic clusters consists of
densely condensed Ru®" ions driven by phase segregation/precipitation. In this case,
the cluster size is expected to change with Sc substitution, which is incompatible
with the fact that F, is independent of Sc content, or equivalently, Ru®* ions. Thus,
one can rule out the possibility. Our EDS investigation has also ensured that there
is no such chemical inhomogeneity at a nm scale.

Another possibility is that ferrimagnetic clusters are formed by one Ru®* ion and
the surrounding six Ru*t ions. The existence of such magnetic clusters has been
suggested in some cases of magnetic-ion substitutions for Ru site [38,42]. In this
picture, the Ru®t ion couples with the neighbor Ru** ions antiferromagnetically,
whereas the weak ferromagnetic component has the positive Curie-Weiss tempera-
ture Ocw, i.e. a ferromagnetic spin coupling. Thus, the ferrimagnetic clusters are
unlikely to exist in our system. Based on these consideration, we conclude that the
uniformly distributed Ru" ions constitute the ferromagnetic clusters. In this con-
text, we notice an essential problem, i.e., the origin of the interaction between the
Ru®* ions (or the ferromagnetic clusters). Considering that the weak ferromagnetic
component is induced even in low x level, a usual exchange interaction between local
magnetic moments seem not to be assigned. Here let us recall that the paramagnetic
component originating from CaRuQj is also responsible for the metallic conduction.
The interaction mediated by the itinerant electrons in the Ru** ions may explain
the ferromagnetic spin coupling.

Finally, we shall evaluate the cluster size in relation to the two-component model.
According to this model, Sc substitution induces the weak ferromagnetic component
with the volume fraction of x, and its contributions to the dc magnetic susceptibility
x¢ and the magnetization M; scale to . The scaling of My to x implies that the
ferromagnetic clusters do not overlap with each other despite the increase in their
number with x. To satisfy this condition up to z = 0.20, the length scale of the
ferromagnetic clusters should be comparable with the Ru-Ru distance. Accordingly,
we propose a possible picture that the small ferromagnetic clusters are distributed
uniformly at a nanometer scale and form the glassy state embedded in the param-
agnetic and metallic host of CaRuOgs. It is, however, yet to be examined whether
such clusters exist or not with further microscopic experiments.

3.4 Summary

We have investigated both the static and dynamic magnetic properties of polycrys-
talline CaRu;_;Sc, O3 (¢ = 0.1, 0.2) in order to verify the disorder effects of Sc
substitution on the impurity-induced ferromagnetism. We have observed typical
features of a magnetic glass state: the broad, frequency-dependent peak of the ac
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magnetic susceptibility in the frequency range of 1 k < w/27r < 100 kHz and the
slow relaxation of the isothermal magnetization. The relative frequency-shift rate of
Tt is found to be 0.022, which corresponds to that of cluster glass systems. Further-
more, the dc magnetic susceptibility in the low magnetic field shows characteristics
like those observed in cluster glass systems. From these results, we have verified
the presence of the ferromagnetic cluster glass state. This fact indicates that Sc
ions are responsible for both generating the ferromagnetic moments and disturbing
the magnetic ordering. We have further found that the relaxation time of the re-
manent magnetization is extremely long to make the glassy state indistinguishable
from the conventional ferromagnetic ordering through the static magnetic measure-
ments. The composition dependence of the characteristic parameters, E, and Ty,
suggests that the ferromagnetic clusters with a specific size increase in number with
increasing x. With the EDS investigation, this fact rules out the possibility that the
chemical segregation of the Ru®T ions is responsible for the clustering mechanism.
We have proposed a possible microscopic picture that the ferromagnetic clusters are
distributed uniformly and form the glassy state embedded in the paramagnetic and
metallic host of CaRuOs.
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Chapter 4

Correlation between the two
magnetic components probed by
the magneto-transport properties

4.1 Introduction

In this chapter, we investigate magneto-transport properties of CaRu;_,Sc,;O3 to
clarify the relationship between the paramagnetic state and the ferromagnetic clus-
ter glass state. Our two-component analysis have revealed that the two magnetic
components contribute to the magnetic properties independently in our system, as
if they existed separately. Indeed we have shown that the chemical segregation
can hardly explain the clustering mechanism through the dynamic magnetic mea-
surements, but there still remains the possibility that the paramagnetic and the
ferromagnetic regions are spatially separated.

Such spatial segregation of magnetic states has been implied even in the pre-
vious studies. A widely accepted picture is that the element substitution for Ru
induces small ferromagnetic regions, in which the Ru ions around the substituent
ions take part. This picture implies the existence of the other Ru ions involved in
the paramagnetic state. Nevertheless, these paramagnetic Ru ions have not been
paid attention so far, and the correlation with the ferromagnetic regions has not
been discussed as well.

In this study, we focus on the transport properties because they are expected
to give us information on the paramagnetic metallic phase. Especially, if there is
a finite coupling between the two magnetic components, the magnetic field effects
on transport properties should be observed when we control the weak ferromagnetic
component by applying external field. Thus, we perform the magneto-transport
measurements in CaRu;_,Sc,O3 to explore the correlation between the itinerant
electrons in Ru** ions and the ferromagnetic moments. We further examine the
magnetocaloric effect for comparison with the magneto-thermoelectric effect.
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4.2 Experimental details

Polycrystalline specimens of CaRuj_;Sc,; O3 (0 < 2 < 0.20) were prepared by a solid-
state reaction method from stoichiometric mixtures of CaCOgz (3N), RuO2 (3N),
and Sca03 (3N). A detailed recipe was described in the section 2.2. Powder X-ray
diffraction measurements showed that all the samples crystallize in the orthorhombic
structure with space group Pnma without any detectable impurity phases.

Transport measurements in zero magnetic field were performed in the tempera-
ture range from 4.2 to 300 K in CaRu;_,Sc, O3 for 0 < z < 0.20 with homemade
probes. The electrical resistivity (p) was measured with a four-probe technique using
a current generator (ADVANTEST R6144) and a nanovolt meter (Agilent 34420A).
The thermopower (Q)) was measured by a steady-state, two-probe method, where
the temperature difference about 1 K was applied between both ends of the sam-
ple with a strain gage (KYOWA KFL-02-120-C1-11). The temperature difference
was recorded using a copper-constantan differential thermocouple. In these mea-
surements, the temperature (7') was monitored using a Cernox temperature sensor
(LakeShore) by measuring with a digital multimeter (Agilent 34401A).

The resistivity and the thermopower for various magnetic fields (H) were mea-
sured between 2 and 100 K in a Quantum Design physical property measurement
system (PPMS) (up to 70 kOe) and a superconducting magnet (up to 150 kOe) at
the High Field Laboratory for Superconducting Materials, Institute for Materials
Research, Tohoku University. The magnetic fields were applied perpendicular to
the electrical current (/) and the thermal gradient (—V7'). In these thermoelectric
measurements, a chromel-constantan differential thermocouple was employed to ac-
curately measure the temperature difference. Furthermore, the extrinsic magnetic
field effects on the thermopower, which comes from electrical leads and the ther-
mocouple, was evaluated below 90 K by measuring a superconductor YBasCu3zOg.92
(Tse = 90 K). All the data of the sample shown below are already corrected. The
detail of the correction method is described in the appendix.

The specific heat (C},) of CaRug.gSc.203 was measured by a thermal relaxation
method between 2 and 80 K in various magnetic fields from 0 to 90 kOe using
a Quantum Design PPMS equipped with a helium recycling system at the Meiji
University.

4.3 Results and discussion

4.3.1 Sc substitution effects on transport properties

Figure 4.1(a) shows the temperature dependence of the electrical resistivity p of
CaRuj_;Sc; O3 for 0 < z < 0.20. The resistivity increases in magnitude systemati-
cally and changes from metallic conduction (dp/dT > 0) for CaRuOj3 to non-metallic
one (dp/dT < 0) with increasing Sc content z. The non-metallic behavior is, how-
ever, modest because p increases only by a factor of 30 from 300 down to 4.2 K
even for CaRuggScp.203. Such a mild temperature variation of p is a hallmark of

36



@ CaRuy, 03

Q (MV/K)

0 50 100 150 200 250 300
Temperature (K)

Figure 4.1: Temperature dependence of (a) the electrical resistivity p and (b) the ther-
mopower () of CaRu;_,Sc,;O3 for 0 < x < 0.20. The solid lines in (a) are guides to
the eye to emphasize the slope change.

disordered metals [72-74], in which the charge transport is incoherent owing to a
disorder while there is no energy gap at the Fermi level. As shown in Fig. 4.1(b),
the thermopower @) exhibits metallic temperature dependence (d@/dT > 0) in all
the samples, in contrast to the resistivity. The diffusive term of the thermopower
is predominantly determined by the density of states at the Fermi level. Thus, the
composition dependence of () also suggests that Sc substitution mainly affects the
scattering rate of the carriers. From these results, we conclude that CaRuj_;Sc;O3
is a disordered metal, where the itinerant electrons in the Ru** ions are still responsi-
ble for the charge transport but it becomes incoherent because of the Sc ions and the
Ru®T ions generated by Sc substitution. Note that polycrystalline Cay_,SryRu03
system shows the metallic conduction with relatively low resistivity over the whole
Sr content range [22].

We notice that both the resistivity and the thermopower exhibit no anomaly at
around the quasi-ferromagnetic transition temperature T, of 30 K, in contrast to
itinerant ferromagnetic systems [75-77]. On the other hand, the resistivity increases
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Figure 4.2: Magnetoresistance MR(H,T) = p(H,T)/p(0,T) — 1 for H = 70 kOe plotted
against temperature in CaRu;_,Sc, O3 (z = 0, 0.10, 0.20).

sharply below 50 K, as seen in the change in the slope of the solid lines in Fig. 4.1(a).
Furthermore, the increase of () with x is more remarkable at low temperatures,
while it is almost unchanged near room temperature. These observations imply a
correlation between the transport properties and the magnetism.

4.3.2 Magneto-transport properties of CaRu;_,Sc, 05

Figure 4.2 shows the magnetoresistance defined as MR(H,T) = p(H,T)/p(0,T) — 1
measured in 70 kOe plotted as a function of temperature for CaRu;_,Sc,O3 (x =
0, 0.10, 0.20). The resistivity exhibits negative field dependence below T, in the Sc-
substituted samples, while no significant magnetoresistance is observed for CaRuO3.
One can find that the magnitude of MR(70 kOe, T') increases as the temperature
decreases or Sc content increases, namely, the ferromagnetic cluster glass state de-
velops. It should be noted that there is no peak of MR(H,T) at around 7. Such
MR(H,T) is commonly observed in ferromagnetic metallic oxides [78,79], and it is
often attributed to the field suppression of carrier scattering by the ferromagnetic
fluctuation. One may think that this peak is hidden by extrinsic effects coming from
the disorders or the grain boundaries, but it can be found in the oxide ceramics that
exhibit a ferromagnetic metallic state [79,80].

To examine the observed magnetoresistance in more detail, we measured the field
dependence of MR(H, T') in the field range from 0 to 150 kOe at various temperatures
for CaRug gScp.203. The result is shown in Fig. 4.3 with the M-H curves at several
temperatures. The magnetoresistance effect is not observed at 80 K where the
magnetization exhibits paramagnetic behavior. On the other hand, the negative
MR(H,T) becomes pronounced below 40 K, simultaneously with the emergence of

38



0

g s ]
= ]

T
e -10 5
= |
-15 ] 4
02572020 60 80 2K

Magnetic Field (kOe)
G5B 75 100 126 150
Magnetic Field (kOe)

Figure 4.3: Field dependence of the magnetoresistance MR(H, T") at various temperatures
for CaRug gSc 203 The inset depicts the M-H curves at 2, 40, and 80 K reproduced from
Figure 3.6. The solid and broken arrows represent the field-increase and field-decreasing
processes, respectively.

the non-linear field dependence of M. The magnitude of MR(H,T) monotonically
increases with increasing M and takes a maximum value of about —15% at 2 K in
150 kOe without any saturation. Moreover, MR(H,2 K) shows a hysteretic curve
with a sign change in low magnetic fields, which well corresponds to the magnetic
hysteresis curve of M at 2 K. When M is equal to zero at a coercive field of 10 kOe,
MR(H,2 K) takes the largest positive value.

A similar strong correlation between MR(H, T') and M is often found in polycrys-
talline samples of ferromagnetic metallic oxides at low temperatures [76,79,81]. This
is explained in terms of a spin-dependent tunneling effect, where spin-polarized car-
riers in one domain undergo a spin-dependent scattering at the boundaries between
ferromagnetic domains with different magnetization directions when they move to
the neighboring domains. In this process, the scattering rate of the carriers depends
on the relative angle of the magnetization directions of the adjacent domains, hence
changes with magnetic fields through magnetic domain rotation; the more parallel
the magnetization directions align, the lower the scattering rate gets. Accordingly,
the observed magnetoresistance is found to probe the change in the scattering rate
at the ferromagnetic grain boundaries.

Figure 4.4 shows the temperature dependence of the thermopower Q(H,T") below
90 K measured in several magnetic fields for CaRug.gScg203. One can find the
negative magneto-thermoelectric effect below 80 K, where Q(H,T) decreases with
increasing magnetic field. We emphasize here that the magnetic field effects on the
thermopower is most significant at around 7 of 30 K, unlike the resistivity. As
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Figure 4.4: Temperature dependence of the thermopower Q(H,T) of CaRuggScy 203
in several magnetic fields. The inset show the field dependence of MT(H,T) =
Q(H,T)/Q(0,T) — 1 at 30 K.

shown in the inset of Fig. 4.4, MT(H,T) = Q(H,T)/Q(0,T) — 1 takes a large value
of about —15% at 30 K in 140 kOe. Note that MR(H,T') is about —5% in the same
temperature and magnetic field. In addition, no magnetic hysteresis is observed in
MT(H,T) at any temperature (not shown). The magneto-thermoelectric effects has
been often related to the magnetoresistance in some ferromagnetic metallic oxides
[82-84]. In these systems, the thermopower changes with temperature and magnetic
field in the same way as the resistivity at around 7, indicating that MR(H,T") and
MT(H,T) have a common origin. This is not the case for our system as mentioned
above, implying that the observed MT(H, T') arises from a mechanism different from
that of the observed MR(H, T).

4.3.3 The comparison of the magneto-thermopower with the magneto-entropy

Since the thermopower is often identified as the transport entropy (i.e., entropy
per charge) [85], we will compare the magneto-thermoelectric effect with the mag-
netocaloric effect. Figure 4.5(a) shows the temperature dependence of the specific
heat divided by temperature, C,(H,T")/T, of CaRug gScg 203 for different magnetic
fields. We find that C,(H,T)/T exhibits monotonic temperature dependence with-
out any peak at around 7. in zero magnetic field, unlike conventional ferromagnetic
systems. This result is indicative of a magnetic glassy state [67,69], which is consis-
tent with the results of our dynamic magnetic measurements. A similar featureless
specific heat has been found in CaRu;_,Ti,;O3 system [36,37].

One can barely see magnetic field effect on the specific heat around 7. for
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Figure 4.5: (a) the specific heat devided by temperature, C,(H,T)/T and (b)
ACL(H,T)/T of CaRug.gScq.203 plotted as a function of temperature for different mag-
netic fields.

90 kOe: C,(H,T)/T bends downwards (upwards) below (above) T.. To see this
clearly, we show the relative change in C,(H,T)/T by magnetic field, defined as
ACL(H,T)/T = [Cp(H,T)—Cp(0,T)]/T, in Fig. 4.5(b). We find that AC,(H,T)/T
changes its sign at around 7, and evolves systematically as the magnetic field in-
creases. These features are widely observed in ferromagnetic materials [86,87], cor-
responding to the fact that the peak at around 7, broadens and decreases in its
height because of the suppression of the ferromagnetic fluctuation by external fields.

Now let us find the relationship between the thermopower and the entropy in
CaRug 8Scp.203. Figure 4.6(a) shows the magneto-entropy ASy, (H,T) = Sw(H,T)—
Sm(0,T) calculated from AC,(H,T)/T by using the following relation as

T /
ASy(H,T) = / wdT’. 4.1)

0 1

One can see a broad dip around 7., which becomes pronounced with increasing
H. This result demonstrates that the entropy is released in association with the
formation of the ferromagnetic regions. In high magnetic fields, ASy, (H,T) is visible
far above T., because external fields suppress the ferromagnetic fluctuation. We
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Figure 4.6: Temperature dependence of (a) the magneto-entropy ASy,(H,T) plotted in
units of kg per formula unit and (b) the magneto-thermopower plotted as eAQ(H,T) in
units of kg for CaRug gSc 203. ASy(H,T) are calculated from AC,(H,T)/T (see text).

show the magneto-thermopower eAQ(H,T) = e[Q(H,T) — Q(0,T)] in Fig. 4.6(b),
where e is the element charge. Remarkably, eAQ(H,T') resembles ASy,(H,T) in
both temperature and field dependence, implying a strong link between the two
quantities.

We discuss this relationship on the basis of the Kelvin formula, which has been
proposed as a good approximate expression of the thermopower for various materials
including correlated electron materials [88]. The Kelvin formula is given by

_ Lo
Qx =~ ( 8T)N,V’ 4.2)

where p is the chemical potential, IV is the particle number, and V is the volume. A
well-known approximate expression of the thermopower is the Heikes formula [89,90],
which has been used to explain the high-temperature thermopower in correlated
electron systems [91-93]. Compared with this formula, the Kelvin formula has the
advantage that it describes the temperature dependence of the thermopower without
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Figure 4.7: Magneto-thermopower eAQ(H,T) plotted as a function of the magneto-
entropy ASy,(H,T) below T at 50, 70, 90 kOe. The dashed line depicts the expected
relation from the Kelvin formula with N = 1 (see text).

restriction on the temperature range [94,95]. As pointed out in several theoretical

works [96-98], this formula is more appropriate when the charge transport is inco-

herent. Hence, it should be a suitable expression to analyze the thermopower of our

system because the non-metallic resistivity is a clear sign of incoherent transport.
The Gibbs-Duhem equation gives

or)yp N
where P is the pressure. In solids far below the melting point, the constant-volume
condition can be identified with the constant-pressure condition because the ther-
mal expansion coefficient is sufficiently small. Then we arrive at eQx(H,T) =
S(H,T)/N, and deduce that the magneto-thermopower and the magneto-entropy
have the same relationship as

eAQ(H,T) = AS“‘](VM. 4.4)

Here we take kp per formula unit as the unit of AS,(H,T), and N equals the
number of carriers per formula unit. Figure 4.7 shows the correlation between
ASy(H,T) and AQ(H,T) below T, at 50, 70, 90 kOe, where all the data fall
into a single curve within experimental uncertainties. The dashed line indicates
N = ASw(H,T)/eAQ(H,T) = 1, which means that the carrier number is nearly
the same as the number of Ru ions, and is consistent with the measured Hall coef-
ficient of CaRuO3 [99].
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We should note that the scaling between AQ(H,T) and AS,,(H,T) is worse
above T,.. As a possible origin of this, we point out that the thermopower tends
to saturate as the temperature increases, implying that the Heikes formula seems
to be better than the Kelvin formula, and AQ(H,T) cannot be compared with
ASn(H,T). Actually, Klein et al. have suggested that the temperature-independent
thermopower at high temperatures can be interpreted by the Heikes formula in
SrRuOs3 [91]. We further notice that the data gradually deviate from the line with
increasing T'. A possible explanation is that the thermal fluctuations disturb the
magnetic field effects. The applied external field in this study is an order of mag-
nitude corresponding to the thermal energy of 10 K. Thus, it is more difficult to
measure accurately the magnetic field variation at high temperatures. Another pos-
sibility is that the coupling between the carriers and the ferromagnetic state grows
with decreasing temperature. The relationship between AQ(H,T) and ASy,(H,T)
would originate from a kind of magnon-drag effect in the sense that the thermopower
is enhanced by the ferromagnetic fluctuation coupled with the electrons, which is
marked in the low-temperature region where the electron can propagate coherently
with magnon.

4.3.4 Correlation between the itinerant electrons and the ferromagnetic mo-
ments

In this subsection, we will point out some significant implications from the magneto-
transport properties. No observation of sizable magnetoresistance at around 7¢ sug-
gests that the occurence of the ferromagnetic state is unlikely to prefer the metallic
conduction, like the double-exchange mechanism in ferromagnetic metallic oxides.
This fact allows us to exclude a possibility that the weak ferromagnetism in our
system has the itinerant nature. On the other hand, the observed MR(H,T) at low
temperatures have clearly indicated that the itinerant electrons in the Ru** ions
interact with the ferromagnetic moments generated by Sc substitution, where the
scattering time of the carriers is influenced on the magnetization directions of the
ferromagnetic domains.

The thermopower gives us information complementary to the resistivity in the
sense that ) can probe the entropy change while p is susceptible to the change in
the scattering time. We have demonstrated that the entropy of the weak ferromag-
netic component certainly contributes to the thermopower in accordance with Eq.
(4.4). The ferromagnetic moments would work as the background for the electrical
conduction. In this sense, we can say that the thermopower in our system detects
the entropy stored in the background. A similar phenomenon has been found in a
perovskite-related cobalt oxide Sr3YCo401¢5 [100], in which the carriers in the Co*t
ions move in a sea of the Co* ions which are electrically inactive. The thermopower
in this oxide changes with the spin state of the Co3™ ions, irrespective of the resistiv-
ity. By analogy, we suggest that the ferromagnetic moments are randomly dispersed
in the grains of CaRu;_,Sc,Os.

In viewpoint of the two-component model, the paramagnetic and the weak fer-
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romagnetic components seem to exist independently of each other. On the contrary,
the magneto-transport measurements have revealed that they are inseparably in-
volved; the itinerant electrons constituting the paramagnetic component are con-
ducted through the ferromagnetic grains while interacting with the ferromagnetic
moments. Accordingly, as a possible magnetic state in CaRuj_,Sc;O3, we propose
that the paramagnetic metallic state and the ferromagnetic cluster glass state are
superimposed on each other throughout the system. Thus far, the impurity-induced
ferromagnetism have been examined focusing on the magnetic moments which take
part in the ferromagnetism. It hence remained unexplored how are these ferromag-
netic moments related to the remaining majority of Ru** ions in the paramagnetic
metallic phase, despite the inhomogeneity of the magnetic state has been suggested.
In this context, we would like to emphasize that our findings are the clear experi-
mental evidence of a finite coupling between them, and impose a constraint on the
microscopic picture.

4.3.5 Summary

We have investigated the magneto-transport properties and the magneto-caloric ef-
fect in CaRu;_;Sc,O3. The composition dependence of the electrical resistivity
and the thermopower have suggested that CaRuj;_,Sc,Os3 is a disordered metal,
where the charge transport become incoherent owing to disorders such as the Sc
ions and the Ru®T ions generated by Sc substitution. A negative magnetoresis-
tance is observed to become pronouced with decreasing temperature accompanying
with the development of the magnetization. This can be understood in terms of
the tunnel magnetoresistance in which the carriers undergo spin-dependent scatter-
ing at the boundaries between the ferromagnetic grains. Unlike the resistivity, the
thermopower is significantly suppressed at around T, of 30 K by a magnetic field,
clearly indicating that the magnetism affects the thermopower. We find that the
magneto-entropy remarkably resembles the magneto-thermopower, and the relation-
ship between the two can be described by a linear relational expression drived from
the Kelvin formula, demonstrating that the thermopower in our system detects the
entropy of the weak ferromagnetic component which work as the background for
the electrical conduction. From the similarity to Sr3YCo4O10.5, the ferromagnetic
moments are suggested to be randomly dispersed in CaRu;_,Sc,O3 and interact
with the itinerant electrons in Ru*t ions. We have proposed a possible picture of
magnetic state to be examined with further microscopic experiments.
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Chapter 5

Common substitution effects of
non-magnetic impurity on CaRuOs

5.1 Introduction

In this chapter, we review the effects of Ti substitution on CaRuOgs by comparing
with Sc substitution. A comparison between different ion substitutions is one of
useful ways to understand the impurity effects on the magnetism. In particular,
comprehensive quantitative analysis of the magnetic properties would lead us to
get deeper insight into the impurity-induced magnetic state in CaRuQOs. Nonethe-
less, only a few such studies have been reported so far probably owing to different
properties of substituent ions.

Here we focus on points of similarity between non-magnetic ion substitutions.
CaRuy_,Ti;O3 system shows static magnetic properties similar to CaRuj_;Sc;O3
system: the z-independent (quasi-)ferromagnetic transition temperature 7; and the
absence of saturation in the magnetization. This fact implies that the non-magnetic
ion substitutions induce a common magnetic state, i.e., the paramagnetic phase
originating from CaRuOs and the ferromagnetic cluster glass state driven by the
substitution. Concerning the dynamic characteristics of the system, Zorkovskd et
al. have reported that no shift of a peak temperature 1t with frequency is observed
in ac magnetic susceptibility of Ti-substituted CaRuOg [46], but their measurements
have not been performed only in a relatively narrow frequency range.

In this study, we first investigate static magnetic properties of polycrystalline
CaRu;_,Ti;O3 and evaluate them based on the two-component analysis. Next, we
perform detailed dynamic magnetic measurements and attempt to reconsider the
Ti-induced ferromagnetism. Finally, we discuss the characteristics of a magnetic
state driven by non-magnetic ion substitutions in CaRuOs.
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5.2 Experimental details

Polycrystalline samples of CaRu;_,Ti;O3 (z = 0, 0.05, 0.10) were prepared by
a conventional solid-state reaction with stoichiometric mixtures of CaCOs (3N),
RuOz (3N), and TiOg (3N). The mixtures of the reagents were ground and calcined
for 12 h at 850°C in air. The reground powders were pressed into pellets, and
then sintered in air at 1150°C for 48 h. X-ray diffraction patterns showed that the
obtained samples belong to the orthorhombic perovskite structure with no detectable
secondary phases. A significant change of the lattice parameters was not observed,
probably reflecting a similar ionic radius of Ti** (0.605 A) to that of Ru** (0.62 A).

The static magnetic measurements were carried out using a SQUID magnetome-
ter (Quantum Design MPMS). The dc magnetic susceptibility M/H and magneti-
zation M were measured with the same experimental condition shown in the sec-
tion 2.2. The dynamic magnetic measurements were conducted in both the Ti-
substituted samples. The ac magnetic susceptibility was measured from 20 to 50
K in an external ac magnetic field of 0.01 Oe with various frequencies (f = w/2m)
between 1 k and 100 kHz. The time dependence of the isothermal remanent mag-
netization Mg (t) was recorded at 2 K for 24 h. The experimental procedure of
this relaxation measurement was the same as that in the case of the Sc-substituted
samples.

5.3 Results and discussion

5.3.1 Static magnetic properties of CaRu;_,Ti, O3 system

Figure 5.1 shows the temperature dependence of dc magnetic susceptibility M /H of
CaRuj_,Ti;O3 below 80 K measured in an external magnetic field of 1 kOe on field
cooling process. A rapid increase in M/H is found below 40 K in all the sample
except for x = 0, which is indicative of the occurrence of the ferromagnetic state.
We evaluate the (quasi-)ferromagnetic transition temperature T, as an inflection
point of M/H and find T, to be 31 K regardless of Ti content x, as represented
with the solid line in Fig. 5.1. This feature of T, is the same as that reported in
the previous studies [18,37,41], although its value is somewhat different. He et al.
have been estimated it to be 55 K [18], whereas some groups have been reported
T. of 34 K [37,41]. The inset of Fig. 5.1 shows the composition dependence of the
Curie-Weiss temperature fcyw estimated using the Curie-Weiss law above 200 K. As
in the case of Sc substitution, fcw shifts to positive and its absolute value decreases
with increasing z, although the change of fcw with Ti substitution is more gradual
than that with Sc substitution (6cw = —17 K in CaRug 9Sc.103). Nevertheless, the
disagreement between T and fcw implies that CaRu;_,Ti,Oj3 is also a non-uniform
magnetic system like CaRuj_,Sc;Os3.

Figure 5.2 shows the field dependence of magnetization M at 2 K in the field
range between —70 and 70 kOe for CaRu;_,Ti,Os. Magnetic hysteresis loops are
observed in both Ti-substituted specimens, and the magnetization increases with
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Figure 5.1: Temperature dependence of dc magnetic susceptibility M/H for
CaRu;_,TiO3 (z = 0, 0.05, 0.10) measured in 1 kOe on field cooling process. The inset
shows the Curie-Weiss temperature ¢y as a function of Ti content .

increasing x, suggesting that the ferromagnetic state develops with Ti substitution.
The magnetizations exhibit a linear field dependence in high magnetic fields without
any saturation, as seen in the previous studies [37,41]. The value of M at 70 kOe is
found to be 0.14 pup per formula unit for z = 0.10, which is quite small compared
with the magnetic moments of a Ru** ion (2up/Ru). A similar value has been
reported for CaRug 9Tip103 in Ref. [37] (M = 0.16up/f.u. at 70 kOe).

5.3.2 Two-component analysis in the case of Ti substitution

In the following, we attempt to analyze the static magnetic properties of Ti-substituted
samples based on the two-component model proposed in the section 2.3.4. We em-
ployed the generated Ru’" ions as the magnetic ions constituting the weak fer-
romagnetic component in CaRuj_,;Sc,O3. Such a magnetic ion is not trivial for
CaRuj_,Ti;O3: Ti substitution does not change the formal Ru valence if all the Ti
ions are tetravalent. We should emphasize here that an essential point of the two-
component model is that a weak ferromagnetic component increases its volume frac-
tion linearly with increasing x. We assume that this is the case for Ti-substitution,
and one Ti ion creates one Ru?t ion contributing to the weak ferromagnetic com-
ponent (hereinafter referred to active Ru ion), because Ti** ions are non-magnetic.
We further assume that the rest of Ru** ions contribute to the paramagnetic com-
ponent originating from CaRuOg with the volume fraction of 2z (referred to passive
Ru ion). Based on these assumptions, the experimentally-observed x(x,T) above T,
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Figure 5.2: Field dependence of magnetization M for CaRu;_,TiO3 system taken at 2 K
in the field range from -70 to 70 kOe.

and M (z, H) at low temperatures can be described as

x(z,T) = (1 = 22)xp(T) + zx¢(T), (5.1)
M(z,H) = (1 — 22)My(H) + =M (H). (5.2)

Here the passive and active Ru ions are responsible for the paramagnetic component
of the susceptibility and the magnetization x,(1"), Mp(H) and the weak ferromag-
netic component of those x¢(T"), M¢(H ), respectively.

Now let us extract the weak ferromagnetic component from the experimental
data in the same way described in the section 2.3.4. Figure 5.3(a) shows the tem-
perature dependence of obtained weak ferromagnetic component y¢(7"). We should
note that the scaling of the susceptibility to x is established, which strongly suggests
that the two-component analysis works well for CaRu;_,Ti,O3 system. We evalu-
ate this single curve according to Eq. (2.8). As shown with a broken curve in Fig.
5.3(a), the calculation with Cf = 1.15 emu K/mol and Tt = 28 K roughly reproduces
the experimental data. The value of Cf suggests that magnetic moments with S ~
1 contribute to the weak ferromagnetic component, which is consistent with the ac-
tive Ru** ions. Figure 5.3(b) shows the field dependence of M; at 2 K. We further
find that the magnetization data also scale to x, supporting the validity of the two-
component analysis. The solid line in Fig. 5.3(b) depicts an extrapolation of Mg
above 60 kOe to H = 0 for x = 0.10. The saturation magnetization Mg is estimated
to be about 0.40up per formula unit, which is much smaller than the value expected
from the active Ru** ions. From the values of C; and M;, we obtain p./ps to be
about 5.5, which is smaller than that of 7.5 reported for CaRug 7 Tip.303 [37]. With
T. = 28 K, the data for the weak ferromagnetic component of CaRu;_,Ti, O3 lo-
cates far below the limit curve representing the typical itinerant ferromagnets on the
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Figure 5.3: (a) Temperature dependence of xf and (b) the field dependence of My for
CaRu;_,Ti, O3 system (see text). A broken curve in (a) and a solid line in (b) depict the

calculation using the Curie-Weiss law and an extrapolation of My above 60 kOe to H = 0,
respectively.

Rhodes-Wohlfarth plot. This result implies that the localized character of the weak
ferromagnetism in Ti-substituted system as in the case of Sc-substituted system. In
this context, Ti substitution seems to induce the localized moments in CaRuOs.

5.3.3 Dynamic magnetic properties of Ti-substituted CaRuO;

In this subsection, we investigate the dynamic characteristics of the weak ferromag-
netic component via the dynamic magnetic measurements. Figure 5.4(a) shows the
temperature dependence of the real part of ac magnetic susceptibility X;C(T) of
CaRug.9Tip.1O3 measured in the frequency range between 1 k and 100 kHz. We find
that x..(T) exhibits a broad peak at a frequency-dependent T} which changes from
30.35 K at 1 kHz to 30.75 K at 100 kHz. In addition, the peak height at T} decreases
with frequency. These features are analogous to those observed in Sc-substituted
samples, which is indicative of a ferromagnetic cluster glass state in Ti-substituted
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Figure 5.4: The real part of ac magnetic susceptibility X/aC(T) normalized by the value at
41 K plotted against temperature for CaRug 9Tig 1 O3 measured in the frequency range from
1 and 100 kHz.

samples. We note that the frequency shift rate of T} is quite small; T} increases
by only about 1% for two decades in CaRuggTig103. Indeed this finite shift rate
clearly evidences spin glass nature, but this result should be interpreted that the
ferromagnetic cluster glass state induced by Ti substitution is almost indistinguish-
able from a long-range ferromagnetic ordering, since the ferromagnetic behavior is
observed in Fig. 5.1.

For further investigation on the dynamic properties, we carried out magnetic
relaxation measurements. Figure 5.5 shows the time dependence of Mgy normal-
ized by a value at t = 0 for Ti-substituted specimens and SrRuOj. Compared
with SrRuOg, a significant relaxation of Mgy is observed in CaRuj_,Ti,O3 sys-
tem, strongly confirming the existence of the cluster glass state. Nevertheless, the
magnetization at 2 K changes no more than 5 % after 24 h in both x = 0.05 and
0.10 samples. We evaluate the characteristic parameters by fitting the data using
the expression MrMm(t) = Mo + « In(¢). As seen in the solid lines in Fig. 5.5,
the fits reproduce well the experimental data for ¢ > 60 min when My = 0.0116
and 0.0297ug/fu., @ = =5 x 107° and —6 x 107° for = 0.05 and for x = 0.10,
respectively. From these calculation lines, we obtained the relaxation time 7 to
be larger than 10%° min in both the samples, which is consistent with the almost
frequency-independent of 7;. Note that the magnetic glassiness becomes weaker
with Ti substitution, similar to Sc substitution.

Through the detailed dynamic magnetic measurements, we have clarified that Ti
substitution induces a ferromagnetic cluster glass state, not a robust ferromagnetic
state. These two states cannot be easily distinguished from each other owing to the
anormalously long relaxation time of the cluster glass state, which leads misunder-
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CaRuo,gTimOg and CaRuO.QSCOJOg.
standing about its nature in the previous studies.

5.3.4 The characteristics of a magnetic state driven by non-magnetic ions

In this subsection, we discuss substitution effects of non-magnetic impurities on
CaRuOgs. To summarize the results here, we suggest that Ti substitution induces a
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magnetic state common to that in the case of Sc substitution: the ferromagnetic clus-
ter glass state embedded in the paramagnetic phase of CaRuQO3. The ferromagnetic
clusters constitute from the ferromagnetic moments induced by the substitutions
and have a characteristic formation temperature T.. Furthermore, they form the
glassy state at temperatures below a freezing temperature. Figure 5.6 shows the
relative change in Tt from f = 1 kHz plotted against log;(f) for CaRug9Tip.103
and CaRug ¢Scg.103. One can find that the frequency shift rate of the Sc-substituted
sample is four times larger than that of the Ti-substituted sample. In addition, the
relaxation time is also quite different between the two samples. The values of Cf
suggest that different magnetic moments are responsible for the ferromagnetic clus-
ter glass state in the Sc-substituted system (S = 3/2) and Ti-substituted system
(S = 1). Thus, the dynamic properties of the ferromagnetic clusters are likely to
depend on the properties of the magnetic moments induced by the substitution.

5.4 Summary

We have investigated the static and dynamic magnetic properties of polycrystalline
CaRu;_,Ti; O3 (z = 0, 0.05, 0.10) and have compared with those of Sc-substituted
system in order to comprehensively understand substitution effects of non-magnetic
impurity on the magnetism of CaRuOgs. Our Ti-substituted samples exhibit the
disagreement on the composition dependence between the quasi-ferromagnetic tran-
sition temperature T, of 31 K and the Curie-Weiss temperature fcyw, which is in-
dicative of the non-uniform magnetic state. We have found that the two-component
analysis is applicable to CaRu;_,Ti,O3 system, in which Ti substitution creates
Ru*T ions constituting the weak ferromagnetic component with the volume fraction
of x, and the rest of Rut ions are responsible for the paramagnetic component
originating from CaRuQOj3. Through the detailed dynamic magnetic measurements,
we have clarified that Ti substitution induces the ferromagnetic cluster glass state
with the anomalously long relaxation time, which is almost indistinguishable from
a robust ferromagnetic state as recognized in the previous studies. Based on these
results, we have concluded that non-magnetic ion substitution leads the system to
a common magnetic state: the paramagnetic phase of CaRuO3 and the ferromag-
netic cluster glass state constituting from the ferromagnetic moments driven by the
substitution. The dynamic properties of the ferromagnetic clusters depend on what
the magnetic moments consist of the clusters.
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Chapter 6

Conclusion and future prospects

A paramagnetic metal CaRuO3 has been found to show peculiar impurity effects,
with the “ferromagnetism” induced by a partial substitution of impurities for Ru,
demonstrating that the paramagnetic ground state is unstable. Despite many efforts
so far, the nature and mechanism of the impurity-induced “ferromagnetism” have
not been clarified. To address these issues, we conducted a comprehensive study of
magnetic and transport properties in CaRu;_, M ,Os3. In particular, we focused on
the Sc substitution, which would lead simple impurity effects because of the unique
and non-magnetic trivalent state of Sc ions. We summarize all the results below.

Our static magnetic measurements revealed that the Sc ions induce the weak
“ferromagnetism” with an intrinsic 7, of 30 K in polycrystalline CaRu;_,Sc;Os3.
By the quantitative analysis based on our two-component model, we revealed that
CaRuj_.Sc; O3 is a non-uniform magnetic system: the magnetic properties of this
system can be described as a summation of the paramagnetic component with neg-
ative Ocw originating from CaRuOs and the weak ferromagnetic one with positive
Ocw induced by the Sc substitution. We further examined the nature of the weak
“ferromagnetism” with the Rhodes-Wohlfarth plot and found that the data point for
the weak ferromagnetic component deviates from the curves representing the typical
itinerant ferromagnets and (Ca,Sr)RuOj3 system.

Through both static and dynamic magnetic measurements in CaRuj_,Sc, O3 for
x = 0.1 and 0.2, we observed typical features of a ferromagnetic cluster glass state
below around 40 K: (i) the broad, frequency-dependent peak in the ac magnetic
susceptibility, (ii) the continuous increase in the dc magnetic susceptibility in field
cooling process, and (iii) the anomalously slow relaxation of the magnetization. The
composition dependence of the characteristic parameters for the cluster glass state
rules out a possibility that the chemical segregation/precipitation of Ru®* ions gen-
erated by Sc substitution produces the ferromagnetic clusters. The ferromagnetic
clusters are suggested to be distributed uniformly with a specific size in the param-
agnetic and metallic host, and form the glassy state which is indistinguishable from
the ferromagnetism through the static magnetic measurements.

Transport properties of CaRuj_,Sc;O3 in zero magnetic field suggested that this
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system is a disordered metal, in which the charge transport is incoherent owing to
the Sc ions or the Ru®T ions generated by the Sc substitution. The observed neg-
ative magnetoresistance below 7, can be explained in terms of the change in the
spin-dependent scattering rate of the carriers at the boundaries between the ferro-
magnetic grains. We observed that the thermopower is substantially suppressed by
magnetic fields at around T, unlike the resistivity. We found that the magneto-
thermopower Q(H,T) — Q(0,T) is roughly proportional to the magneto-entropy
Sm(H,T) — S (0,7T), and that the magneto-thermopower is quantitatively consis-
tent with the values expected from the Kelvin formula. We further found some simi-
larity between Sr3YCo4019.5 and CaRug gScy.203 in the sense that the thermopower
detects the entropy in the background for the electrical conduction, suggesting that
the ferromagnetic moments are randomly dispersed in CaRuj_,Sc, O3 and interact
with the itinerant electrons in the paramagnetic component.

We re-investigated the Ti substitution effects via the comparison with the Sc sub-
stitution, and found the similarity between them. One is that the two-component
analysis can be held even in CaRu;_;Ti, O3 for 0 < x < 0.10, where Ti ions creates
Ru** ions involving in the weak ferromagnetic component with the volume fraction
of . Another is that the ac magnetic susceptibility and remanent magnetization
exhibit the typical features of the ferromagnetic cluster glass state. These results
suggested that non-magnetic-ion substitution induces a common magnetic state in
CaRuOgs. The dynamic properties of the ferromagnetic clusters depend on the sub-
stituent ions.

Based on these results, we will present two main conclusions as follows:

[1] The nature of the ferromagnetic state in CaRuj_, M, O3 is different from that
in (Ca, Sr)RuOg in the sense that the localized magnetic moments induced by
the substitution are responsible for the ”ferromagnetism”.

[2] There is no spatial segregation of the induced magnetic state as pointed out
so far. The paramagnetic metallic state of CaRuOg and the ferromagnetic
cluster glass state are superimposed on each other throughout CaRuy_, M O3
system, being inseparably involved via the finite coupling between them.

We believe that our findings impose a constraint on the microscopic picture of the
impurity-induced “ferromagnetism” in CaRuj_, M ,Os.

Finally, we shall discuss several open issues to be explored by further investiga-
tions in future works. One of fundamental questions is the origin of the localized
magnetic moments. Considering the similarity between Sc3t and Ti** substitution,
these moments should not necessarily originate from the Ru®*t ions. A possibility is
that the substituent ions make the six nearest neighbor Ru** ions be localized and
act as the ferromagnetic moments. The existence of such localized moments should
be verified by microscopic experiments to probe the local environment around the
substituent ions, such as NMR and magnetic EXAFS spectroscopy.

Another fundamental problem is the mechanism of the ferromagnetic interac-
tion between the ferromagnetic moments. In this thesis work, we have not found
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any signatures of the carrier-mediated exchange interaction, e.g., a significant mag-
netoresistance at around 7. Here we should note that an ongoing experiment would
shed light on this issue. As shown in Fig. 6.1, we observed a negative field depen-
dence of the thermal conductivity x(H,T) below 80 K, which becomes pronounced
at around 7.. By some analyses, this magneto-thermal conductivity was found to
detect the change of the lattice contribution accompanying with the field suppres-
sion of the ferromagnetic fluctuations. Note that one cannot ascribe this observation
to a decrease of the critical scattering of the phonons by the fluctuations because
k(H,T) should be enhanced in that case. At the present stage, we interpret this
result as an indication that the orbital degree of freedom, which often couples with
the lattice, is affected by magnetic fields via the spin-orbit correlation. Actually,
the spin-orbit correlation in tég electronic configuration has attracted theoretical
interest in recent works [101-103]. For instance, Meetei et al. have suggested that
the Hund’s coupling favors an exotic orbitally entangled ferromagnetic state, which
competes with non-magnetic state driven by the spin-orbit coupling [103]. Indeed it
is premature to specify a microscopic mechanism, but at least we can say that the
origin of the impurity-induced “ferromagnetism”, namely, the magnetic instability
of CaRuO3 would require the interplay between the spin and lattice and/or orbital
degrees of freedom, which has not been considered in the previous studies.

Besides, it would be worth investigating common substitution effects between
non-magnetic and magnetic impurities for a comprehensive understanding of the
impurity effects on the Ru-site. In this respect, the magneto-transport measurements
should be powerful tools to probe the correlation of the itinerant electrons with the
ferromagnetic moments in the magnetic-impurity-substituted CaRuOs.

1 T T T T T T T T . 80 K
L CaRu0_88C0_203 HO-OT7T 1= v-40K
—®-30K
—A—20K

—0—10K

K(H, T)/k(0, T) - 1 (%)

Magnetic Field (kOe)

Figure 6.1: Mangeic field dependence of magneto-thermal conductivity x(H,T)/x(0,T) —
1 for CaRug gScg 203 measured at various temperature below 80 K.
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Appendix

Magneto-thermoelectric measurements

Here we describe a correction method of the thermopower of the sample in magnetic
fields. Figure 6.2 shows the measurement system of the thermopower around the
sample. The sample was mounted by Ag paste (Dupont 6922N) on the two heat
baths; the epoxy plate with copper (Cu) sheet is a high-temperature heat bath (HT-
bath) (T' = Ty), and the Cu plate is a low-temperature heat bath (LT-bath) (7" =
T1,), respectively. The strain gauge on the HT-bath was used as a heater to apply the
temperature difference between the HT-bath and the LT-bath via the sample. The
temperature difference Ty — 71, was measured by the chromel-constantan differential
thermocouple. The Cu wires were used as electrical leads.

Sapphire plate

T Heater
. (Strain Gauge)

Figure 6.2: The photographic image of the measurement system of the thermopower with a
steady-state, two-probe method.
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In this measurement system, the raw thermoelectric voltage Vi, is measured as

Ty
Viaw = /T (Qsam - QEL)dT (6.1)
= (Qsam - QEL)(TH - TL)a (6.2)

where Qgam and @Qgp, are the thermopower of the sample and the electrical leads
including the Ag paste and solder, respectively. Thus, one should note that the raw
thermopower Qraw = Viaw/(Tu — T1) is actually the difference between Qgan, and
QrL. Then, when a magnetic field is applied, Qgr, can be changed as well as Qsam,
which leads the extrinsic effects on the thermopower.

Figure 6.3(a) shows the temperature dependence of the raw thermopower mea-
sured for CaRuggSco203 (CRSO) at several magnetic fields. At this stage, Qraw
includes Qgr, in addition to the actual thermopower of CRSO (Qcrso), namely,
Qraw = Qcrso —QrL (Qsam = Qcrso). Hence, the magnetic field variation in Qg is
superimposed on that in Qcrso. To extract the magnetic field effects on Qcrso, we
measured Qgy, in magnetic fields by using a superconductor YBayCuzOg.92 (YBCO)
(Tsc = 90 K in zero magnetic field). In a superconducting state, the thermopower
of YBCO is equal to zero because Cooper pairs carry no heat. Accordingly, one can
directly measure Qgr, below Tsc since Qraw = —QpL (Qsam = 0).

The temperature dependence of the raw thermopower measured for YBCO is
shown in Fig. 6.3(b). Qaw suddenly drops at 90 K in zero magnetic field, indi-
cating the superconducting transition. Thus, we regard Q. measured below this
temperature as —Qgr, in zero magnetic field. In magnetic fields, the sudden drop is
smeared, corresponding to the shift of Tgc to low temperatures by magnetic field. As
the temperature decreases from 90 K, Qraw in each magnetic field gradually drops
and merges with that in zero magnetic field at a certain temperature (indicated
by arrows), below which YBCO is in the superconducting state. We adopted the
data of Qraw below the merge temperature as —Qgr, in each magnetic field. In this
way, we evaluated —Qgr, and finally extracted Qcrso using an expression given by

Qcrso = Qraw — (—QEL).
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with that in zero magnetic field (see text).
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