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Abstract

Competition and cooperation among spin, orbital, and lattice degrees of freedom are key concepts
to understand intriguing phenomena in condensed matter systems. As one of such fascinating sys-
tems, the layered perovskite ruthenates ar,RuO, have been attracting wide interest for their
variety of electronic states originating from multiple degrees of freedom: for examplBuCr

is an antiferromagnetic (AFM) Mott insulator, whereasF8rQy is a leading candidate for a spin-

triplet superconductor.

For studying a system like GgSrRuOswhich has orbital degree of freedom, uniaxial pres-
sure (UAP) is expected to befective because it will couple well with orbital which spatially
spreads along a certain direction. UAP can realifiedint crystal structures depending on pres-
sure direction and intentionally control the symmetry of the crystiééintly from hydrostatic
pressure.

Therefore, we have studied the electronic states eR0&y and SpRuQ, under UAPs with
three diferent pressure directions: two in-plane directions, [$G8jd [110}, and the out-of-
plane direction, [00%], using the tetragonal notation. [1@Gnd [110} direction are parallel and
diagonal to the in-plane Ru-O bond of the Ru@xtahedra, respectively.

For revealing the in-plane UAPfect on CaRuQy, we performed magnetization and resis-
tivity measurements. We succeeded in inducing the ferromagnetic metallic (FM-M) phase. The
mechanism of this Mott transition is considered to be the same as that under hydrostatic pressure:
the out-of-plane flattening distortion of Rg@ctahedra is released, and thyeandyzzx bands
of Ru 4d electrons approach energetically and overlap. The critical pressures of the FM-M phase
for the UAPs (0.4 GPa foPj100r @and 0.2 GPa foP110j7) are substantially lower than that for
the hydrostatic pressure (0.5 GPa). Interestingly, the critical pressure of the FM-M phase and
the pressure dependence of FM component of magnetization were found to be highly anisotropic.
These peculiar anisotropic results can be naturally understood as a consequence of the orthorhom-
bic crystal distortions in G&RuQ, and existence of orthorhombic crystalline twin domains in the
sample.

Surprisingly, the out-of-plane UAPffect on CaRuQ, was opposite to a simple prediction;
from resistivity measurements, we have clarified that the insulating gap is suppressed from 3000 K
to 700 K. This result suggests thatBaiO, approaches a metallic state under the out-of-plane
UAP with a mechanism, which is fierent from that of the Mott transition under in-plane UAP.
Since the crystalline field splitting between tkygandyzzxbands should become larger, this gap
suppression is expected to be induced by the enhancement of the band width as a result of the
release of rotation ¢aind tilting distortion of Ru@ octahedra.

In the study of the out-of-plane UARtect on the superconductivity (SC) of,8uQy, we used
SrRUO-Ru eutectic crystals in order to compare the UAP-originated 3-K SC with the interfacial
3-K SC in the same sample. We previously revealed that the onset of superconducting transition
temperaturel . of SLRuUQ, without Ru inclusions is enhanced from 1.5 K to 3.2 K, which is
the same as the ons&t of the SC realized near interfaces betweepR80, and Ru in the
eutectic crystal. In this thesis, we newly proposed the out-of-plane UAP dependence of the spatial
distribution of 3-K SC in SfRuOy-Ru from AC susceptibility and resistivity measurements.



The in-plane UAP ffect on S§RuQ, was also revealed to be significantly anisotropic from
AC susceptibility measurements; we clarified tiatooir rather thanPy11o7 is favorable for
inducing 3-K SC.

Our results strongly demonstrate thieetiveness of UAP to control the electronic state of
systems which have multiple degrees of freedom.

Haruka Taniguchi, Ph.D Thesis
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Chapter 1

Introduction

1.1 Motivation of the uniaxial pressure study of ruthen-
ates

1.1.1 Background

Competition and cooperation among spin, orbital, and lattice degrees of freedom are key concepts
to understand intriguing phenomena in condensed matter systems. As one of such fascinating sys-
tems, the layered perovskite ruthenates ¢ar,RuQ, have been attracting wide interest for their
variety of electronic states originating from multiple degrees of freedom: For examplRuOa

is an A-centered antiferromagnetic (A-AFM) Mott insulator with the metal-insulator transition
temperaturély_; = 357 K and the A-AFM ordering temperatufa_arpm= 110 K [1, 2], while

SrRuQy is a leading candidate for a spin-triplet superconductor with the transition temperature
T.=15K]I3,4].

For revealing the nature of interesting phenomena originating from orbital degree of freedom,
ruthenates have ideal complexity and simplicity. The electronic state of ruthenates is determined
by the four 4l electrons per one Ru ion. Because Ru is octahedrally surrounded by O ions, in
the layered perovskite crystal structure, the energy degeneratgrbitals is partially removed
and the twoey orbitals * — y?> and ¥ — r?) locate energetically much higher than the rest
threetyy orbitals y,yz zX) as shown in Figl.L Since the Hund’s coupling plays only minor
roles in 4l electrons, the four electrons in R 4rbitals occupy the thregy orbitals: all xy,
yz, andzxorbitals should have one electron but there still is a freedom to which orbital the fourth
electron is located. In other words, ruthenates have orbital degree of freedom. However, in case of
ruthenates, the situation is not too complex. For comparison, cugkg@ed, and iron pnictides
LaFeAsQ_xFyx, which exhibit high-transition-temperature superconductivity and fascinate many
researchers, have no orbital degree of freedom and five orbital possibilities, respectively; While
cuprates have one hole per one Cu ion and the hole always ocodpieg? orbital, all thed
orbitals of pnictides form their band at the Fermi energy.

It has been recognized that distortions of the Ro€tahedra are responsible for the variety of
the electronic states of the ruthenates; the octahedraRu®y have no distortion, while those in
CaRuO, have three kinds of distortions: flattening, tilting and rotation aifsngyaround thec
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Figure 1.1: Orbitals of Ru 4 electrons in Ru@octahedra

axis [5]. These distortions in GRuQ; are gradually removed by hydrostatic pressiigdyo) and
the electronic state changes accordingly: At 0.2 GPa, the magnetic structure of the AFM phase
changes from the A-AFM to the B-centered AFM (B-AFM) structure, accompanied by a partial
release of the flattening[ 7]. At 0.5 GPa, the flattening distortion is completely released and
ferromagnetic metallic (FM-M) phase below the Curie temperaligig = 12-28 K appearsq,
6, 7]. At 10 GPa, the tilting distortion is released and superconductivity emegjesS[milar
changes in the crystal structure and electronic state are observed also by substitution of Sr for
Ca [10, 11, 12, 13]. Similarly, FM-M behavior is observed in GRuQ, thin films, where in-
plane epitaxial stress leads to a structural chaidge 5. Recently-discovered electric-field-
induced Mott transition in G&RuQ, is also accompanied by a change of the lattice distortién [
17]. Theoretical studies on relations between the lattice distortions and electronic states are also
actively performed18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].

Moreover,T. of SLRUQ, is also sensitive to lattice distortion: the enhancemerit.aip to
3 Kis observed in SRuOy-Ru eutectic crystals, where superconductivity with highesccurs in
the SpRuUQy part around SIRUOs-RuU interfaces as a consequence of the strong lattice distortion
due to lattice mismatcH2p, 30, 31]. We revealed that similar enhancemenflgfoccurs in non-
eutectic S§RuO, under uniaxial pressure (UAP3Z). In contrast,T; of SLRuQy is suppressed by
Phydro [33, 34]. In addition, double superconducting (SC) transitions are theoretically expected
in SLRUO, under in-plane UAP, because the SC order parameter&fugl, is considered to
consist of multiple components and the energy degeneracy of the components is expected to be
removed by in-plane uniaxial pressuis| 36].

1.1.2 Motivation

From these previous studies, it is expected that we can induce a wide variety of electronic states
in Cap_xSrkRuQ, by controlling the lattice distortion. As arifective method to control the lattice
distortion, we focus on the following advantages of UAP. UAP can intentionally control the sym-
metry of the crystal dferently from the application of hydrostatic pressure as shown inlF2y.
and realize dferent crystal structures depending on pressure direction. These advantages mean
that under UAP the variation of induced crystal structure is wider and systematic studies can be
performed. Especially, for studying a system which has orbital degree of freedom, UAP is ex-
pected to be fective because it will couples well with orbital which spatially spreads along a
certain direction.

However, UAP has also disadvantages: to achieve pressure homogeneity is fathatrald

Haruka Taniguchi, Ph.D Thesis
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Figure 1.2: Comparison between uniaxial pressure and hydrostatic pressure

samples break easily. Thus, the technique of UAP experiments was not established yet, especially
for oxides.

In my Ph. D study, we have first established the technique of UAP experiments, and then
clarified UAP dfects on CaRuQ; and SgRuO;.

Department of Physics, Graduate School of Science, Kyoto University






Chapter 2

Fundamental properties of CayRuO4
and SrhRuOy4

2.1 Mott insulator Ca,RuQO4

2.1.1 Coupling between the electronic state and the lattice distortion

The fundamental crystal structure of £z5rKRuQ, is of layered perovskite as shown in
Fig. 2.1 (a). In CaRuQy, the Ru@ octahedra have three kinds of lattice distortions: flatten-
ing, tilting and rotation alon@rom/about thec axis as shown in Fig2.2. In contrast, Ru@
octahedra of SRuO, have no distortions. It is known that subtle lattice distortion strongly cou-
ples with the electronic state in this £&SrKRuQ, system. The ground state of £RuQ, is an
antiferromagnetic insulator (AFM-I), whereas that 0§BuQy is a spin-triplet superconductor.

2.1.2 Sr substitution

In detail, three lattice distortions in €gSrkRuQy is released as follows with increasirgwhich
reflects the proportion of Sr. The flattening distortion is released-a0.2 (Fig.2.3) as a first-
order phase transition. The ratio of Ru-O bond lengths (out-of-gilapéane) is 1.07 in SIRuOy
without the flattening, while it is 1.00 in GRuO, with the flattening, as shown in Fig.1(b) [5,
37]. Comparing with the ratio of Cu-O lengths of 1.26 inJGuQ, [38], the flattening distortion
of RuG; octahedra in G&RuQy is significant. The tilting angle is gradually suppressed frorm 12
atx = 0to O atx = 0.5 as shown in Fig2.4 [12]. While the tilting distortion exists, crystal
symmetry is reduced from tetragonal to orthorhombic. The rotation angle remains constant (12
up tox = 0.5, then gradually decreases, and becorfied 0= 1.5.

The ground state also changes drastically ip ¢arRuO, by elemental substitution as shown
in Fig. 2.5[11]. Since Ca and Sr ions are isovalent in the crystal and the crystal structure is
changed by Ca-Sr substitution, this variety of the ground states should originate fronfidine di
ence in the crystal structure. It has been found that FM and AFM fluctuation are enhanced with
increasing the rotation and tilting angle of Ryi@ctahedra, respectively. Also, the Mott transition
and AFM order occur when the flattening distortion is induced. These results indicate that the

13
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(a) (b) M-O(1) M-0(2) M-O(2) / M-O(1)

A,MO, @RoomT (A) (A) (out-of-plane/ in-plane)
Ca,Ru0, 1.990 1.995 1.00
@__) el (ambient)
¢t Ca,Ru0, 1.941  2.054 1.06
_ -7
A= ¢ (1 GPa)
Ca Snla | cig.r  CaygSrpRUO, 1933  2.050 1.06
‘\_,‘:' B Sr;RuQ, 1.935 2.066 1.07
La,CuO, 1.90 2.40 1.26

rmmmmme el ———— 1
-~ MOg octahedra E“ (c) ag bo c ag/by | ¢/ag | cfbg
@RoomT (A) (A) (A)

Ca,RuO, 5410 | 5492 | 11961 0.985  2.21 2.18

(ambient)
Ca,Ru0, 5.331 | 5.316 | 12.292  1.00 | 2.31 2.31
(1 GPa)
Ca,Ru0, 5.341 = 12.23 — (229 —
(thin film)

Ca, sSr,RUO, | 5.330 | 5.323 12451 1.00 2.34 2.34
Sr,RuO, | 5474 5474 12740 1.00 233 2.33

Figure 2.1: (a) Crystal structure oR;MO,. (A: Alkaline earth metalM: Transition metal)
Subscripts "T” and "O” indicate "Tetragonal” and "Orthorhombic” notation, respectively. (b)
In-plane and out-of-plan®-O bond lengths oA, MO, under several conditions at room tem-
perature. (c) Lattice constants in the orthorhombic notatiof,® O, under several conditions
at room temperature. The panels (b) and (c) are made based o®Refl?, 37, 38, 39].

Flattening Tilting ROtaIion

A
A\

Figure 2.2: Lattice distortions of Ru@octahedra

ground state of Ga,SrKRuQy indeed couples well with the lattice distortions of the Rudota-

hedra. Theoretically, first principles calculation was performed with taking the magnitude of the

lattice distortions as parameters as shown in Eig[19, 22]. This study revealed that the rotation

and tilting induce ferromagnetism and antiferromagnetism, respectively, and the flattening forces
them to order. Moreover, it is theoretically clarified that the band width is suppressed by any of

these three distortions4(, 41, 42, 19, 22]. The possibility of orbital-selective Mott transition in

this system is also an intriguing issu#l[ 43).

Haruka Taniguchi, Ph.D Thesis
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Figure 2.3: Sr-substitution dependence of Ru-O lengths in_arRuO, [12).
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Figure 2.4: Sr-substitution dependence of the rotation anylend the tilting angl® of RuQs
octahedra in Ca,SrKRuQ, [12).

2.1.3 Hydrostatic pressure

Hydrostatic pressure also induces the change of the electronic stateRfi@awhich is similar

to Sr substitution as shown in Fig.7[6, 9]. At 0.5 GPa, the flattening distortion is released as a
first-order phase transition as shown in g (a) [6], and the electronic state becomes metal as
shown in Fig.2.8(b) [8].

Hydrostatic pressure studies have also revealed that a transition to another AFM state, B-
centered AFM (B-AFM) state, occurs @g_arm= 150 K between 0.2 and 0.8 GPa as shown in
Fig. 2.7(a) [6, 7]. The B-AFM phase is realized also in gRuO, synthesized with the process
of oxygen annealingg]. In both cases, the flattening distortion of Ru@ctahedra is partially
released in the B-AFM phase.

The essential dierence between the A- and B-AFM phases is in the band occup&4din [
The A-AFM phase is realized when the energy level of thexiRorbital is substantially lower
than those of thgz zxorbitals. Here we defing, y andzin the tetragonal notation. Thus, two of
the fourd-electrons derived from Ru fully occupy tixg band and the others are in the half-filled
yz/zx bands. In other words, the A-AFM phase is realized iryderro orbital ordered state.
The B-AFM phase starts to emerge when the enerfigrdince between they andyz/zxorbitals
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Figure 2.5: Sr-substitution dependence of the ground state of SaRuQ, [11]. SC, P-M,
M-M, CAF-I and P-I denote superconducting, paramagnetic metallic, metamagnetic metallic,
canted antiferromagnetic insulating and paramagnetic insulating, respectively.

Bond length ratio A

AF

09 12 8 4 0 8 4 0
Tilting angle ®  Rotation angle ¢

Figure 2.6: Magnetic phase diagram of £aSrRuO, based on first principle calculatiot].

decreases by partial release of the flattening: electrons irytband are transfered to tlye/zx

band, leading to an antiferro orbital order with the B-AFM order. When the flattening distortion
is completely releaseaty, yzandzxorbitals are energetically degenerate and occupations of each

orbital become 8B, and then metallic phase is realized.

Under hydrostatic pressure, FM ord&; [7, 44, 45] and SC transition9] are observed in

addition to the Mott transition, as shown in F&.7 (a). The FM-M phase realizes between 0.5
and 8 GPa, and the maximum of the Curie temperalggeis 28 K at 7 GPa. Although the FM

long-range order is realized under hydrostatic pressure, only development of FM fluctuation is

observed by chemical substitution.

The SC phase emerges above 9 GPa and the SC transition temp&gdatudet K at 10 GPa.
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Figure 2.7: (a, b) Pressure-temperature phase diagram giR0@, [6, 9]. The panel (a) captures
higher temperature region, while the panel (b) features higher pressure region. (c) Correspon-
dence between the name of crystal structure in the group-theory notation and the lattice distortion
in the case of G&RuQ,. This figure is made based on the results of R&jf.(d) Spin configura-

tion of CgRuQy at the AFM orders. This figure is drawn based on Reif. [

Because the SC phase is located next to the FM phase and a chemical-substituted material
SrRuUGy, exhibits spin-triplet superconductivity, the hydrostatic-pressure-induced SGRLUCR

is also expected to be of spin-triplet. Thus,Ra0, will be a new object for studying spin-triplet
superconductivity. However, the high critical pressure of 9 GPa makefidulii to reveal de-

tailed properties of the superconductivity of BaQ,. Therefore, it is significantly important

to search for possible superconductivity under UAP, which may induce superconductivity with a
lower pressure than the hydrostatic pressure. Relation between crystal structure and ground state
is not completely clarified for emergence of superconductivity iBRTeD,, differently from the

case of Mott transition of G&RuQ,. However, as far as considering known experimental results,

it seems that the FM order disappears and the superconductivity emerges at around the pressure
where the release of tilting distortion occurs, as shown in Rigé(b) and2.9). Therefore, we

can predict that some external force to release both the flattening and tilting distortion gf RuO
octahedra is preferable for inducing superconductivity inRLED;.
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Figure 2.8: (a) Hydrostatic pressure dependence of lattice parameter i@y [6]. (b) Hy-
drostatic pressure dependence of electric resistivity gRO&y [8].
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Figure 2.9: Hydrostatic pressure dependence of lattice distortion gRQ@)y [6].

2.1.4 Temperature

With increasing temperature, flattening and tilting distortions are released at 357 K and 650 K,
respectively, as shown in Fig&.7 (a) and2.10(a) [6, 2]. Above 357 K, where flatteing distortion

is released, metallic state is realized as shown in Eit0(b) [2]. With decreasing temperature,
CaRuQy exhibits antiferromagnetic order below 110 K as shown in Eig1[2].

2.1.5 Electric field

Electric field above 40 Xm [16] also makes C&RuO, metallic by releasing the flattening distor-
tion of RuG; octahedra, as shown in Fig.12[16].
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Figure 2.10: (a) Temperature dependence of the lattice parameter R & [2]. (b) Temper-
ature dependence of the electric resistivity ofRaO; [2].
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Figure 2.12: (a) Electric field dependence of lattice parameter ofRLeD, [16]. (b) Electric
field dependence of electric resistivity of 0, [16].

2.1.6 Thin film

FM-M behavior is also observed in gRUO, thin films as shown in Fig2.13 where in-plane
epitaxial stress leads to a structural change (Eiy(c)) [14, 15, 39).

2.2 Spin-triplet superconductor SLRuUO,4

In almost all superconductors including high-transition-temperature cuprates, electronic Cooper
pairs are of spin-singlet. In contrast, atomic Cooper pairs of supefHidare of spin-triplet.
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Figure 2.13: Ferromagnetic metallic behavior in gRuQO, thin film [15)].

Then whether spin-triplet superconductivity exists or not has been an intriguing question in the
research field of superconductivity and many researchers studied to find the answer of this ques-
tion. At present, the following materials are leading candidates for spin-triplet superconductors:
SrRuQy,, UPK, UBer3, UNIiLAl3, PrOgShy,, and ferromagnetic superconductors such as4,)Ge
URhGe, UCoGe. Moreover, in superconductors whose crystal structures do not have the inver-
sion symmetry, the possibility of the mixing state of spin-triplet and singlet Cooper pairs is the-
oretically proposed. Examples of non-centro-symmetric superconductors arSC&FlrSs,
CeRhS;, Liy(Pt,Pd}B, and Ulr.

Among these candidates for spin-triplet superconductoefiREd, has many evidences of
spin-triplet superconductivitylle, 47, 48]. Moreover, the electronic structure of;RuQy is sim-
ple and all the Fermi surfaces are knovgh [Therefore, SfRuQy is an ideal material for studying
spin-triplet superconductivity.

2.2.1 Fundamental properties of S§RuQO,

SrRUQ, has a layered perovskite crystal structure similar to the structure of high-transition-
temperature cuprate superconductors LBa,CuQ,. The electric conductivity is governed by

the RuQ layers. In the perovskite-based crystal structure, a transition-metal ion is octahedrally
surrounded by oxygen ions. Then the degeneracy of thedfiosbitals of the transition metal

is partially removed due to the crystal-fielffect, and thed levels split into two degeneratg
orbitals &* — y? and &2 - r2) and three degeneratg, orbitals Ky,yzzx¥. In case of the d
orbitals, the energy splitting between thg orbitals and thesy orbitals is more important than
Hund’s coupling. Therefore, in Ru-based perovskites, falekctrons per one Ru ion choose
low spin state and occupy thg orbitals. In SgRuQy, thetyy orbitals of Ru hybridize with the
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p orbitals of O on Ru@ layers and form bands. The band originating from xig@rbital is two
dimensional and the band originating from tyrandzx orbital is one dimensional (Fi@.14).

On thekyky plane, the two-dimensional band forms a circular Fermi surface, while each one-
dimensional band forms a straight Fermi surface. However, the actual Fermi surfaces originating
from theyz andzx bands are rounded squares because of small hybridization g #ed zx

bands. As a result, three cylindrical Fermi surfaces are expected as shown2rilBigActually,

such Fermi surfaces are observed in dHVA experimentsgFidg) [3]. The « surface is a hole

Fermi surface originating from thg=zx hybridization band, thg surface is an electronic Fermi
surface originating from thgzzx hybridization band, and the surface is an electronic Fermi
surface originating from they band. The cylindrical shapes of these Fermi surfaces indicate
that the electronic state of JRuQy is quasi two dimensional and support the expectation that the
conduction occurs mainly in the Ru@lane. The fective electronic masses of thes, andy
surfaces are 3.4, 7.5, and 14.6 times as large as the mass of the free electron. These electronic
masses suggest that electron-electron interaction is moderately strongRinCgr non-Fermi

liquid behavior has not been observed and the normal state can be quantatively described well as
Fermi liquid.

dxy Py dyz dy Pz |, Ru
y
Dx§ i Dz% % 1 [o ZLX

Figure 2.14: Hybridization betweend orbital of Ru and p orbital of O.

Figure 2.15: Fermi surfaces of 3RuQ, determined by band calculatioAq).

SrRUQ, exhibits superconductivity below 1.5 K and the electronic Cooper pairs are be-
lieved to be of spin-triplet chirap wave §=1, L=1). The superconductivity is mainly driven
by they surface. Just after the superconductivity was discovere®ugl, attracted much inter-
est as a reference material of high-transition-temperature cuprate superconductors. Later, how-
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Figure 2.16: Fermi surfaces of SRuQ, determined by dHVA experimens]|

p(w)

25

Figure 2.17: Density of states of the three bands inFu0, [50].

ever, the possibility of spin-triplet superconductivity obBuO, was pointed out41], because
SrRuG and SERu304¢ exhibits ferromagnetisnbp] among Ruddlesden-Popper type ruthenates
St 1RU 03041, to which SpRuQ, belongs, and the Fermi liquid parameters off8rO, are sim-
ilar to those offHe. Then several studies were performed for verifying the hypothesis. First,
non s-wave superconductivity of RuQO, was clarified from the absence of coherence peak in
nuclear magnetic relaxation ratgTy [53] and from the significant suppressionTaf by nonmag-
netic impurity (Fig.2.18) [54] or by lattice defect$5]. Moreover, constant Knight Shift below
T¢ in nuclear magnetic resonance (NMR) measurements under field abthine (Fig.2.19
revealed that the superconductivity is a spin-triplet st&tel( S,=0) in which spins are perpen-
dicular to thec axis [46, 47]. The same result was obtained in the polarized neutron scattering
experiment48].

Orbital part of the SC order parameter 0bBuQ, is considered to be a chiral state, in which
time reversal symmetry is broken. The experimental results of muon spin relaxa88Y) 6]
and Kerr rotation$7] indicate that local internal magnetic field emerges belgwnd time rever-
sal symmetry is spontaneously broken (RA20. Based on this result and the fact that the spin
part of the superconductivity of ZRuO, is S,=0 and does not have internal magnetic field, it is
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Figure 2.19: Knight Shift of SeRuQ, [46].

concluded that the observed internal magnetic field originates from the orbital part and the orbital
part of the superconductivity of FRUOy is L, + 1.
A strong candidate of the vector describing the SC state obRUO,, in which the spin and
orbital part isS,=0 andL, + 1, is
d = AZ(ky + iky) .

Thisd vector is isotropic in thék, plane reflecting the symmetry of the crystal structure and the
states described by andk, are degenerate in the orbital part. It is theoretically predicted that the
degeneracy of the stateskgfandk, is resolved and double SC transition occurs when in-plane
isotropy is broken by UAP or magnetic fieldq, 36]. As described in Fig2.23 the phase whose
SC order parameter consists of one componghig expected in a high-temperature regidn &

T < Ty), while the phase whose SC order parameter has two compong(Egki + idy(T)ky)
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Figure 2.20: uSR experiment of SRuQ, [56].

realizes in the lower temperature region 0T < T»). If such a situation is really induced,
imaginary part of AC magnetic susceptibility or specific heat is expected to exhibit two anomalies
corresponding to the SC transitionsTatandT».

Figure 2.21: Strongest candidate for tlievector of SgRuO;.

Under magnetic field, SC double transition has already been reported in specifis®)&& [
and AC magnetic susceptibilitys] (Fig. 2.24). However, these double transitions exist only
in low-temperature and high-magnetic-field region, although double transition is theoretically
expected to start just beloW. Therefore, these double transitions observed in magnetic field can
not be explained only by the assumption that SC order parameter in zero field is multi-component,
and the origin of the phenomenais still unclear. Therefore, to clarify whether SC double transition
occurs under UAP is essential for determining the SC order parameteiRi@y. In other words,
if double transition is observed under in-plane UAP, it would be a crucial proof that the SC order
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: k,
0

Figure 2.22: Orbital part of the SC order parameter oBuQ;.

Figure 2.23: Expected SC double transition in,uQ.

parameter of SRuQy is multi-component.
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Figure 2.24: Double transition of AC magnetic susceptibility of,Ru0, [60].
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2.2.2 SpRUO4-Ru eutectic crystal

The SpRuOs-Ru eutectic crystal discovered during the process to improve the quality of the
single crystal of SIRuUQy is also interesting. In order to synthesizeRu0O, [61], firstly, mixture
of SrCQ; and RuQ@ is calcined and polycrystal of @Ru,Oon.2 is obtained:

2SrCQ + NRuG; — SKrRuOony2 + 2C0O; . (2.2)

Then a single crystal is grown by the floating zone method. What should be noted is that Ru
evaporates as RuyQn this process:

SKLRULO2n12 = SKERUY Oy 42 + (N — N)RUG, (2.2)

Therefore, in order to get FRuQ, single crystal without Ru deficiency, the initialshould be
larger than 1 and the synthesis is usually performed with1.15. If the proportion of Ru®
increases more anad becomes 1.2, Ru metal originating from the excess Ru is embedded in
SrRUQ, single crystal. As shown in Fi@.25 Ru pieces appears quasi periodically. The typical
dimensions of the Ru pieces areufin x 10 um x 30 um and the typical distance between Ru
pieces is 1um. The black and white part in Fig@.25are SsRuQ, and Ru pieces, respectively.
Figure2.26represents the cross section of cylindrical single crystal, and the inner and outer part
tends to become ZRuO,s-Ru eutectic and pure @RuQy, respectively. Since Ru evaporation is
suppressed, RuOs-Ru eutectic is obtained inside.

Figure 2.25: Picture of SsRuQ, under a polarizing microscop29).

SKrRUO-Ru eutectic is curious because of the enhancemenRg.ofithough T, of SLRUO,
and Ruis 1.5 K and 0.49 K, respectively, the onkedf S,RuOs-Ru is enhanced up to 3 K. This
eutectic is thus called as the “3-K phase” after the onset SC temperature. Although the mechanism
of the T, enhancement in the eutectic crystal is not fully clarified, several properties of the eutectic
are revealed as follows:
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Sr,RuQ,

SHRUO,-RU

Figure 2.26: Picture of SsRuOs-Ru eutectic under a polarizing microscoRé|f

1. AC magnetic susceptibility and electric resistivity 0bBuOs-Ru (Fig.2.27) exhibit broad
SC transition from 3 K to 1.5 KZ9]. Moreover, the SC transition of pure Ru at 0.49 K is
also observed in AC susceptibility measurements. These results suggest th&RuQ,Sr
Ru some part becomes SC at 3 K, SC region expands on cooling, the whole paRoOpr
exhibits superconductivity at 1.5 K, and the whole system becomes SC at 0.49 K.

2. Absence of anomaly around 3 K in specific heat (R@8 suggests that superconductiv-
ity at 3 K is non-bulk p2]. This result indicates that interface betweeaR&ro, and Ru
becomes SC at 3 K and the SC region expands on cooling because of the proRieaity e

3. The 3-K superconductivity in JRuOs-Ru eutectic exhibits anisotropy which is similar
to the anisotropy of the superconductivity irbBuQy: both superconductivity is strong
against the field in thab plane but weak against the field along thaxis (Fig.2.29 [3(0].
The zero bias conductance peak (ZBCP), which occurs only insheave superconduc-
tors, is observed above 1.5 K in the eutectic. This result indicates that the superconduc-
tivity above 1.5 K in the eutectic ip-wave, being similar to the superconductivity in
SKrRUOy(Fig. 2.30 [63, 64]. Moreover, it has recently been revealed that proximifeet
of the 3-K phase superconductivity does not penetrate into the Ru metal régjoiiliese
results suggest that the 3-K superconductivity in the eutectic occurs only in iReGyr
side of the interface.

4. Sigristet al. proposed phenomenological theory concerned with temperature dependence
of SC order parameter in the eutectic based on the description that #ReGgrregion
around interfaces between,®uQ, and Ru exhibitgp-wave superconductivity at 3 I6f].

Around the interface, spatial symmetry is reduced because of the existence of a Ru inclu-
sion. Thus, the degeneracy lof andk, states is resolved, and the SC state whose wave
function elongates along the interface (it correspondigto Fig. 2.31) has higherT.
Therefore, the superconductivity with one-component orbital order parameter emerges at
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Figure 2.27: AC magnetic susceptibility and electric resistivity ofBuO,-Ru [29].
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Figure 2.28: Specific heat of SRuQ;-Ru [62].

3 K. With decreasing temperature, the two-component superconductivity (it corresponds to
ky in Fig. 2.31) is realized.

5. The theory mentioned above describes also the phenomenopRu@GRu that the SC
onset temperature isftierent from the temperature at which ZBCP appears E&f). The
ZBCP appears as a consequence of formation of Andreev bound states, which is realized
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Figure 2.29: Anisotropy of the upper critical magnetic field of;®uCy-Ru eutectic 30.
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Figure 2.30: Zero bias conductance peak 05BuOs-Ru eutectic §3].

Figure 2.31: SC order parameter of SRuOy-Ru eutectic at 3 K§2].

when the phase flerence between the pair potential for incident electronic quasi-particles
and that for reflective hole quasi-particlexisThus order parameter component elongating
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perpendicular to the interfacd(in Fig. 2.3]) is required for ZBCP. Therefore, ZBCP
appears at temperature lower than the offiget
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Figure 2.32: Comparison between upper critical magnetic field and the magnetic field of ZBCP
appearance in ZRuQ,-Ru eutectic §4].

Summarizing the above, the strong candidate for describing the superconductivity in
SrRUO-Ru eutectic is that the ZRuQy, region around the interface betweenu0, and Ru
exhibits superconductivity at 3 K and the SC region expands only intBu£d, side by prox-
imity effect (Fig.2.33. Because there must be an anisotropic lattice distortion at the interface
due to a lattice mismatch betweennBuO, and Ru, one possible origin of tfilg enhancement is
anisotropic lattice distortion. Therefore, investigation of the UAlea onT. should provide a

crucial hint to solve the mechanism of thgenhancement in SRuOs-Ru eutectic.

-o¢ - I8

4K
SFQRUO4 ——

Ru——>

Figure 2.33: Interfacial superconductivity in ZRuQ,-Ru eutectic

SC region
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2.2.3 Pressure ffect on SLRUO,

It had already been revealed experimentally thatof Sn,RuQ, is suppressed by hydrostatic
pressure and the pressure dependendg &fdT¢/dPhydro = — 0.2 K/GPa (Fig.2.34) [33, 34].
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Figure 2.34: Hydrostatic pressure dependence of the SC transition temperaturdRofCyi 34).

Before our UAP studies on SRuO; UAP efects onT. were predicted based on band cal-
culation [B0] and elastic approximatior6]. In both cases]. was expected to decrease R
and increase foPjc. The prediction from the band calculation is based on changes of the density
of states (DOS) by UAP. Theg band, which is considered to be responsible for the superconduc-
tivity, should shift by UAP relative to the other bands due to the crystalline figéédte Then the
DOS at Fermi leveD(er) of they band changes accordingly afigh exp(=1/1D) should be also
affected. As shown in Fig2.35 under UAP along tha axis, the enegy of thry orbital, which is
the origin of they band, is enhanced. In other words, thiband shifts to high energy side. Then
D(er) of they band is suppressed aild is expected to decrease. In contrast, under UAP along
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Figure 2.35: Prediction of thea-axis UAP dtect on SsRuOy,

thec axis, sinceD(er) of they band is enhanced as shown in RXg36 T, is expected to increase.

The prediction from an elastic approximation, is made based on the Ehrenfest relation and
the results of the ultrasonic experiments. Fi%@, is obtained by putting the values AC;;i (T¢)
estimated from the result of ultrasonic experiment (Ri§.7) [67] to the Ehrenfest equation

(%)2 _ _VmoITcACii(Tc)
(e: longitudinal strainVmo: volume per 1 molC;: longitudinal modulusgy: specific heati=1
and 3 correspond to theeandc axis, respectively.).

(i=1,3) (2.3)
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Figure 2.36: Prediction of thec-axis UAP dfect on SsRuQ,
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Figure 2.37: Elastic modulus of SRuQ, estimated by ultrasonic experimebf].

Then, by solving the following equations abogi and 3,

T, AT L.
G =~ 2Cigy (=13 j=123). (2.4)

dTe/dPi(= dT./dPy) anddT./dPs(= dT./dP.) are obtained. Slnc%E have two possible an-
swers (plus and minus), there are four possibilities for the comblnatldffcqti P1 anddT./dPs

as the answer of EQ.4. If hydrostatic pressurefiect is considered to be a linear combination of
the UAP dfects along tha, b andc axis,

dT, dT. dT;

=2—+ —= 2.5
dPhydro dPa ch ( )

atleast one ofi Tc/dP, or dT¢/dP: should be minus becaud@c/dPhydro is minus. To satisfy this

condition,dT./dP,; anddT./dP; are chosen to bel.3 K/GPa andr1 K/GPa, respectively.
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34 Chapter 2. Fundamental properties obRaO, and SpRuQy

The experimental study of UARTect on the superconductivity of SRuOs-Ru eutectic was
reported in 200948, 69]. The temperature dependence of the DC magnetization above 1.8 K
(Fig. 2.38 revealed that magnetic shielding fraction below origeis enhanced with increasing
pressure under any of the UAPs along tteis, thea axis and the [110] direction although onset
T is not changed by the pressures. Moreover, the rate of the enhancement of shielding fraction is
larger under in-plane UAP than tlgeaxis UAP.
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Figure 2.38: Temperature dependence of the DC magnetization #R8-Ru eutectic under
UAPs [68].

In 2010, we reported the out-of-plane UARext on SsRuQ, [32]. We clarified thatT,
of “pure” SrLRuQy is enhanced up to 3.2 K under pressure alongcthgis (Pc). Here, “pure”
means that the sample contains almost no Ru inclusions. The result strongly supports our scenario
that the anisotropic lattice distortion plays an important role inThenhancement. Moreover,
in SpRUGs-Ru underPyc, we found a crossover & ~ 0.4 GPa from behavior attributable to
interfacial SC to behavior similar to that in pureBuO, underPc [32].
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Chapter 3

Development of uniaxial-pressure
experimental technique

First of all, we constructed the system for UAP experiments.

3.1 Pressure apparatus

3.1.1 Pressure cell

To apply uniaxial pressure, we used piston-cylinder type pressure cells illustrated $11Figle

used two designs of the pressure cell (the longer and shorter ones) depending on the purpose. As
the common features of these pressure cells, a sample is pressed directly by the pistons without

any pressure medium and the disc-shaped springs keep pressure by the tightened lock bolts. Based
on our designs, the pressure cells were made by R&D Support.

The longer pressure cell (Fi@.1(a)) is designed mainly for magnetization measurement.
Thus, the geometry is symmetric. All the inner parts are made of Be-Cu (hard alloy), whereas
the outer body is made of polybenzimidazole (hard plastic) to reduce background contributions.
Because the outer body is made of an electric insulator, this cell can be used also for two-wire
resistivity measurement as described in detail in CBah1 The diameter of the pistons is 3 mm.

The shorter cell (Fig3.1(b)) was designed by myself for resistivity and AC susceptibility
measurements. The most parts are made of Be-Cu. Depending on purposes, we chose Be-Cu
or mixture of ZrG and AbOj3 (insulator) for pistons, and polybenzimidazole or Be-Cu for the
outer body. Although the diameter of the pistons is 4 mm, the sample diameter should be less
than 3 mm because of the taper of the pistons. The improved points compared with the longer
cell are the windows which enable accesses to the sample space from outside of the cell, the thin
rod which penetrates the piston backup through windows and prevent the parts below the piston
backup from rotating to break a sample, and the shorter length which enables the attachment
to many refrigerators. Thanks to the windows, resistivity measurement, mini-coil susceptibility
measurement, pressure calibration using a strain gauge, and direct thermal link between a sample
and the bath are achived as described in detail in Chap3 3.2
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Figure 3.1: Photos and schematic figures of the uniaxial pressure cells used in this study. (a)
Cell for magnetization and 2-wire resistivity measurement. Left figure is a schematic image of
the cross section of the cell. Middle and right figure is the photo of the outer body and the
inner parts, respectively. In the right photo, from top to bottom, a lock bolt, spring backup,
disc-shaped springs, a piston backup, piston, piston, piston backup, disc-shaped springs, a spring
backup, and lock bolt are represented. A sample is located between the pistons and pressed
directly by the pistons as the pressure direction is shown by red arrows. (b) Cell for resistivity
and AC susceptibility measurement. Left and middle figure is the photo of the inner parts and the
outer body, respectively. Right figure is a schematic image of the cross section of the cell. In the
left photo, from top to bottom, a lock bolt, spring backup, disc-shaped springs, a piston backup,
piston, piston, and lock bolt are represented.

3.1.2 Pressurization

Pressure was applied to a sample at room temperature using the pressurize machine (PM) shown
in Fig. 3.2a). We have two PMs: the first PM (WG-KYO01-4) was designed and made by Kyowa
Seisakusho and used for the longer pressure cell, whereas | modified the design of the second
PM for the use of the shorter pressure cell and asked HMD for its fabrication. As the common
features of these PMs, they have two push rods inside: the bottom rod can be moved up and down
by rotating the dial and change the force applied by FW\), whereas the top rod is fixed on the
lid and connected to a load cell which gauges the valuesf.

As also illustrated in Fig3.2(b) the process of the pressurization is as follows: (1) Set a
pressure cell in a PM and increaBgy to an intended value by rotating the dial, (2) tighten the
lock bolt of the cell, and (3) release completely by rotating the dial and take the cell out. At
the end of the process (1) (in other words, at the state (B) of3Fafb)), the force applied to a
sample Fs) is as same aBpy, because the lock bolt of the pressure cell is loose and the force
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3.1. Pressure apparatus 37

applied by the lock boltK, g) is zero. In the process (2), although the distance bewteen push rods
of the PM does not chang€py is reduced because some force is covered by the lock bolt. At
the end of the process (2) (in other words, at the state Eg)pecomes the sum &fpy andF g

and above the intended value. At the end of the process (3) (in other words, at the staltg (D)),
is as same aB g. In order to confirm thaFs is as same as the intended value, we performed the
force calibrations as mentioned in Ch&pl.3

(a) (k)

(A) wmp (B) mwh (C) =) (D)

Push rod (0 il ) 3)

of PM

Lock bolt

FPM

Figure 3.2: (a) Photo of the pressurize machine. (b) Schematic figure of the pressurization
process. The states (A), (B), (C) and (D) and the processes (1), (2) and (3) correspond to the
notation in the text and Fi@.3(b). Fpy andF g are the force applied by the pressurize machine
and the lock bolt of the pressure cell, respectively.

3.1.3 Pressure estimation

Since samples are made to have cuboid shape, we estimated pressure value by dividing force by
the sample area perpendicular to the force. The force value in the longer pressure cell was cali-
brated using superconducting transition of Pb and Sn as mentioned irvBlefThe force value

in the shorter cell was monitored using a strain gauge (KFRS-02-120-C1-13, Kyowa Dengyo),
which was attached on a disc-shaped spring as shown i8B@). The wires of the strain gauge

are taken out through the hole of the piston backup and the window of the outer body.

The strain gauge on the spring changes its resistRggalepending orFs, andFpy can be
read by the load cell. At the state (B) in Figg2(b) and3.3(b), Fs is as same aBpy;, which
is known to be an intended value. Therefore, in order to niakéhe intended value at the end
of the pressurization process (in other words, at the state (D)), the lock bolt of the pressure cell
should be tightened so thBgg exhibit the same value between the state (B) and (D), as shown in

Fig. 3.3(b).
Rsc was measured using the four-wire resistivity measurement mode of a Multimeter 2000
(Keithley).
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Figure 3.3: (a) Schematic figure and photo of the setting of the strain gauge for monitoring the
force applied to a sample. (b) Changes during the pressurization process of the resistance of the
strain gaugdrsg and the force applied by the pressurize machipg. The states (A), (B), (C)

and (D) and the processes (1), (2) and (3) correspond to the notation in the text aB@(Big.

3.1.4 Sample preparation

Single crystals of SRuQ, and CaRuQ, were grown by a floating-zone methd@ll] 1]. Sr,RuO,

crystals were synthesized in our Prof. Y. Maeno’s Lab. angRD&, crystals were provided

by Prof. F. Nakamura. The directions of crystal axes were determined by the Laue method
using a Back Reflection Laue Camera RASCO-BL 2 (Rigaku). Following the Laue information,
samples were cut out by a Refine Saw RCA-005 (Refine Tec. Ltd.) to have a cuboid shape
whose top and bottom surfaces are perpendicular to the direction along which pressure will be
applied. Typical dimensions of samples for out-of-plane UAP are 0.5 mm along the pressure
direction, and 2.0< 2.0 mnt in the plane perpendicular to the pressure direction. In the case
of samples for in-plane UAP, the plane perpendicular to the pressure direction has smaller area,
because G&RuO, and SgRuO, cleave easily along thab plane. Therefore, typical dimensions

of samples for in-plane UAP are 0.5 mm along the pressure direction, and®@®mn? in the

plane perpendicular to the pressure direction. Laue pictures were taken again after the cutting to
check the misalignment (usually less than 10 degrees), and the top and bottom surfaces of the
sample were polished with a tilt for modifying the alignment. The polishing has another purpose
to make the two surfaces parallel to each other for improving pressure homogeneity. Polishing
was performed with a Polishing Machine MA-200 (Musashino Denshi) with diamond slurries
MP-9000(W), MP-1000(W) and MP-250(W) (Musashino Denshi). The side surfaces of a sample
were covered with epoxy (Stycast 1266, Emerson-Cuming) to prevent the sample from breaking.
In order to allow the epoxy to spread freely under pressure, enough space was kept between the
epoxy and the inner wall of the pressure cell. Thanks to the space in addition to the result of a
previous study which suggests that compressive force applied to oxides by surrounding Stycast
1266 is ignorable1], uniaxial pressurenot uniaxialstrain is expected.
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3.2 Measurements

3.2.1 Resistivity

Depending on a purpose, we performed two kinds of electric resistivity measurements: two-wire
and four-wire methods. Although the resistafteneasured by the two-wire method includes
some extrinsic contributions, this two-wire method is easier than the four-wire method and still
useful to detect the intrinsic change of the sample resistivity if the change is large.

Two-wire resistivity

For two-wire resistivity measurements, the longer pressure cell was used. By making use of the
fact that the outer body is made of insulating plastic, we utilized the pistons made of Be-Cu metal
as electrodes (Fig.4(a)). In this method, electric current is applied parallel to the UAP direction.

It should be noted that the measured resistance includes not only the sample resistance but also
extrinsic resistance such as contact resistance between the sample and the piston or between the
inner parts of the pressure cell and resistance of the inner parts themselves. However, this method
has an advantage that measurement is easier than the four-wire method described ;h22Chap.

In order to check the magnitude and the temperature dependence of the extrinsic resistance, we
performed two-fire resistivity measurement using Au as a dummy sample3B{@)). As a

result, we have confirmed that the extrinsic resistance exhibits metallic behavior and is so small
(~ 0.3 Q) that the metal-insulator transition is expected to be detected in this two-wire method. It
should be noted that contact resistance cannot be measured in this two-wire method.

(a) (b) oz
()
&

V, I\4et'clll (Be-Cu) V. |

Insulator (hard plastic) T()

Figure 3.4: (a) Schematic figure of the setting of two-wire resistivity measurement. (b) Temper-
ature dependence of the background resistance in this two-wire method. Au is used as a dummy
sample.

At room temperature, resistance was measured while sweeping pressure with a DC current,
whose direction was reverted in order to cancel the thermoelectric voltage. A DC current source
7651 (Yokogawa) and a Multimeter 2000 (Keithley) are utilized.

For measuring temperature dependence of resistance, we adopted an AC method using a
Lock-in-amplifier SR830 (Stanford Research Systems)3&lcryostat Heliox VL (Oxford In-
struments). In order to keep the amplitude of the electric current constant under the change of
sample resistance, a resistance whose value®isih@s more than sample resistance is inserted
in the circuit. The setting of the low temperature measurement is described irB(BigRuG,
thermometers were attached at the top of3He pot of the®He cryostat and the bottom of the
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40 Chapter 3. Development of uniaxial-pressure experimental technique

pressure cell. We confirmed that thdéfdrence between these temperatures is less than 10 mK
in the lowest temperature range 0.3 K). Since the top of the pressure cell which is the minus
side of the electric circuit was electrically connected to tHe pot, the thermal link made of
Au-plated Cu plate between tiele pot and the bottom of the cell which is the plus side of the
circuit was electrically disconnected from tfide pot.

Thermometer(1)

Paper—.| o+ &=
Varnish— Cuscrew

Plastic screw

V-
Therma
coupling
‘F\J-:: ated Pressure
Cuplate cell
Thermometer(2) Cuplate
I+

Au-plated
Cuplate

Cuscrew

Figure 3.5: Schematic figure of the setting of two-wire resistivity measurement at low tempera-
ture.

Four-wire resistivity

For four-wire resistivity measurement, the shorter pressure cell was used. In this method, since the
sample and electrodes directly touch the pistons, pistons made of mixture pAZd@LO3; were
chosen for electrical insulation, whereas Be-Cu is selected for the material of the other parts. We
adopted this four-wire method in the study of in-plane UARR& on CaRuOsThe side surface of
CaRuO, sample was covered with epoxy to prevent cleaving, wires were put on the top surface
of the sample (Fig3.6(a)). In order to improve pressure homogeneity, the wires should be as
thin along the pressure direction as possible. Therefore, Au wires of diametenof psessed
to have thickness of @m were just put without any conducting paste. In order to achieve good
electric contact, Au was sputtered on the areas on which wires were put. Heat and electric field
should be avoided during sputtering of Au on,8a0Q, because Ca&RuQy crystals break down
at the structural transition induced by heat (8) or by electric field, For this purpose, a sample
was put on a Cu plate as a heat sink and 5-min sputtering was performed 5 times with inserting
5-min intervals for cooling. The thickness of the sputtered Au is about 120 nm. In this four-wire
resistivity measurement, current is applied perpendicular to the UAP direction.

Both in the pressure sweep at room temperature and in the temperature sweep at a fixed
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4 mm 4 mm

Figure 3.6: (a) Photo of the setting of four-wire resistivity measurement. The black part is a
CaRuQ, sample and the surrounding transparent part is epoxy. The white part is the bottom
piston of the pressure cell. Four Au wires put on the sample for resistivity measurement are
connected to thicker and stronger Cu wires of diameter ofid0@t the taper area of the piston,

and the Cu wires are taken out through the hollows of the piston and the holes of the bottom
lock bolt. (b) Photo of the setting of AC susceptibility measurement by the mini-coil method.
The sample and the coil are put on a Be-Cu piston. The coil wires pfie@iameter are taken

out through one of the hollows of the piston and the holes of the bottom lock bolt. 3 Cu wires
of 200um diameter are attached to the piston on the rest hollows with Ag paste and taken out
through the rest holes of the bottom lock bolt.

pressure, DC method was adopted and current direction was reverted in order to cancel the ther-
moelectric voltage. We used a Source Meter 2401 (Keithley) for low-temperature measurement,
whereas a DC current source 7651 (Yokogawa) and a Multimeter 2000 (Keithley) was used for
room-temperature measurement. We constructed a probe by ourselve3.Figr resistivity
measurements using a SQUID magnetometer system (MPMS, Quantum Design) for temperature
control and field application. A Cernox thermometer was attached above the pressure cell and
temperature was monitored using a Temperature Monitor 218 (Lakeshore). For the magnetoresis-
tance measurement, magnetic field was applied parallel to the pressure direction. The accuracy of
the field alignment was better than 5 degrees.

Stage for wires (Brass) _I Pressure cell

R ﬂ\ﬂ#‘:# ] %
—

Stage for  E-AE—

thermometer
(O-free Cu)

Figure 3.7: Schematic figure and photo of the probe for four-wire resistivity measurement using
a SQUID magnetometer system (MPMS, Quantum Design).
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42 Chapter 3. Development of uniaxial-pressure experimental technique

3.2.2 AC susceptibility

We performed two kinds of AC susceptibilippc measurement: the big-coil and mini-coil meth-
ods. | established the mini-coil method in order to get greater signal by improving the filling
factor.

As the common feature of these methods, the temperature dependence of the AC susceptibil-
ity xac(T) = x/(T) — ixy”(T) was measured with a mutual inductance method using a Lock-in-
amplifier SR830 (Stanford Research Systems)3felcryostat Heliox VL (Oxford Instruments).
xac is related to the read-out voltage of the LI (o = Vx+iVy) asyac = —iC1VL|A/fH2C +Co.
Here,H/‘iC andf are the amplitude and frequency of the applied AC magnetic fieldCaatdC,
are complex ca@cients. Since we performed AC susceptibility measurement in order to clarify
the UAP dfect on SC properties of RuQ, whoseT is about 1.5 K under ambient condition, the
values ofC; andC, were chosen so thgt(4 K) = 0 andy’(0.3 K) = —1 under ambient pressure
and zero DC magnetic field for each sample; thdscorresponds to the AC shielding fraction.
For theyac curves under finite pressure or finite DC fiel,andC, determined under 0 GPa and
0 T were usedy’”” corresponds to energy dissipation. Both the AC magnetic fialgl and the
DC magnetic fieldHpc were applied parallel to the pressure direction The accuracy of the field
alignment was better than 5 degrees.

Big-coil method

Figure3.8represents the setting of the big-coil method. In the big-coil method, the longer pressure
cell was used and both the pick-up and excitation coils were set outside the cell. The pick-up coil
has cancellation part in which wires are wound in the inverse way.,Rug&mometers were put

at the top offHe pot, the top of the coil, and the bottom of the pressure cell, and we confirmed
that the diference among these temperatures is less than 5 degrees.

Mini-coil method

As described in Chag®.1.4 the area perpendicular to the pressure direction is smaller in samples
for in-plane UAP than in samples for out-of-plane UAP, becausRBD, crystals cleave easily
along theabplane. As aresult, the signal obtained with the big-coil method is smaller for samples
for in-plane UAP because of their smaller filling factors. In order to solve the problem, | estab-
lished the technique to put a pick-up coil inside the UAP cell and improve the filling factor; This
is what we call the mini-coil method. For example, when the sample area is 2% mnt and

the diameter of the pick-up coil is 2.5 mm, the filling factor is 20%: the filling factor is improved
by more than 15 times compared with the big-coil case (1.3%).

The setting of the mini-coil method is described in Bg(b). The shorter pressure cell was
used in this method: polybenzimidazole is chosen as the material of the outer body in order to
avoid eddy current, whereas Be-Cu is selected as the material of the other parts for better thermal
link. In this method, the height of the pick-up coil should be shorter than the sample thickness
for the coil not to be pressed by the pistons. Therefore, in order to increase the turn number, thin
Cu wire of 20um diameter is used. The pick-up coil does not have cancellation part because of
the limited space. The coil wires as well as Cu wires of gé®diameter for the thermal link
between the bottom piston afHie pot were taken out through the hollow of the bottom piston

Haruka Taniguchi, Ph.D Thesis



3.2. Measurements 43
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Figure 3.8: Schematic figure of the setting of AC susceptibility measurement in the big-coil
method. The pick-up coil has three parts: without a sample, the voltage induced in the middle
coil is cancelled out by the voltage induced in the top and bottom coils, because the top and
bottom coils are wound in the inverse way compared with the middle coil.

and the hole of the bottom lock bolt. Moreover, sheets made of braided Cu wires surrounded the
pressure cell and were connectedite pot for thermal link.

3.2.3 Magnetization

MagnetizationM was measured with a SQUID magnetometer (MPMS, Quantum Design). The
magnetic field direction is parallel to the pressure direction. The accuracy of the field alignment
was better than 5 degrees. To extract the SQUID response originating from the sample, the sep-
arately measured background signal was subtracted from the raw signal. For the background
measurement, epoxy (Stycast 1266) with dimensions similar to those of the sample was used.
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Chapter 4

Uniaxial pressure dfects on CaRuOy4

4.1 In-plane anisotropy of the uniaxial-pressure dfect

4.1.1 Short summary

We investigated in-plane anisotropy of the UAfPeet on CaRuO, by measuring the resistance

and magnetization, with a expectation that metal-insulator transition is induced: with UAP ap-
plied along theab plane, samples are expected to expand along theés and to exhibit metallic
behavior. We applied pressure either parallel to the in-plane Ru-O bond of &@hedra (we
denote this as the [10pirection using the tetragonal notation) or diagonal to the Ru-O bond
(the [110F direction). From both resistivity and magnetization measurements, we clarified that
a FM-M state withTry of 12 K is induced byPj1o0jt 0f 0.4 GPa otPj110j7 of 0.2 GPa. Thus,

we succeeded in inducing the FM-M phase at lower critical pressure than by hydrostatic pres-
sure (0.5 GPa). This result indicates that the flattening distortion of the; Ba@hedra is more
easily released by in-plane UAP. In addition to the anisotropy of the critical pressure of the FM-
M phase, FM component of the magnetization exhibits anisotropy: although the magnetization
increases monotonically with pressure diagonal to the orthorhombic principal axes, the magneti-
zation exhibits peculiar dependence on pressure along the in-plane orthorhombic principal axes.
This peculiar dependence can be explained by a qualitatitereince between the UARtects

along the orthorhombia andb axes, as well as by the presence of twin domain structures. We
have also revealed that the B-AFM phase appears uAgenT above 0.6 GPa dPj[110;T above

1.3 GPa coexisting with the A-AFM phase. These striking anisotropic behavior demonstrates that
the UAP is a powerful tool to control electronic states of layered oxides.

4.1.2 Resistivity under UAP

Figure 4.1 displays the temperature dependence of the four-wire resistance,BLIOaunder
Pir200;T- Below 0.2 GPaR(T) exhibits typical insulating behavior fitted well with the activation-
type formulaR(T) o« exp@/2T) with A = 4000-5000 K, which is similar to that under ambient
pressurel, 72, 8, 73]. At 0.3 GPa, the resistance divergence is strongly reduced, suggesting the
emergence of the metallic phase in a certain portion of the sample. Above 0.4 GPa, aRR@ak in
(inset of Fig.4.1) and large negative magnetoresistance (Eig) are observed at around 12 K,
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46 Chapter 4. Uniaxial pressuréects on CaRuQOy

which are typical behavior of itinerant ferromagnets. Step-like changB$Igfare attributable

to microcracks in the sample. We comment here that an accurate estimation of resistivity in high
pressure is rather fiicult due to the coexistence of the metallic and insulating phases, reflecting
the first-order nature of the Mott transition, as well as due to microcracks in the sample. For a brief
comparison, the resistance value of @ &t 0.1 GPa and 300 K (see Fig.1) corresponds te-

5 Qcm according to a simple estimation based on the sample dimensions. This value is consistent
with the reported value of the resistivipg, = 4 Qcm at ambient pressure and 300 B [

108

10° £ 0.3 Ca,Ru0,

P//T100];

Rio10y7 (Q)

Figure 4.1: Temperature dependence of the four-wire resistaRegr of CaRuO; under
Pirzoo;r measured in a cooling process. The inset represents the temperature depenignge of

normalized by that at 20 K. The decrease of resistance below 12 K indicates an emergence of a
FM order.

4.1.3 Magnetization under UAP

FM order is also observed in the magnetizatMrithe bottom inset of Figd.2and Fig.4.3). The
M(H) curves exhibit clear hysteresis nddr= 0 and saturation o at higher fields. Although
small hysteresis is observed even abdyg because of the re-orientation of the canted AFM
domains as previously reportef] [ the size of the hysteresis loop steeply increases below about
10 K, indicating the emergence of the FM phase. In Bi§, the evolution of the FM order for
Pir200;T andPy11057 is compared in th&1(T) curves at 10 mT. Interestingly, we found that the FM
state appears above 0.4 GPa Rynoo;r Whereas above 0.2 GPa fBjj110;r. These anisotropic
critical pressures of the FM order are consistent with results of the resistivity measurements.
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Figure 4.2: Temperature dependence of the four-wire resistétggr of Ca:RuOy at Pyj1o0j7

of 0.4 GPa under magnetic field|j10q;r. The sample is dierent from that of Fig4.1 All
the resistivity data were taken with the field-cooling process. We have checke(Thadoes
not differ by cooling processes. The top inset displays tltemince of the four-wire resistance
between 0 and 6 T. The peak indicales~ 12 K. The bottom inset displays the magnetic field
Hi100r dependence of the magnetizatidtioor at 2 K underPypioopr of 0.4 GPa. It exhibits a
typical hysteresis corresponding to a FM ordering.

We also found thaM (2 K)-M(30 K) in field-cooling (FC) process, which indicates magne-
tization component due to the FM order, exhibits anisotropic pressure dependence as shown in
Fig. 4.3(e) and (f). This quantity increases almost monotonically Wjioojr. In contrast, under
P10t it first increases from 0.2 to 0.4 GPa, then decreases from 0.4 to 1.2 GPa, and increases
again above 1.2 GPa.

We also detected AFM transitions in tiT) curves at 5 T (Fig4.4). At ambient pressure,
M(T) exhibits a peak at 115 K as a result of the A-AFM transitigh With increasingP|[1o0j7
or Py11057, the peak structure attributable to the A-AFM transition is retained. In addition, under
Pir100;T above 0.6 GPa oPjj110;r above 1.3 GPa, a shoulder-like structure appears at around
140 K. PreviousPhyqro Studies revealed that a transition to another AFM state, the B-AFM state,
occurs afTapm = 145 K between 0.2 and 0.8 GPg, [7/]. With an analogy to théhyqro result,
the shoulder-like feature observed in our study is also interpreted as the emergence of the B-
AFM insulating state. We emphasize that the onset critical pressure of the B-AFM state is highly
anisotropic.

We note that the coexistence of the FM-M and AFM insulating phases is attributable to the
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Figure 4.3: Development of the magnetizatidh measured with a field of 10 mT parallel to the
pressure for (a)(clPr1oo;r and (b)(d)Pj1107. The panels (a) and (b) presents data taken with the
warming process after zero field cooling (ZFC), and the panels (c) and (d) presents data with the
field cooling (FC). The insets represent the pressure dependendé efM(2 K) — M(30 K) in

FC for (e)Pyjzo0r and () Pypr105r. The units of the vertical and horizontal axes areldEmymm?

and GPa, respectively.

first-order nature of the transition as well as experimentally inevitable inhomogeneity of the lattice
distortion under pressure. Similar coexistence is reported in thin filnPagag, studies 6, 7, 15].
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Figure 4.4: Temperature dependence of the magnetizatiomeasured with a field of 5 T par-

allel to the pressure in field-cooling process for Rg)oo;r and (b)Pjj110;r. The closed arrows
around 115 K and 140 K indicate the peak and shoulder structures, corresponding to the A-
centered and B-centered AFM transitions, respectively. The open arrows present the onset of the
AFM orders.

4.1.4 Phase diagram

For analyzing the evolution of magnetic states by in-plane UAPs, we adopt two definitions for
Trem based on the magnetoresistance or magnetization. (1) For one defihgipis determined

as the temperature whesdk = R(0 T) — R(6 T) exhibits a maximum as shown in the top inset of
Fig. 4.2, becauséR is related to the strength of the ferromagnetic fluctuation, which should be
maximized afTgy. (2) For the otherTgy is determined as the temperature whigh@) at 10 mT

in ZFC process exhibits an abrupt increase, as shown by the arrows uh.Emb). Teym of two
definitions takes almost the same values for the both pressure directions as showd it Fige

value of Tem, ~12 K, is very similar to that undePhyqro between 0.5 and 2.5 GP@4 8, 7).

We emphasize that the critical pressure of the FM-M phase under in-plane UAP is substantially
smaller than that undé®yqro: IN particular, the critical pressure und@fji1o5r (0.2 GPa) is less
than half of that undePnyqro (0.5 GPa). This fact demonstrates that the in-plane UAP is indeed
effective for changing the electronic state of,Ra0y.

For the in-plane UAP féects on the AFM phases, we define three characteristic temperatures
found in the magnetization at 5 T: the onset temperature of magnetization increase, the temper-
ature of magnetization peak, and the temperature of the shoulder-like structuré.grigihey
are considered to indicate the onset temperature of an AFM tran§ﬁ|§ﬁ the ordering temper-
atures of the A- and B-AFM phas@%_arm and Te_arm, respectively. We found th&tia_arm
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andTg_arm do not vary withPyp100T OF Pyj110T in the present pressure range once they start to

be observed. In contrast it exhibits substantial pressure dependence. We inferTffigf!

is a characteristic temperature of the development of short-range magnetic correlation above the
underlying second-order AFM transition temperatures. We attribute the increiﬁ@ﬁp‘fwith
increasingPj1oojt OF Pjr110j7 to the appearance of a small fraction of the B-AFM order. The
enhancement starts at 0 GPa unBgfoo;r whereas at 0.2 GPa und@yj110jt-
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Figure 4.5: Pressure dependence Ty andTarm for (a) Pyzogr and (0)Pyp110;r. Diamonds

and reversed triangles denckgy determined from magnetoresistance and magnetization, re-
spectively. Triangles, open circles, and closed circles indi€gte" Ta_arm, andTg_aem, re-
spectively. The insets schematically describes the Ruléne with the UAP. The broken lines
denote the tilting axes. Because of the tilting, half of the O ions described with the open circles
are located above the undistorted Rylane, while the others with the closed circles below the
plane. Dotted lines indicate a unit cell.

To check the reproducibility, we have measured three sampl&igs;T (one forM and two
for R) and other three samples fBY110;r (one forM and two forR). For Pj100jT, all samples
provide consistent results. FBYj1105T, We obtain consistent results except for one samplé&for
measurement, attributable tofféirence in the crystal mosaic structures that we will describe in
Chap.4.1.5

4.1.5 Discussion

In this subsection, we discuss the origin of the anisotropic pressure response of the electronic
state of CaRuQy. In particular, while the response of the magnetizatioPj@oojr is rather
monotonic and qualitatively similar to that Rhydro, that toPj110jt is unusual in two points: (1)

The FM magnetization increases twice, first between 0.1 and 0.4 GPa and then above 1.2 GPa
(Fig. 4.3(d)). (2) The clear signature of the B-AFM phase is observed at substantially higher
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pressure than the FM-M phase (Fi4(b)). This is rather surprising because un@gyqro the
B-AFM phase emerges at lower pressures than the FM-M phase and these two phases coexist
over a wide pressure rang® [7].

It is known that release of the flattening distortion is a necessary condition for the FM-M
phase. Importantly, the flattening is closely related to the orthorhombicity: there is a strong or-
thorhombicity witha/b ~ 0.98 in the presence of the flattening wherags is about 1.00 in its
absencef, 6]. Herea andb are the orthorhombic in-plane lattice constants. Therefore, it is nat-
urally expected that the FM-M phase is favoredRyy through the reduction of orthorhombicity.

In a microscopic viewpoint, because thaxis pressure should not couple to tilting or rotation
distortions, the pressure along thexis is exected to shorten the in-plane Ru-O length directly
and to force the Ru@octahedra to elongate along theaxis more &ectively as described in

Fig. 4.6. For the other in-plane pressure directions, the strain is absorbed by the enhancement of
the tilting oyand rotation and only slightlyfeects the Ru-O bond lengths.

(@) P/l by (b) Pil ag (c) P/l (atb)gor (a-b)g

O-
?O
(]

QD
o

Figure 4.6: Lattice distortions expected to be induced underRg) (b) Pja, and (C)Pycaxn) Of

Pj@a-b). Orthorhombic notation is used here. The main figures schematically describes the RuO
plane. For simplicity, here we ignore the rotation of Rui@tahedra around theaxis at the

initial zero-pressure state and consider the lattice distortions induced by an in-plane UAP. The
broken lines denote the tilting axes. Because of the tilting, half of the O ions described with
the open circles are located above the undistortedRalé@he, while the others with the closed
circles below the plane. Dotted lines in the panel (c) indicate a unit cell. (a) Utglehe Ru-O

bond length along thb axis is expected to be shortened, and as a resulRa@hedra would
elongate along the axis in order to keep octahedra volume constant. (b) URglerthe tilting
distortion would be enhanced first like a folding screen, because it seems easier than to shorten
the Ru-O bond length along tteaxis. (c) UnderPy.n) or Py, the rotation distortion is
expected to be induced first.

For understanding the observed pressure responses, we need to consider the presence of or-
thorhombic crystalline twin domains exemplified in Hg7. Pj100;r corresponds to eithéjap)
or Pja-n) depending on domains (the left inset of Fgh). However, since thefiect on the lattice
is expected to be equivalent betwe®jy.n) andPja-n), the UAP éfect for Pyj1oo;r should be the
same for both domains. The observed monotonic pressure dependence of the magnetization for
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[100];

[110}y

Figure 4.7: (a) Photo of the orthorhombic twin domains of LaiO, taken with a polarized
optical microscope. Yellow broken lines denote domain boundaries: the darkness of the left side
of the line is diferent from that of the right side because of th&edence of reflectivity due to

the twin domains. Note that the color of the image is not modified except for the addition of
the yellow lines. (b) Schematic figure of the orthorhombic twin domains ¢R08&,. Red and

blue circles represent Ru and O ions, respectively. Arrows denote the orthorhamticaxes.
Broken line represents the domain boundary: the twin boudaries run along the orthorhombic
(a+ b) axis.

Pyr200T is attributable to such absence of the domdiaa. In contrast, the presence of a domain
structure is expected to play a key role unBgi1o;r: Smaller critical pressure of the FM-M phase
is expected for the domain und@y, (theb-domain) than for the domain undey, (thea-domain)
as we have described. Therefore, the hon-monotonic pressure dependence of the magnetization
can be understood naturally: First, the FM-M phase is inducéjalr = 0.2 GPa within the
b-domain possibly with the absence of the B-AFM phase, giving rise to the initial overall increase
of the magnetization. The decrease of magnetization above 0.4 GP4.@ip.is likely to occur
also in theb domain. With increasing pressure, the FM-M phase is induced withia-tt@main
above 1.2 GPa accompanied by the B-AFM phase, resulting in the second increase of the magne-
tization below 12 K (Fig4.3(f)) and the appearance of a shoulder-like structure at around 145 K
(Fig. 4.4(b)). This extraordinary domain selectivity highlights the uniqueness of UAP that cannot
be systematically explored witPhygro.

We note that the essential electroniffelience between the A- and B-AFM phases is in the or-
bital occupation of four Rudelectrons 15, 24]. In both phases each of three electrons occupies
the xy, yz andzxorbitals respectively, due to Hund’s coupling. The A-AFM phase is realized in
the ferro-orbital state with the fourth electron occupyingstiierbital for all Ru sites, whereas the
B-AFM phase is realized in an antiferro-orbital state with a parjaband occupation. The ob-
served anisotropy of the critical pressure of the B-AFM phase should be related tdfgrisruie.
Band calculation of G&RuQy, incorporating lattice distortions under in-plane UAPs is needed for
further discussion.
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4.2 Suppression of the insulating gap undeout-of-plane
uniaxial pressure

4.2.1 Short summary

We performed resistance measurement ofRE&), under out-of-plane UAP with a expectation

that the insulating gap will increase because of the enhanced endigredce betweery and

yz, zx orbitals of Ru 4 electrons. Surprisingly, the experimental result is opposite from the
prediction: although the temperature dependence of the out-of-plane resistance remains insulating
underPyc up to 2.5 GPa, the insulating gapis suppressed from 3000 K to 700 K. This result
strongly suggests the possibility of a new metallic state ipRT&;,: the metallic state under
out-of-plane UAP is probably induced by the enhanced band width caused by the suppression of
the rotation or tilting distortion, whereas the metallic state under hydrostatic or in-plane uniaxial
pressure is realized by the suppression of the crystal field splitting when the flatteing distortion is
released.

4.2.2 Resistivity under UAP

Figure4.8represents the out-pf-plane UAP dependence of the two-wire resiRRgafeCapRuO,

at room temperature. We note that the initial drop of resistance from 0 GPa to 0.2 GPa is mainly
attributed to the improvement of the contact resistances between the sample and the piston and
between the inner parts of the pressure cell, and thus this is not intrinsic. What is surprising is
that the resistance continues to decrease up to 2.5 GPa. This result suggests the possibility that a
metallic phase is induced or the insulating gap is suppressecbRUCa underP¢ in contrast to

the simple prediction described in Chdp2.1
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Figure 4.8: Out-of-plane UAP dependence of resistaieof Ca,RuO, at room temperature.
Gradual decrease of the resistance up to 2.5 GPa seems to indicate the suppresion of the insulating
gap, although the initial drop from 0 GPa to 0.2 GPa would be caused by an extrinsic contribution,
which is the improvement of the contact resistances between the sample and the piston and
between the inner parts of the pressure cell.
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54 Chapter 4. Uniaxial pressuréects on CaRuQOy

In order to check the reproducibility of this suppression of the resistan&g:bwe measured
two-wire Ric underP¢ for 11 CgRuQOs samples. The resistance decreased Rjthfor 5 sam-
ples, although it increased for 2 samples. For the other 4 samples, the resistance was unstable
and did not exhibit clear pressure dependence. In order to reveal the out-of-plangfgéie
the intrinsic resistance, we should consider the pressure dependence of extrinsic resistances; with
increasing pressure, the measured value of resistance will be enhanced by cracks, whereas it will
be suppressed by the improved electric contact between the sample and the piston and between
the inner parts of the pressure cell. Since these two extrinsic contributions have opposite pres-
sure dependence, it isfiicult to clarify the out-of-plane UAPféect on CaRuQy, only from the
pressure dependence of the two-wire out-of-plane resistance.

Therefore, we measured the temperature dependence of the resiktaoc€aRuO, under
Pyc of 2.5 GPa (Fig4.9). Metallic temperature dependenceRyfwas not observed in the present
pressure range up to 2.5 GPa. However, we have revealed the suppression of the insulating gap:
theR(T) data between 300 K and 100 K are fitted well with the activation-type insulating behavior,

Re = Roexp (A/2kgT) (4.1)

giving A ~ 700 K, which is substantially smaller than the gap obtained from the out-of-plane
resistivity of a single crystal GRuO, at ambient pressureA(~ 3000 K [8]). The resistance

below 100 K cannot be fitted with the activation-type behavior, éd),(and exhibits a much
weaker divergence. This weakness of the increase of resistance on cooling also supports our
conclusion that the electronic state ofBaiO, tends to be closer to a metallic state .

1000

100 ¢

0 50 100 150 200 250 300 350
T(K)

Figure 4.9: Temperature dependence of the out-of-plane resistRpcender P of 2.5 GPa.

Red line represents the experimental result measured with an AC current of 0.01 mA-rms at
7 Hz. Blue solid line indicates an activation-type curve within the fitting region, whereas dashed
line outside the fitting region.

4.2.3 Discussion

Naively, it is expected thac enhances the flattening distrotion of Ry@rtahedra and increases
the insulating gaph of CaRuQy. Surprisingly, however, the suppressionfofvas observed. We
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consider that band width plays an important role for this unexpected behavior. As shown in the
middle figure of Fig.4.1Q the insulating gap of GRuO, locates between the upper Hubbard
band (UHB) originating from thgz andzx orbitals of Ru 4l electrons and the UHB originating
from thexy orbitals. Therefore, the gap siaehas the following relation:

A= Ecrystal - ny/ 2 - Wyzzx/ 2 (4-2)

Here, Ecrystal iS the value of the crystal field splitting between theUHB and theyz zxUHB.

Wiy andW,,,x are the band width of th&y-UHB andyz zxUHB, respectively. Sincé is
expected to intensify the flattening distortion of RuGctahedra along the axis, Ecrysta Will

be enhanced bf|c. Thus, forA to be suppressediVyy or Wy, or both should increase under
Pic. If the rotation distortion of Ru@octahedra is weakened, the Ru-O-Ru bond angle on the
Xy plane approaches to 180 degrees, and the hybridization between #yeoRhital and the

or y orbital increases resulting in wid&Yy,. Similarly, bothW,, andW,,y will increase when

the tilting distortion of Ru@ octahedra is suppressed. Therefore, we consider that the rotation or
tilting or both distortions are weakened infRu0O, underP)c and the electronic state approaches
to a metallic state, which is fierent from the metallic state which emerges as the result of the
suppression oEysta DY the elongation of Rupoctahedra along theaxis.

Let us comment on the possibility that a two-dimensional metallic state is already realized in
the sample. Here, two-dimensional metallic state means a state where only the in-plane transport
is metallic. Indeed, in the hydrostatic pressure experiments, it was reported tbhabtisaesistiv-
ity pc exhibits a non-metallic temperature dependence even in the metallic hasa¢refore,
in order to clarify whether a metallic phase is induced or only the insulating gap is suppressed,
the in-plane resistivity of Gd&ruO, underP|c should be measured as a future issue. The four-wire
method is appropriate for this measurement, because we would like to measure resistance under
a condition in which extrinsic resistances do not decrease with pressure. Anyway, the electronic
state of CaRuOy underP. is really fascinating, because it probably approaches to a new metal-
lic state which is dierent from the metallic state under hydrostatic or in-plane uniaxial pressure.
Clarification of the ground state characteristics urfggris also important.
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Figure 4.10: Schematic figure of the electronic states ojRaO, under ambient pressure (mid-
dle figure), out-of-plane UAP (left figure), and in-plane UAP or hydrostatic pressure (right fig-
ure). HereA is the insulating gap anBcystal is the value of the crystal field splitting between
the xy-UHB and theyz zxUHB. W, andW,,.x are the band width of they-UHB andyz zx
UHB, respectively. Because of the flattening distortion of RoCtahedra along theaxis, the
energy level of thexy band is lower than that of thez, zxband and the insulating state realizes in
CgRuQ, under ambient condition. Und&;c, sinceA decreases despite the intensified flatten-
ing distortion, onlyW, or bothW,, andW,,, are considered to be enhanced by the suppression
of the rotation ofand tilting distortion. Under hydrostatic or in-plane uniaxial pressure, which
release the flattening distortion, the metallic state is induced by the suppressigp.af For

the middle and right figure&cysian Wxy andW,, are estimated from band calculation, optical
conductivity, and X-ray spectroscopy2q, 76, 77, 78, 79, 80, 81]; based on the estimation, an
insulating gap of 0.4 eV exists at Fermi lewelin the middle figure, whereas thg-UHB and
theyz zxUHB overlap by 0.05 eV in the right figure.
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Chapter 5

Uniaxial pressure dfects on SbRuOy4

5.1 In-plane anisotropy of the uniaxial-pressure dfect on
SroRuQy4

5.1.1 Short summary

We measured AC susceptibility of RuO, with the mini-coil method under in-plane UAPs along

the two distinct directions, [10@]Jor [110}r, in order to obtain hints for conclusive evidence of the
superconducting order parameter offu0, whose orbital part is expected to be two-component
under ambient condition. Notably, By100j7, the onset of supercondcuting transition temperature

T¢ is enhanced up to 3.3 K at only 0.05 GPa and remains 3.3 K up to 0.3 GPa. In contrast, the
onsetT is gradually enhanced Wyj110;t. These contrasting results suggest Rgioopr rather

than Pyj11057 is favorable for inducing 3-K superconductivity (SC). Because it is observed that
the shielding fraction around 3 K is suppressed after releasing the pressure, the 3-K SC under in-
plane UAP should be mainly induced by elastic lattice distortion. Since crystal symmetry should
be reduced by in-plane UAP, the orbital part of the superconducting order parametgRoOpr

is expected to be one-component in the 3-K SC realized by in-plane UAP, and to become two-
component below a certain temperature. The double transition reflecting the existence of two
different superconducting phases, the non-chiral SC at higher temperature and the chiral SC at
lower temperature, was not observed in the imaginary part of the AC susceptibility.

5.1.2 AC susceptibility under UAP

Figure 5.1 represents the temperature dependence of the real part of the AC susceptibility of
SrRuUQ,. We revealed that the in-plane UAP dependence of the dnrsisthighly anisotropic,
as shown in the insets of Figs.1 (a) and (b): the onsék. is abruptly enhanced up to 3.3 K at
only 0.05 GPa and remains 3.3 K for highjio0;r. In contrast, the onsét; is gradually en-
hanced undeP110;r. Moreover, compared with thiy110jt case, the superconducting transition
is remarkably broadened und@j1go;r-

Previous studies on the RuQ,-Ru eutectic, SIRuQ, under out-of-plane UAP, and SRuQy
around dislocations suggest thasBu0O, has the optimal; of 3.3 K and this 3-K SC may have
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quality different from the 1.5-K SC under ambient conditi@®,[64, 32, 82]. In this study, we
have newly clarified that 3-K SC is induced ir,bBuQ, also by in-plane UAP anB100T is more
favorable tharP|[110j7 for inducing the 3-K SC.
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Figure 5.1: Temperature dependence of the real part of the AC susceptibility, Bugy, under

(@)(c) Pyzoo;r and (b)(d)Pjp110r measured with an AC magnetic field of 20 mOe-rms. The
panels (c) and (d) are enlarged views around the superconducting onset. Black curves show the
data taken about one week after releasing pressure from 0.3 GPgfefr and from 0.2 GPa

for Py110;7- The insets of Fig. (a) and (b) represent the pressure dependence of the.amsar

P00 andPyj110pT, respectively, clarifying the contrasting behavior between them.

We also measured the AC susceptibility obBu0, at about one week after releasing pres-
sure from 0.3 GPa foPj100r and from 0.2 GPa foPj110j1, as shown in Figss.1and5.2. In
both Pjj100;T and Py110j7 cases, the onsét; is suppressed down to about 2.5 K and the shield-
ing fraction is remarkably suppressed between the original iyt ambient pressure and 3.3 K.
These results indicate that the 3-K SC under in-plane UAPs is induced mainly by an elastic distor-
tion, although some additional contribution of plastic distortion like a disloca@hdannot be
completely excluded because the onEgafter releasing pressure is still higher than the original
value.

Figure5.2 represents the temperature dependence of the imaginary part of the AC suscepti-
bility of Sr,RuQ,. Peak structure originating from energy dissipation is not clearly observed at

Haruka Taniguchi, Ph.D Thesis
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around 3 K at least in this resolution. Double transition below 1.5 K at 0.05 and 0.1 GPa probably
results fromT distribution caused by the inhomogeneity of lattice distortion.
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Figure 5.2: Temperature dependence of the imaginary part of AC susceptibility 5us
under (a)Pyj100T and (b)Pj110;r measured with a AC magnetic field of 20 mOe-rms.

As shown in Figures.3, the 3-K SC induced byPj[100j7 is robust against changes in the
amplitude of AC magnetic field. This tendency was the same also in the ca&g@frThese
results are similar to that of the 3-K SC induced by out-of-plane UAP, litdrént from that of
the 3-K SC in SfRuOy-Ru eutectic crystaldg], suggesting that the 3-K SC induced inBuOy
by in-plane UAPs is not filamentary.
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Figure 5.3: Difference between 5 and 20 mOe-rms of the temperature dependence of the real
part of AC susceptibility of SRuQO, underPy10q;r 0f 0.2 GPa. The panel (b) is an enlarged view
around the superconducting onset. Two curves are coincident well with each other, suggesting
bulk-like SC.

5.1.3 Discussion

Similar to the present study, much larger enhancement.aé observed for thestrain along
[100}r than [110%, as shown in Fig5.4[83]. The fact that unusual symmetric changeTinfor
both compressive and expansive [1p8}rains supports the two-component order parameter of
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the SC in S§RuO,. The [100F} strain results of Ref.d3] may seem to be quantitavelyftiérent

from our Pj[10057 results: as shown in Figé.5 and5.4, T is gradually enhanced and reaches
only 1.9 K at-0.23 %strain, which corresponds to 0.23 GPa in our experiment according to the
simplest estimation. We can naturally explain thifatient behavior by considering theffei-

ence of experimental setup: the pick-up coil of our measurements surrounds the entire sample as
shown in Fig.3.6 (b) and detects the whole magnetic signal originating from the sample, whereas
the pick-up coil in the study of Ref8[] is much smaller than a sample and detects only the
magnetization of near the central region which is expected to be coherently distorted. Therefore,
the superconducting transition observed in our study is dominated by strongly distorted region
with higherT.. In fact, as shown in Figh.6, the resistivity measurements in the uniaxdahin
experiments§4, 85] reveal that the sample under strain contain a part with much hifhivan

proved by the AC susceptibility. The qualitativelfdrence between [11strain and pressure
effects is a future issue: under [13Qjompressive straifl; is suppressed, although the change

is quite small.

/e

, , , : :
. .\” 00T strain: 77— =170-80% width

T (K)

i
0.2

. 0 0.1
sample strain (%)

Figure 5.4: Uniaxialstrain dependence of superconducting transition temperature of
SrRuUO, [83]. Negative and positive strains correspond to compressive and stretching strain,
respectively.
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under compression:
T T

% (arb. units)

%" (scaled by ")

Figure 5.5: Temperature dependence of AC susceptibility oR810, under compressive uniax-
ial strain along the [100} direction [B3].

R(10° Q)

Figure 5.6: Temperature dependence of resistivity off81O, under compressive uniaxisirain
along the [100} direction B4]. The black left curve shows the data of zero strain and the red
right curve shows the data of up to 0.06 % strain.
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62 Chapter 5. Uniaxial pressuréects on SfRuQy

5.2 Out-of-plane uniaxial pressure dfect on eutectic
SroRuO4-RuU

5.2.1 Short summary

Superconducting transition temperatiigeof Sr,RuQy,, which is 1.5 K under ambient condition,

is known to be enhanced up to about 3 K by out-of-plane U2® ¢r by formation of SsRuCy-

Ru eutectic crystal9). The former superconductivity (SC) can be calledPgsoriginated 3-K

SC, whereas the latter is called interfacial 3-K SC because previous studies indicate that the 3-
K SC occurs around the interfaces betweesRBO, and Ru. In order to clarify the fference
between these 3-K SCs, we measured AC susceptibility and resistancgRoiCpRuU eutectic
crystal underPc. H-T phase diagrams determined from the temperature dependence of the AC
susceptibility under various DC magnetic fields exhibit concave-up behavior with decreasing tem-
perature both iPc-originated SC and in interfacial SC, suggesting both SCs have granular-like
properties. In contrast, resistance behavior highlights tiferdnce bewteeRc-originated SC

and interfacial SC. Interestingly, sharp drop of resistance at about 1.5 K, which corresponds to
the bulkT. of SLRUO, under ambient condition, is induced at 0.1 GPa and disappears again at
0.3 GPa. We consider that this non-monotonic behavior indicates that the spatial distribution of
the 3-K SC changes from 0 GPa to 0.3 GPa.

5.2.2 AC susceptibility under UAP

Figure5.7 represents the temperature dependence of the AC suscepjiaditef S,RuOs-Ru
underPc= 0 andPj.= 0.5 GPa> P*, whereP* is the characteristic pressure described below.

In a previous study3d?2], we revealed that the shielding fraction of 3-K SC in al8r0-Ru
eutectic crystal is enhanced By. and properties of 3-K SC change at a critical pres$tire-

0.4 GPa in the following three points: the slope of the pressure dependence of the shielding frac-
tion of 3-K SC becomes 12 times steeper abB¥€Fig. 5.8), shielding fraction increases below

T¢ of Ru (0.49 K) only aboveé®* (Fig. 5.9), and Hac-sensitive behavior of 3-K SC disappears
aboveP* (Fig.5.10.

Thus, we consider that the behavior at 0 GPa originates from the interfacial SC, whereas the
behavior at 0.5 GPa reflects properties of Be-originated SC. An enlarged view around the
superconducting onset is shown in Fig7(b). The shielding fraction between 1.7 K and 3.0 K
is enhanced, consistent with previous repo@8, B8]. The decrease of the volume fraction at
lower temperatures is attributable to partial destruction of SC due to excess or inhomogenuity of
distortion as well as to cracks in the sam@@][

Next, we measuregac of the same sample at 0.5 GPa under several DC magnetic fields
(Fig. 5.11). In the Pjc-enhanced shielding region @|y’| < 0.05), x’(T) curves exihibit parallel
shift to lower temperature with increasing field (Fig11(b)). This behavior is dferent from the
field response of ac of the interfacial SC beIovPﬁ‘c; the interfacial SC does not exhibit parallel
shift, as exemplified in the region of O|y’| < 0.6 in Fig.5.12[31].

In order to illustrate the dierence between the 3-K SC in,8u0s-Ru abovePlTC (Pyc-
originated SC) and that beIolEvkﬁc (interfacial SC), we present in Fi§.13theH-T phase diagram
of these SCs. FigurB.13also contains thél-T phase diagram of the bulk SC of ,®uQ, at
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Figure 5.7: Zero-field temperature dependence of the real part of the AC susceptibility of
SrpRuO-Ru underP .= 0 andP.= 0.5 GPa: (a) the overall behavior and (b) an enlarged view
around the superconducting onset. These data were obtaineggktla= 2 uT-rms andf =

293 Hz.
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Figure 5.8: Out-of-plane UAP dependence of the DC shielding fraction ofRBO, and
SKLRUO;-Ru at 1.8 K and 2 mT32]. Red and blue points represent the results ogRB0,
and SpRuOs-Ru, respectively. Green points represent the results ofRUEl, crystal whose

number of Ru inclusions is between that obBu0O, and SpRuOs-Ru eutectic. The arrows
indicate critical pressurg*.

Pic = 0 [86]. All the H-T phase diagrams are determinedy:. We define superconducting
transition temperatur&. in the following two ways:T.©%Sis defined as the temperature of the
intersection of the extrapolations of the most rapidly changing payt ahd the normal state/

as shown in Fig5.11(b), andT.°"se'is defined as the temperature at whi¢heaches-0.005. We

used the steepest slope irQy’| < 0.05 to determind "°Sof Pjc-originated SC, so thaf.°ss
captures the characteristics of tRg-originated SC. For the same reason, the steepest slope in
0 < |x’| < 0.6 is used fofT°"SSof the interfacial SC.

We have revealed that the-T curves of thePc-originated SC and the interfacial SC are
concave up with decreasing temperature, while th& curves of the bulk SC of SRuQ; is
convex up. We also clarified that the slopes of th@ curve of thePc-originated SC are smaller
than those of the interfacial SC resulting in a crossing at around 0.04 T. Note that these features
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Figure 5.9: Temperature dependence of the AC susceptibility @RBO,-Ru under diferent
Pyc's measured withigHac= 2 uT-rms and 293 Hz32]. Under 0.5 GPa, a jump is observed at
0.49 K both in the imaginary pagt’ and the real pagt’.

T(K)

Figure 5.10: Temperature dependence of the real part of the AC susceptibility,Bugy-Ru
underPycfor uoHac of 2 and 10uT-rms (293 Hz) B2]. The insets are enlarged views near the
onset. The dashed lines mgrk= 0.

are not &ected by the definitions df.

Itis known thatH-T curves of granular superconductors exhibit concave-up behavior with de-
creasing temperature. A calculation of tiieetive critical fieldH; of an assembly of intergranular
Josephson junctions revealed thiaexhibits I/ T dependence in the vicinity df;(H=0) [87, 8§].

In order to examine this possibility, we fitted the equation

1 1
porh(T) = a7 - To(H = 0)) 1)

to the data in the range g(H=0) < T < T¢(H=0). The well-fitted results shown in Fi§.13
imply that both thePjc-originated SC and the interfacial SC have granular-like features. The
difference in the slope of thd-T curve is possibly related to certain changes in the spatial dis-
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entire behavior and (b) an enlarged view of thg-enhanced shielding region.
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Figure 5.12: Temperature dependence of the AC
under diferentHpc's [31].

tribution of superconducting regions caused by
distance or a change in the shape of supercondu

susceptibility gRBO-Ru atPc = 0 GPa

pressure, such as an increase of intergranular
cting grains themselves. We note, however, that

possibilities of extrinsic origins such as cracks have not been excluded so far.

5.2.3 Resistivity under UAP

In order to obtain a hint to clarify the fierence of the spatial distribution betwe&-

originated 3-K SC and interfacial 3-K SC, we m

two transitions, a sharp superconducting transitio

easured four-wire resistance;BUG)-Ru
underPyc(Fig. 5.14. At 0 and 0.3 GPa, only a broad transition is observed. In clear contrast,

n at about 1.5 K and a broad superconducting
transition below about 3 K are observed under 0.1 GPa. This peculiar pressure dependence sug-
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Figure 5.13: Comparison oH-T phase diagrams fdfc based on two dierentT, definitions:
T8 and T.O"s® (see text). Solid and dashed lines indicate fitting curves with &£4d) for a
model of an assembly of intergranular Josephson juncti®is [These curves reproduce the

concave-up behavior of thi,c.-originated SC abov®; , as well as that of the interfacial SC

lic?
below Pﬁc.

gests that the interfacial 3-K SC formed at 0 GPa is destroyd®|byhereas théc-originated

3-K SC develops wittPc. At 0 GPa, a superconducting path is formed above the Bl&f

about 1.5 K by the proximityfeect of the interfacial 3-K SC. Under 0.1 GPa, the interfacial 3-K
SC is substantially suppressed, whig-originated 3-K SC is not yet induced much; as a result,

a superconducting path formation is not complete above theTyuind the resistance suddenly
drops at bulkT¢. At 0.3 GPa, a superconducting path is formed above theTyby the proximity

effect of thePc-originated 3-K SC. Non-zero resistance at the base temperature of 0.3 K, which
is enough below the bulk. is attributable to micro cracks in the sample and indicates that the
estimation of resistivity from resistance igftbult. Increase of resistance with pressure suggests
that the number of cracks increases by pressure.

5.2.4 Discussion

From the AC susceptibility and resistance measurements mentioned above, we clarified that the
Pjc-originated 3-K SC is granular-like similarly to the interfacial 3-K SC but their spatial dis-
tribution and out-of-plane UAP dependence angetient. Based on these findings, we propose
pressure evolution of the spatial distribution of SC ipR8rOs-Ru underP)c as shown in Figs.15

At 0 GPa, SsRuQy regions around the interfaces betweesRa10, and Ru exhibit SC at 3 K be-

cause of the moderate lattice distortion, these superconducting regions expand on cooling because
of the proximity dfect, and one complete superconducting path is formed betWeesndV -

wires above bulkT. of ambient S§RuQ, (1.5 K). Under 0.1 GPaJ. of SrbRuQ, around the
interfaces is suppressed because of the too much lattice distortion, and 3-K SC emerges in other
regions in which moderate distortion is inducedRy. The distance bewteen the regions of this
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Figure 5.14: Temperature dependence of in-plane resistance,&u&y-Ru under out-of-plane
UAP. (a) Raw data. (bIR(T) curves for 0.1 and 0.3 GPa are shifted. Arrows indicate an onset of
superconducting transition. Non-zero resistance enough below thd bidlattributable to the
cracks of the sample and indicates that the estimation of resistivity from resistanfieigtdi

newly-induced 3-K SC is so long that a complete superconducting path cannot be formed by prox-
imity effect above 1.5 K. At 0.3 Pa, the region of fAg-originated 3-K SC expands and more than
one complete superconducting path is formed above 1.5 K, althbughinterfacial SgRuQy is
suppressed more. This description is consistent with the results of our previous3#per [
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Figure 5.15: Schematic figure of spatial distribution of superconductivity isR&10;-Ru under

Pic- (@), (b), and (c) represents the case of 0, 0.1, and 0.3 GPa, respectively. A blue big rectangle
denotes a sample of RuO,-Ru, green small ellipses denote Ru lamellae, and yellow thin rect-
angles denote Au wires attached for resistance measurement. Black lines denote micro cracks.
T. of red, blue, green, and black regions is about 3 K, 1.5 K ([ullof ambient SsRuQy),

0.49 K (T, of Ru metal), and 0 K, respectively.
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Chapter 6

Summary: Uniaxial pressure dfects on
CayRuO4 and SroRuO4

In this study, we have studied the electronic states oR0&, and SgRuO, under UAPs with

three diferent pressure directions: two in-plane directions, [$Q0jd [110}, and the out-of-

plane direction, [00%], using the tetragonal notation. [1g(dnd [110} direction are parallel and
diagonal to the in-plane Ru-O bond of the Ru@tahedra, respectively.

We succeeded in inducing the ferromagnetic metallic (FM-M) phase ins®@a, by in-
plane UAPs. The mechanism of this Mott transition is considered to be the same as that under
hydrostatic pressure: the out-of-plane flattening distortion of o€@ahedra is released, and
the xy andyzzx bands of Ru 4 electrons approach energetically and overlap. The smaller uni-
axial critical pressure of the FM-M phase than hydrostatic one demonstrates the advantage of
the in-plane uniaxial pressure for changing the electronic state 42@a,. We revealed highly
anisotropic pressure-temperature phase diagrams among the AFM and FM phases. The possible
absence of the B-AFM phase around the emergence of the FM-M phaseRipdg# suggests
the pressure along the orthorhombiexis induces an electronic statdéfdrent from those under
Phydro-

We clarified that the insulating gap of RuQy is suppressed from 3000 K to 700 K under out-
of-plane UAP. This result is surprising becau®e should increase the crystalline field splitting.

This gap suppression is expected to be induced by the enhancement of the band width as a result
of the release of rotation @nd tilting distortion of Ru@ octahedra.

The in-plane UAP ffect on S§RuQ, was also revealed to be significantly anisotropic; we
clarified thatPy1005T is more favorable for inducing 3-K superconductivity (SC) tHapojr.

These 3-K SCs under in-plane UAPs are considered to have the superconducting order parameter
whose orbital part is one-component and to be induced mainly by elastic distortion.

For out-of-plane UAP fect on SsRuQy, we newly proposed the pressure dependence of the
spatial distribution of 3-K SC in SRuOs-Ru based on the behavior of AC susceptibility and
resistivity.

To summarize, we have succeeded in inducing several phase transitions_ $KRuUO,
using UAPs. These results strongly demonstrate fiieetveness of UAP to control the electronic
state of systems which have multiple degrees of freedom.
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As a future investigation, UAP application to thin film will be interesting fonRaO,, be-
cause thin film CgRuQ, is already metallic under ambient pressure and a promirfésttdike
the emergence of SC is expected under in-plane UAP. RL&tU&), in order to clarify the lattice
distortion which induces 3-K SC under in-plane UAPs in detail, neutron measurements will be
essential.
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