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Abstract 
 

The combination of electron-electron correlation and spin-orbit coupling interaction arises the 

various exotic states such as spin liquid, Weyl semimetal, and topological Mott insulator. 

Among the pyrochlore systems, pyrochlore iridates with chemical composition, R2Ir2O7 (R = 

rare earth elements) having geometrically frustrated lattice exhibits mostly orderly metal-

insulator transition (MIT) and is observed with accompanying magnetic transition by changing 

R ion. The temperature of MIT, TMI gradually decreases as increases the ionic radius of R and 

disappears between R = Nd and Pr. How the magnetic ordering of these R2Ir2O7 series changes 

in the boundary of MIT and eventually to be a possible spin liquid in Pr2Ir2O7 remains unknown 

so far although those have been studied intensively over the past years. Moreover, it is also 

necessary to understand the mechanism of MIT where the metallic state adjacent to the strongly 

correlated nonmetallic state by doping holes to the system. The existence of a so-called 

quantum critical point (QCP) where the electronic ground state is changed in the vicinity of the 

zero temperature and near the disappearance of antiferromagnet transition is also theoretically 

predicted. 
Magnetic properties of Ir moment are expected to play an essential role in various exotic 

states in R2Ir2O7. Of the pyrochlore iridates, Mott insulator Y2Ir2O7 (Y3+: non-magnetic; Ir4+: 

5d5) serves as an ideal system to investigate the magnetic properties of Ir moment to clarify its 

origin because Y atom does not possess a local magnetic moment, no f moment/no d-f 

interaction (larger spin-orbit interactions) and Y2Ir2O7 also involves antiferromagnet ordering 

of Ir moment with all-in-all-out (AIAO) arrangement below TMI of approximately 170 K. 

We have initially studied the magnetic properties of Y2Ir2O7 and its hole-doped, 

(Y1-x-yCuxCay)2Ir2O7 with x = 0.05 and y = 0, 0.05, 0.08, 0.10, 0.20, and 0.25 by muon-spin 

relaxation (µSR) measurement. The synthesis of these compounds will be reported in this 

doctoral dissertation, as well. We also performed electrical resistivity, heat capacity, and 

magnetic susceptibility measurements. The magnetic transition, TN and TMI decrease with 

increasing value of y and seem to vanish at around y = 0.15 with x = 0.05 indicating the 

existence of QCP. The substitution of Ca2+ for Y3+ in hole-doped Y2Ir2O7 suppresses TN and 

TMI. As far as we know, we have revealed the phase diagram of hole-doped Y2Ir2O7 for the first 

time based on electrical transport and µSR measurements.                                                                                                                                                                                                                                                                                                                                                         
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hydrogen atoms are far from it. The most studied compounds for such pyrochlore Ising 

ferromagnets are Ho2Ti2O7, Ho2Sn2O7, and Dy2Ti2O7 [10-13]. Heisenberg-type, XY-type, and 

[001] Ising ferromagnets on pyrochlore lattice do not show frustration and have long-range 

order (LRO) at finite temperatures. 

For pyrochlore antiferromagnets, Ising spins along the uniaxial asymmetry [001] is 

highly frustrated, but cannot be realized on the pyrochlore lattice. Meanwhile, [111] Ising 

antiferromagnets are not frustrated, and spin state is stable with AIAO (all-in/all-out) alignment. 

As the ground state has no degeneracy, the system experiences LRO at finite temperature. This 

AIAO structure was commonly proposed in pyrochlore iridates [14-15]. For an XY 

antiferromagnetic systems, either the thermal fluctuations, zero-point fluctuations or both 

select a state, and accordingly, LRO is established. Such a mechanism which has been realized 

in Er2Ti2O7 known as order by disorder mechanism. Next is about the classical and quantum 

Heisenberg pyrochlore antiferromagnets. A classical Heisenberg pyrochlore antiferromagnet 

is highly frustrated with an infinitely degenerate ground state which well-known as a classical 

spin liquid. A compound which shows such state as an example is Yb2Ti2O7. The transition 

temperature of this compound is analogous to the liquid-gas transition [16]. On the other hand, 

the ground state and transition in quantum Heisenberg pyrochlore antiferromagnets are still in 

argument as found in Hg2Cu2F6S with s = 1/2 for Cu2+ ions for an example [17]. The classical 

spin liquid (also called as a cooperative paramagnet) means a paramagnetic state with a short 

correlation length, while the quantum spin liquid implies the singlet formation of spins [9]. 

 

1.2.3 Pyrochlore iridates 

Pyrochlore iridates with chemical composition, R2Ir2O7 (R = rare earth elements) were first 

studied in 1970 by Sleight and Bouchard [7]. Pyrochlore iridates (usually also written as R227) 

is reported to be one of the broadest stability ranges for any pyrochlore system and providing 

a possibility to study the interplay between the electronic correlations and magnetic frustration. 

Rare-earth iridate pyrochlores provide an opportunity to investigate the effects of spin-orbit 

coupling and geometrical frustration on the magnetic and electronic properties of a correlated 

material. 

 The essence of electrical resistivity results on R227 is summarized in Fig. 1.7. The 

electrical resistivities for R = Nd, Sm, Eu, Gd, Tb, Dy, and Ho were reported to show a 

transition into an insulating state as observed from Fig. 1.7. Meanwhile, a difference in the 

magnetic susceptibility under the zero-field-cooled (ZFC) and field-cooled (FC) conditions 
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exhibits below the metal-insulator transition (MIT) as shown in Fig. 1.8. This indicates that the 

magnetic transition is present in an insulating state at low temperatures. In 2002, Fukazawa 

and Maeno proposed that the magnetic ground state for R = Y appears to occur concomitantly 

with the non-metallic state [18]. Further studies reported that the magnetic transition could be 

suppressed by increasing the size of the R ion, although the R is non-magnetic ions [2, 15]. 

Therefore, the magnetic order in the R227 series must come from the magnetic iridium (Ir) ion. 

The electron-electron correlation also can be tuned by adjusting the radius of the R ions. Above 

the MIT, R = Pr, and Nd are metallic; R = Sm, Eu, and Gd are semimetallic; R = Tb, Dy, and 

Ho are semiconducting (Fig. 1.7). The critical point of MIT is located near R = Pr. 

 

 

Fig. 1.7. (a) Electrical resistivities of R227 for R = Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho. 

(b) enlarged view for R = Gd, Tb, Dy, and Ho [15]. 

 

 Furthermore, hole-concentration and chemical pressure dependence on the magnetic 

properties, including a quantum critical behavior in the vicinity of the zero-temperature is 

theoretically predicted [19]. Besides the chemical pressure, the external pressure also may drive 

the quantum critical point (QCP) [20]. Figure 1.10 shows the phase diagram for (NdxPr1-

x)2Ir2O7 and (SmyNd1-y)2Ir2O7 based on the transport results. A metallic state is apparent down 

to 2 K for large average size of R ions when x > 0.8, whereas others show the thermal transition 

from paramagnetic metal (PM) or paramagnetic insulator (PI) to the antiferromagnetic insulator 

(AFI) below the magnetic transition. This report suggested that there may be a QCP when the 

average size of R ions around 1.122 Å at x = 0.8. 
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Fig. 1.9. Phase diagram of R277 according to transport and magnetic measurements, which is 

supplemented and modified from [15]. The R-elements that do not have a local magnetic 

moment are in bold magenta. The only non-lanthanide is denoted by a square (R = Y) [2]. 

 

 

 

Fig. 1.10. Contour map in the plane of R ionic radius and temperature for resistivity in 

(NdxPr1-x)2Ir2O7 and (SmyNd1-y)2Ir2O7. The color bar at the side of the map represents the 

magnitude of the resistivity, and the dots indicate the transition temperature [20]. 

 

A neutron scattering measurement is needed in order to study the magnetic structure of 

R227. However, the neutron scattering measurements do not show clear evidence of long-range 

magnetic order (LRO) in R227 (A = Y and Yb) [23-24] which may be due to the large neutron 
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coil is opposite and twice larger than that of top and bottom parts. The voltage when the sample 

pass through the middle part then is minus twice larger than that when the sample passes 

through the top and bottom parts. The difference of the induced voltages between the 

top/bottom part and the middle part correlates with the magnetization of the sample. The fitting 

to the voltage-scan curve and the calculated magnetization is performed by the program 

installed in the MPMS system. 

We used iHelium3 (IQUANTUM) measured up to 7 T from 2 K to 300 K for 

magnetization measurement at the Tokyo University of Science. Temperature below 2 K was 

not carried out, so the principle of this measurement is basically the same with SQUID 

magnetometer. 

For the last magnetic susceptibility measurement, we used a SQUID-VSM (MPMS-3, 

Quantum Design) in Prof. Hiroi Laboratory, ISSP. VSM stands for the Vibrating Sample 

Magnetometer. Errors in vertical sample centering may lead to a decrease in the magnitude of 

the measured moment because the induced voltage is maximized at the center position. In 

SQUID-VSM measurement, the sample is vibrated vertically about the middle part or the 

center point of the coil with an amplitude of a few mm. The amplitude of the induced voltage 

then is proportional to the magnetic moment of the sample [40]. 

 

Fig. 2.3. Principle of the SQUID magnetometer [39]. 
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Fig. 2.4. Sample environment for (a) SQUID magnetometer (Quantum Design MPMS) in 

Hokkaido University and (b) iHelium3 (IQUANTUM) in Tokyo University of Science. 

 

2.2.2 Specific heat 

Specific heat measurement was measured between 2 and 300 K using a Quantum Design PPMS 

for fields up to 5 T. Sample was put on the sapphire (Al2O3) plate with a small amount of grease 

and connected to 8 Au-Pd wires. Heater and thermometer attached on the back of the plate 

correspond to the 8 Au-Pd wires. The measurement first was done without sample then, the 
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surface of the production target. Detectors arrangement for GPS instrument from the top view 

is described in Fig. 2.9. There are 6 positron detectors with respect to the beamline: forward, 

backward, up, down, right, and left. A backward veto detector consists of a hollow scintillator 

pyramid with 7×7 mm2 hole facing the muon counter to collimate the muon beam to and reject 

missing muons and their decay positrons. On the other hand, a forward veto detector is used 

with a small amount of sample to reject muons and their decay positrons which have not 

stopped in the sample. The electronics are able to check for double events and also ensure the 

detected positron can be connected to a given decaying muon [41]. 

We set the sample pellet and powder wrapped in Ag silver (thickness: 25 µm) on the 

Ag plate using a small amount of grease (Apiezon, grease type N) and was attached to the 

cryostat for use in GPS instrument as displayed in Fig. 2.10. 

 

 

 

Fig. 2.6. ARGUS (left) and CHRONUS (right) spectrometers. 
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Fig. 2.7. (a) A sample stick for Janis cryostat with sample pellets which are wrapped by Al foil. 

(b) A mini flow cryostat with the cold finger where sample pellets are wrapped by Ag foil. 
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Fig. 2.8. GPS spectrometer from the front view (left) and side view (right). 

 

 

 

Fig. 2.9. A schematic view of detectors from the top for GPS spectrometer [41]. 
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Fig. 2.10. (a) A sample stick and (b) A fork-like sample holder for use in GPS spectrometer. 

The sample is wrapped by Ag-foil 25 µm +Al tape. 
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Fig. 3.2. Doping concentration dependence of the lattice constant of (Y1-x-yCuxCay)2Ir2O7 

samples. 

 

 

Fig. 3.3. Temperature dependence of the electrical resistivity of (Y1-x-yCuxCay)2Ir2O7 samples. 
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Fig. 3.4. Magnetic susceptibility of (Y1-x-yCuxCay)2Ir2O7 for x = 0.05 and y = 0.05 measured at 

Tokyo University of Science in (a) ZFC and FC conditions under 1 kOe and (b) ZFC and FC 

conditions under 50 kOe. 
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Fig. 3.5. Magnetic susceptibility of (Y1-x-yCuxCay)2Ir2O7 for x = 0.05 and y = 0.10 measured at 

Hokkaido University in (a) ZFC and FC conditions under 1 kOe and (b) ZFC and FC conditions 

under 50 kOe. 
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Fig. 3.6. Magnetic field dependence of magnetization of (Y1-x-yCuxCay)2Ir2O7 for (a) x = 0.05 

and y = 0.05 measured at 2 K and 70 K at Tokyo University of Science and (b) for x = 0.05 and 

y = 0.10 measured at 2 K at Hokkaido University. 
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Fig. 3.8. ZF-µSR time spectra of (Y1-x-yCuxCay)2Ir2O7. Solid lines are fits to Eq. (3.2). 
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Fig. 3.12. (a) ZF-µSR time spectra and (b) FFT plot of ZF-µSR time spectra of 

(Y0.95Cu0.05Ca0)2Ir2O7 ((Y1-x-yCuxCay)2Ir2O7 with x = 0.05, y = 0). Solid lines are fits to Eq. (3.3) 

as explained in the text. 

 

 

For (Y0.80Cu0.05Ca0.15)2Ir2O7 ((Y1-x-yCuxCay)2Ir2O7 with x = 0.05, y = 0.15), we can only 

carry out one data of ZF-µSR time spectra at base temperature, 1.5 K as exhibited in Fig. 3.20 

due to the limited beam time we had, which is only three days for all samples. Data in Fig. 3.20 

(a) were well fitted by using Eq. (3.4). The FFT plot of time spectra of (Y0.80Cu0.05Ca0.15)2Ir2O7 

at 1.5 K also is displayed in Fig. 3.20 (b). Since we still can observe a high FFT signal at the 

lowest frequency, we assume that there is a single magnetically unique muon stopping site with 

weak internal field Hint. 
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Fig. 3.14. (a) ZF-µSR time spectra and (b) FFT plot of ZF-µSR time spectra of 

(Y0.9Cu0.05Ca0.05)2Ir2O7 ((Y1-x-yCuxCay)2Ir2O7 with x, y = 0.05). Solid lines are fits to Eq. (3.3) 

as described in the text. 

 

 

We plotted the temperature dependence of Hint from all PSI data that we obtained in 

Fig. 3.21. The values of Hint of Y2Ir2O7, (Y0.95Cu0.05Ca0)2Ir2O7, and (Y0.9Cu0.05Ca0.05)2Ir2O7 at 

the base temperature, 1.7 K are almost the same. 

The obtained TN for Y2Ir2O7, (Y0.95Cu0.05Ca0)2Ir2O7, (Y0.9Cu0.05Ca0.05)2Ir2O7, 

(Y0.87Cu0.05Ca0.08)2Ir2O7, and (Y0.9Cu0.05Ca0.10)2Ir2O7 from PSI data are also in a good 

agreement with those obtained from RIKEN-RAL data. 
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Fig. 3.16. (a) ZF-µSR time spectra and (b) FFT plot of ZF-µSR time spectra of 

(Y0.87Cu0.05Ca0.08)2Ir2O7 ((Y1-x-yCuxCay)2Ir2O7 with x = 0.05, y = 0.08). Solid lines are fits to Eq. 

(3.4) as described in the text. 
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Fig. 3.18. (a) ZF-µSR time spectra and (b) FFT plot of ZF-µSR time spectra of 

(Y0.85Cu0.05Ca0.10)2Ir2O7 ((Y1-x-yCuxCay)2Ir2O7 with x = 0.05, y = 0.10). Solid lines are fits to Eq. 

(3.4) as explained in the text. 







































https://www.isis.stfc.ac.uk/Pages/ARGUS%20Manual%202.pdf

