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Abstract

5d Transition metal oxides with Ir** as the transition metal ion has been of great in-
terest due to its comparable on site coulomb interaction and spin orbit coupling, which
together result in a rich array of physical properties. The iridates of the pyrochlore struc-
ture are a promising candidate for realizing the Weyl semimetals. They change their
physical properties from that of an antiferromagnetic insulator for smaller or heavier rare
earths (i.e., A = Gd, Tb, Dy, Ho, Er, and Yb, including Y) to an exotic, nonmagnetic
metal for Prolroo;. The intermediate members corresponding to A = Nd, Sm, and Eu
show a thermally induced metal-insulator transition. Literature reveals that stuffing in
EuslroO7 show a strong correlation between the physical properties and structure. This
project started with the idea of understanding the effect of stoichiometry on the physical
properties of SmylrsO7, which is lacking for the pyrochlore iridates. Till now, all the py-
rochlore iridate sample reported in the literature are synthesized using the conventional
ceramic route, which takes more than 600 hrs of sintering to stabilize the pyrochlore
phase along with significant IrOs losses. Through this project 6 samples of lanthanide
pyrochlore iridates (Ln= Pr, Sm, Gd, Er and Yb) were synthesized using a wet-chemical
technique through a single sintering. The wet-chemical method is shown to be an efficient
way of obtaining single-phase pyrochlore iridate samples with sintering duration as low
as 12 hrs and negligible IrO5 losses. As the final stoichiometry can affect the physical
properties, comparison of results obtained from the solid-state reaction technique and
the wet-chemical route were done. The resistivity data suggest that none of the wet-
chemically synthesized samples exhibit the T—la, (with = 1 or 4) expected from weyl
semimetallic nature of the electronic structure. phase. A metal to insulator transition
was seen for SmylroO; and GdslraO; concomitant with AFM ordering in the insulating

regime. The specific heat data were analyzed, using an equation considering schottky

anomaly, electronic and phonon contributions.
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Chapter 1

Introduction

Transition metal oxides (TMOs) have long been studied mainly because they display
a wide variety of unusual structural and magnetic properties including metal-insulator
transition, high-T,. super conductivity, exotic spin ordering, etc 31, For a TMO there
are several energy scales to be considered including the on-site Coloumb repulsion (U),
spin-orbit coupling (\), crystal field splitting (A) and the hopping term (t). Significant
theoretical as well as experimental studies have been carried out on 3d transition metal
oxide, which have localized 3d states, yielding high U and small band width. Most of
them are Mott insulators. If only U and band width are considered, the 4d and 5d
TMOs, which have extended d orbitals, a less insulating ground state is expected. But
anomalous insulating state have been reported for these materials which emphasizes the
significance of considering correlation effects. At the same time spin-orbit coupling term
A which scales with the atomic number, and contributions comparable to U, is also of
significance in 4d/5d transition metal oxides 4], Small changes brought in to these system
either by pressure, doping, temperature, electric field or magnetic field results in a rich
behaviour. Recently 5d transition metal oxides with Ir as the 5d transition element has
been of significant interest for theoretical modelling as well as experimental research, to

understand the interplay of various interactions explained above.

The geometrically frustrated pyrochlore oxides (A3B2O7) are well-known to host exotic
quantum many-body ground states, including quantum spin liquids and spin ices. Py-
rochlore oxides crystallizes in a cubic symmetry with two non-equivalent oxygen sites,

namely, 48f and 8b. In this structure the only variable parameters are the unit cell edge
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length (a), and the x-coordinate of the oxygen ion at the 48f site (x, 0.125, 0.125). The
structure consists of interpenetrating networks of corner shared tetrahedrons formed by
A and B cations . The spins in the lattice result in geometric frustration forming a
degenerate manifold of ground states rather than a single stable ground state. Even slight

perturbation can induce instabilities in such systems 21,

The Pyrochlore iridates change their physical properties from a completely non
magnetic metal for larger rare earth ion (A=Pr) to that of an antiferromagnetic in-
sulator for smaller rare earth ions (A = Gd, Tb, Dy, Ho, Er, and Yb, including Y).
The intermediate members including Nd, Sm, and Eu show a thermally induced metal
to insulator transition at T,;;. The onset of insulating behavior is concomitant with

[6}. These intermediate members are

7}.

anti-ferromagnetic ordering of Ir** moments at Ty

proposed to stabilize a novel topological phase called the Weyl Semimetal !

The physical properties of pyrochlore iridates are highly correlated with the struc-
ture which can be tuned by pressure or doping. The slope of resistivity (p) versus temper-
ature plot j—:’; is expected to be positive above T ;7 when the sample is in its metallic state
and negative below T),; in its insulating state. Recent pressure studies on EuslroO; by
Tafti et al, reveals a change in sign of j—; in metallic state from negative for low or ambient
pressure to positive above 6 GPa 81, Similarly, Liu et al, reported that in SmylroO7, ex-
ternal pressure changes not only the slope of p versus T above Tj;; but the value of Ty

9. The stark sample dependence

itself decrease almost linearly with increasing pressure |
on the sign of slope above T),; was later investigated by stuffing studies on Euylr,O7,
the results of which indicated that due to Eu**t and Ir** ionic size mismatch, a minor
off-stoichiometry and the resulting changes in unit cell volume can lead to chemical pres-

nA systematic study of stuffing

sure sufficient enough to cause anomalies above Ty, [
is lacking in SmyIroO; which is important to understand the effect of off-stoichiometry
in explaining the sign of j—;. Synthesis of iridate pyrochlores is highly tricky due to the
loss of IrO,. As IrO, tend to sublimate at a temperature approximately above 1000°C
due to its high vapor pressure as well as the formation of volatile IrO3, the IrO5 loss can
be quite significant if the sample is not sintered for sufficient time at lower temperatures
for A;O3 and IrOs to react. In studies by Matsuhira et al polycrystalline samples of
AyIryO7 (A = Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho) underwent sintering for a duration

of 336 hrs with several intermittent grindings above 1200°C 21, Telang et al studies
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report a sintering duration of 374 h with 20 intermediate grindings/cold pressing cycles
to 574 h with 43 intermediate grinding/cold-pressing cycles, below 1070°C to synthesize
single phase stoichiometric and off stoichiometric EuslraO7 respectively. Inspite of such

7]

prolonged sinterings, minor traces of impurities were seen /). Hence the sintering proto-

col can affect the IrO, losses, thus effecting the final stoichiometry and unit cell volume,

dp

77~ Because of these reasons, methods which

which may result in anomalies in the sign of
minimize the sintering steps and reduce the sintering duration may be adopted to reduce

IrO, losses.

A wet chemical synthesis route for YslroO7; commonly known as the pechini
method has been reported where mixing of precursors is carried out in deionized water
with a chelating agent citric acid from which single phase product is obtained within

101, Synthesis through Pechini method and physical characterization

24 h of sintering.
has not been carried out so far for any lanthanide pyrochlore iridate (AslrsO7) samples.
Hence the synthesis of A;IrsO7 for all the atoms in lanthanide series would be new and
comparison of its physical properties with the samples synthesized by solid state reaction

technique would be interesting.

In the present work initially Smjy,Ir1+,07 [SmIO] (x = 0.02, 0.04) samples were
synthesized through solid state reaction technique to study the effect of stuffing on the
slope of p versus T above Tj;;. Later on a wet-chemical method of synthesis was carried
out for five samples of LnyIraO7; (A = Pr, Sm, Gd, Dy, Er, Yb). PryIryO; shows no
transition down to 0.3 K, where as SmylroO7, GdslraO7, DyslraO7, ErglraOr7, Ybolra Oy,
Y2Ir,O7 shows transitions at 117K, 124K, 134K, 140K, 130K, 155K respectively.



Chapter 2

Pyrochlore structure

Pyrochlore structure has a general formula A;B2O; with generally the A site ocuupied
by a rare earth ion and the B site ion ocuupied by a 3d/4d/5d transition metal ion. The
oxidation state of A site ion is either 34 /44 and B site ion 24-/54. The space group of the
ideal pyrochlore structure is Fd3m and there are eight molecules per unit cell. There are
two non equivalent oxygen anions namely 8b and 48f. The A cation are eight coordinated
and the B cation six coordinated. The A cation connects to six equally spaced oxygen ions
(48f) and two oxygen ions (8b) at a slightly shorter distance from the central cations.
The direction along which the cube is compressed is the [111] direction, along the 8b
oxygen anions connecting the A cation, thus it forms a scalenohedra compressed along its
diagonal. The smaller B cations are six coordinated and are located in the center of an

octahedra with all the six oxygen ions (48f) at equal distances from the central cations

(Fig 1 (a))).

In this structure the only variable parameters are the unit cell edge length (a),
and the x-coordinate of the oxygen ion at the 48f site (x, 0.125, 0.125). The value of
x ranges from 0.3125 to 0.375. The shape of coordination polyhedra of A and B ions
changes with change in 48f oxygen parameter x. Coordination around B becomes a
regular octahedron for x=0.3125 and for x=0.375 the coordination around A becomes a

regular cube.

The structure can also be explained as inter penetrating network of corner shared
tetrahedra. The A cations forms a tetrahedra with 8b oxygen anion occupying the tetra-

hedral void. The B cations form a tetrahedra with an empty tetrahedral void. The A and

11



CHAPTER 2. PYROCHLORE STRUCTURE 12

B kagome sublattices are separated by half fractional coordinate and they align along the

[111] direction.

{a) _ —— {b)
’ [

! | | = B(16¢c)

{lﬁd}

Figure 2.1: Pyrochlore structure

The spins occupying the corners of tetrahedra in the pyrochlore structure may
give rise to geometrical frustration. It is not possible to minimize the interaction energy
for all lattice sites at the same time. Typically a geometric frustration results in degen-
erate manifold of ground states rather than a single stable ground state configuration,
leading to magnetic analogues of spin ice, spin liquid etc. Not surprisingly even slight
perturbations induce instabilities in such system. The issue of how geometric frustration
effects the ground states of strongly correlated pyrochlore systems leading to novel elec-
tronic properties is yet to be solved. In the case of 4d and 5d transition metal, pyrochlore
oxides frustration leads to novel transport properties such as the anomalous Hall effect
in NdasMo,Or 1) and PrylraOf [12}, superconductivity in CdsResO7 [13) and AOsy06 (A
= K, Rb, and Cs)[M], and the metal-insulator transition (MIT) in CdyOs,077, LnyIraO7
(Ln = Nd, Sm, Eu) [2}, (61,



Chapter 3

Pyrochlore iridates

In the pyrcohlore oxides with a 5d transition metal ion (e.g., Ir4+) at the B site, presence
of a relativistic spin-orbit(SO) interaction term in the Hamiltonian gives rise to novel
topological phases not present in their 3d and 4d analogs. For this reason, the iridates
of the pyrochlore structure have gained significant attention in the recent yearsm. Phase
diagram for 5d TMOs, depending on the strength of spin orbit coupling (SOC) A and

Coulomb repulsion U is shown in figure 3.1.

A
1' spin-liquid quadrupolar
spin-orbit coupled
Mott ins.
vn axion
ins. w.ew
B, S semi-metal tQ‘F-
simple Mott ins.
metal or : =
band ins. PR e
or semi-metal
At

Figure 3.1: A schematic phase diagram showing various ground states depending on the
strength of spin orbit coupling (SOC) A and Coulomb repulsion U 1]

. The x and y axis are normalized by the hopping integral t.

The Weyl semimetallic (WSM) phase resides in the phase diagram where on site

coloumb repulsion U and spin orbit coupling A is comparable. Pyrochlore materials are

13
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[15]

predicted candidate materials to realize the WSM phase!l* 2. Weyl semimetals are often

(a) (b)

Figure 3.2: (a) dirac node, (b) pair of weyl nodes

considered as the 3d analogue of graphene. The special physics that happens in graphene
is strongly coupled with its special band structure. The Fermi energy for the ground
state is located at a point called the Dirac point were the minima of conduction band
and maximum of valence bands touches. The conical shape of the band structure at
these Dirac points lead to the name Dirac cone. The linear dispersion leads to electrons
behaving like massless particles in that very region, comparable to photons but with a

15 1 Weyl semimetal the points where valence band and conduction band

lower speed!
touch each other are not called Dirac nodes but Weyl nodes. Breaking of time reversal
symmetry is necessary to realize a Weyl semimetal phase. The four spin in the corners
of Ir tetrahedra undergo AFM ordering with spins arranged in an all-in all-out (ATAO)
pattern thus time reversal symmetry is broken. For a Dirac cone, the nodes are on the

surface, where as for WSM, an even number of nodes are present as pairs, in the bulk.

These nodes are objects with a definitive chirality[16]. For WSM phase p=py T7".

As mentioned earlier Ir** in AsIr,O7 is octahedrally coordinated. Therefore under
crystal field splitting, 5d electrons fill in the three low-energy to, orbitals leaving the two
high energy e, orbitals unoccupied. The ty, orbitals further split under the spin-orbit
coupling in to a j=3/2 quadruplet and j=1/2 doublet. The j=3/2 level is completely
filled, leaving the j=1/2 level occupied by a single electron resulting in a effective spin
1/2 4, Below the magnetic order temperature, in an Jeff=1/2 orders in AIAO pattern

as discussed above[lﬁ.

Pyrochlore iridates ( AIraO7), with A= Nd, Sm and Eu show a thermally induced

metal to insulator transition at Tj;;. The onset of insulating behavior is concomitant
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€ Spin-down Spin-up

| |
Ir#+ i '
b AO"
= j=%

== === Crystal field
4dor 5d
o= Spin-orbit 32

L ] == j=3

Figure 3.3: (a)(b)(c) Energy level splitting of 5d orbitals under octahedral field symmetry

and spin orbit coupling, (b)All in all out ground state in Ir?*

7. Considering the pyrochlore

with anti-ferromagnetic ordering of Ir** moments at Ty |
general formula A;B,07, for all the sample represented in the phase diagram in the figure
3.4 (a,b), where the B site is occupied by Ir** ion. This indicates that with the change
in A site ionic radius (A site being a lanthanide ion) the physical property changes from
metallic to insulating. There have been a large number of studies on the pyrochlore

titanates on the correlation of physical properties with changes in stoichiometry through

stuffing. On the other hand similar studies are lacking for the pyrochlore iridates.

107

108

10°

104,

p (me cm)

100, |
Magnetic Ins. 102

10'E,

1000 50 100 150 200 250 300

T(K)

100 105 110 115
R** ionic radius (pm)

Figure 3.4: (a) Phase diagram and (b) electrical resistivities of Aslr,O7 (A = Pr, Nd,
Sm, Eu, Gd, Th, Dy,Ho, Y)



Chapter 4

Experimental techniques

In this chapter the techniques used for structural as well as the physical property char-
acterization will be discussed. The structural analysis was done using X-Ray diffraction
technique and field-emission Scanning Electron Microscope (SEM). The specific heat,
magnetic susceptiblity and resistivity measurements were carried out using a Physical

Property Measurement System (PPMS) from Quantum design, USA.

4.1 X-ray diffraction

Powder X-ray diffraction (XRD) is a routine technique used to analyse the structure of
crystalline materials. It is based on the principle of constructive interference of X-rays
scatterd by crystalline material. The periodic arrays of atoms in a crystal can be visu-
alized in the form of atomic planes. If X-ray radiation is incident on them such that
its wavelength is comparable to the distance between these planes, then the crystalline
structure behaves like a 3 dimensional diffraction grating. The basic principle behind

XRD is explained by Braggs’s equation and the Bragg’s diffraction condition is given by

2dsin 0= nA\

where A is the wavelength of the incident X-ray, d is the distance between interatomic

planes, 6 is the glancing angle and n is an integer representing the order of diffraction.

In this work room temperature powder X-ray diffraction studies of the samples

16
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were performed with Cu-Ka radiation within the 26 range of 10° to 90°. The XRD
pattern was taken in 6 — 26 scan mode. In this mode, a monochromatic beam of X-ray
is incident on the sample at an angle of # with the sample surface. The detector motion
is coupled with the X-ray source in such a way that it always makes an angle 20 with
the incident direction of the X-ray beam. The resulting spectrum is a plot between the

intensity recorded by the detector versus 26.

4.2 Scanning electron microscopy

For SEM a focused beam of electrons is positioned on the sample of interest. The elec-
trons from the beam interact with the sample, by imparting energy to electrons causing
its ejection. These ejected electrons are called secondary electrons. Since they have
relatively low energy, only secondary electrons generated near the sample surface can
reach the detector. Thus electrons can give information about the topology of the sur-
face. When the electrons of the sample occupy the levels left by the secondary electrons
(transitions between energy levels) X-ray photons are emitted. As energy levels are the
characteristic of the atoms, X-ray photons are characteristic wavelength of the atoms.

Thus the spectrum of X-rays gives an indication of chemical composition of sample.

4.3 Physical Property Measurement System

The Physical Property Measurement System (PPMS) provides a flexible, automated low-
temperature and magnet system that can perform a variety of experiments requiring
precise thermal control. The temperature range is 2K to 300K and the magnetic fields
are up to + 9 Tesla. The PPMS consists of a super insulated Dewar that encloses a
sample chamber which is surrounded by liquid Helium. The temperature of the sample
chamber is controlled by means of a heater present at the base of the sample chamber. The
magnetic fields are controlled using a superconducting coil immersed in liquid Helium.
PPMS can be used for magnetic, electro-transport, or thermo-electric measurements.
The unique open architecture of the PPMS allows the user to customize the basic PPMS
version different measurement options, such as the AC measurement System option, heat

capacity option, or ultra-low field option. All PPMS options are fully automated.
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4.3.1 Transport property measurements

Resistivity of the samples were measured using a four probe system in the PPMS set
up. Typically, for electrical transport measurements, a two probe method is used. In
this method an electric current is passed through the sample and voltage drop across the
two terminals are measured. The measured resistance will have contribution from the
resistance from the leads. To eliminate this, the voltage and current terminals can be
separated so that there are four terminals on the sample. The voltage terminals are placed
in between the current terminals so as to exclude the voltage drop due to the contact
resistance of the current terminals. Since a voltmeter has very high resistance, negligible
current passes through it and hence the voltage drop due to the contact resistance of

voltage terminals is low. This leads to measurement of a more accurate resistivity.

The sample was attached to the sample holder via GE Varnish, by sticking it on
to the cigarette paper. Both GE Varnish and cigarette paper are electrically insulating
and thus prevents shorting of sample with the base of the holder. Contacts were made
by soldering one end of each of four gold wires on the sample holder and the other
end attached on the sample using silver paste. The sample dimensions were measured
using a vernier callipers and was manually entered in the program, so that the system

automatically calculate the resistivity.

Figure 4.1: Image of the resistivity contacts made for measurement in PPMS
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4.3.2 Magnetic property measurements

Magnetic measurements were carried out using a vibrating sample magnetometer (VSM)
probe associated with the PPMS. Magnetization is measured as function of temperature
under applied field. The sample is vibrated inside a coil of conducting wire at a fixed
frequency. The resulting emf induced in the coil is proportional to sample’s ;magnetic
moment. The emf induced is amplified and then measured using the lock-in technique.
Initially the sample was cooled from room temperature to 2K with zero applied field
(ZFC), and the magnetization (measured in emu) was measured while warming up. Sec-
ondly the sample was again cooled from room temperature to 2K under applied field

(FC) and magnetization was measured while warming up.

4.3.3 Heat Capacity measurements

Heat capacity is measured by controlling the heat provided to the sample and measuring
the corresponding change in temperature. The sample is mounted on the sample holder
by thin layer of Apiezon N grease. Before measuring the sample specific heat, addenda
measurement is done with the layer of Apiezon N grease. Later the sample is mounted
to measure the specific heat from which the addenda heat capacity is measured to obtain
the sample heat capacity. High vacuum is a prerequisite for the measurements so that
unaccounted heat losses via conduction can be minimized. Specific heat measurements

were also done in the presence of magnetic field.



Chapter 5

Smo ,Iro—, 07, x=1, 0.04, 0.02 bulk

material

In this chapter, the preparation of polycrystalline Smoy,Irer, O7 bulk samples and their
structural characterization will be discussed. The first section deals with the synthesis
of polycrystalline powder via a solid state reaction. The second section focuses on X-ray
powder diffraction to study the structural properties. The last section summarizes the

results.

5.1 Synthesis of samples

Synthesis of iridate pyrochlores are highly tricky due to the loss of volatile IrOs. As IrOq
tend to sublimate at temperature approximately above 1050°C, the IrO, loss can be quite
significant if the sample is not sintered for sufficient length of time at lower temperatures
to allow for SmyO3 and IrO, to react. Moreover to prevent this loss sintering temperatures
can be increased only in small increments. Further difficulty, specific to the synthesis of
SmolryO7 is related to the fact that, for annealing temperature higher than 1080°C the

formation of phase SmslrO7 is thermodynamically favoured.

Five different samples consisting of nominal compositions Sms g4Ir1 9607, Smy gglrs 0407,
Sy 21119807, Smy gglrs 0207, SmalroOr labelled as A1, A2, B1, B2, C respectively were
synthesized using the solid-state reaction technique using precursors SmyO3 and IrOs.

The samples were ground and sintered as two batches, the first batch consisting of Al

20
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and A2, and second batch consisting of B1, B2 and C. A1l and A2 were sintered for 648
h with several intermediate grinding and cold pressing cycles below 1070°C starting from
850°C by increasing the temperature in steps of 20°C. Mechanical milling was also tried
to mix SmyO3 and IrO2; however this method was discontinued due to precursor loss
which tends to bound strongly to the walls of the vibrator as well as to the stainless
steel balls which could not be retrieved. Thus sample C along with B1 and B2 were
also synthesized by solid state reaction, with a sintering duration of 312 h below 1070°C

starting above 970°C was carried out by increasing the temperature in steps of 20°C.

5.2 Structural characterization of samples

The samples prepared were thorough;y characterized using powder X Ray diffraction.

Figure 5.1 shows the XRD data of various Smgy,Ire,O7 samples.

= -IrQ, +-Ir  1-5m,0,
50 L 222
— Sm3 n4'r1 0507
45 311 400 440  B22 662 840

3.5 -

— Sm Ir )]
i 2.02'"1 0807
ol J(..'_l thr A r2one
237 l l — Smylry07
- J + o+ ﬂ < ) +

2.0 A & A -~ i,

1.5 | . — Smy gglrp 0207
1.0 - “—Jl l——-l-—-U+ S WP Y N

— Smy4 g6172,0407

Relative Intensity

0.0

20 30 40 50 60 70 a0 a0

Figure 5.1: X Ray diffraction pattern for Smoy,Iror,O7 , (x= 0, 0.02, 0.04)

From the X Ray diffraction patterns for Smoy,Ire,O7, (x=0, 0.04, 0.02) (Fig 3)
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it is evident that even after sintering for a duration of about 312 h for Smg golr; 93O7,
Smy gglrs 0007, SmslroO7 and 648 h for Smy g4lry 9607, Smy g6lre 04O7, along with the for-
mation of pyrochlore phase significant traces of IrO5 , Ir metal and minor traces of Smy0O3
were present. The IrO, peak intensity for Smy gglrs 02O7, and Smy gglrs 04O7 samples were
greater compared to other samples, which may be due to the excess IrO, taken to produce
the off stoichiometry, which however remained unreacted. All the pyrochlore diffraction
peaks could be indexed based on Fd3m space group and the impurity phases were dis-

cernible due to their large relative intensity.

Figure 5.2 represent the X Ray Diffraction pattern for Smy g4I 9607 where the

IrO,, Ir and SmyO3 impurity peaks are clearly evident.
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Figure 5.2: Simulated and observed X Ray diffraction pattern for Sms g4Ir; 96O~

From the XRD, it could be concluded that the sample kept for longer sintering
duration i.e 648 h for Smsg4lr; 9607 had less intense IrO, peaks. Comparatively high
intensity impurity peaks for Smj gglrs 04O7 might be due to the excess IrO, taken, which

is even present in Smy gglrs 92O7, sintered for 312 h.
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5.3 Summary and Conclusions

The X Ray diffraction patterns show the formation of pyrochlore phase along with signif-
icant traces of impurity phases. Even after multiple steps of sintering and cold pressing
cycles, the desired single phase was not obtained. A method which minimize the number
of sintering steps, so as to prevent IrOy loss, at the same time to obtain single phase of

pyrochlore, has to be adopted.



Chapter 6

AoIr,O7, A= Pr, Gd, Sm, Dy, Er, Yb

In this chapter, the preparation of polycrystalline AslrsO7, A= Pr, Gd, Sm, Dy, Er,
Yb bulk samples as well as their structural characterization will be discussed. The first
section deals with the importance of synthesis of polycrystalline powder via wet chemical
route. The second section focuses on the synthesis methods. Later on the structural
characterization of synthesized AsIroO7 samples will be discussed and compared with the
results obtained for sample synthesized via sold state reaction technique. The results are

summarized in the last section.

6.1 Wet chemical synthesis route for Pyrochlore iri-

dates

In Chapter 5, we elaborated on the need for a better synthesis procedure to synthesize
pyrochlore iridates. Standard solid-state techniques for processing separate precursor
powders can approach homogeneity in the final product only after many grinding and
sintering steps. A wet chemical synthesis route for Y,IroO; commonly known as the
pechini method has been recently reported where mixing of precursors is carried out in
deionized water with a chelating agent citric acid for 6 h and annealed after drying for

12 h at 1000°C from which single phase product is obtained 18],

Wet chemical synthesis route via Pechini method would be an efficient way to

prevent IrOs losses because a 12 to 24 hrs sintering duration is expected to be sufficient to

24
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obtain a single phase. sample. Synthesis of A;IroO7 where A is an atom in the lanthanide
series using this method has not been reported so far. Hence the synthesis of AyIr,Oy for
the members of lanthanide series would be new and comparison of its physical properties

with the samples synthesized by solid state reaction technique would be interesting.

6.1.1 Synthesis of bulk samples

For wet chemical synthesis, the precursors used were nitrate hydrate of A atom (A= Pr,
Sm, Gd, Dy, Er, Yb) and IrCl3.xH,0O. Precursors were added to deionized water along
with citric acid and was heated and stirred at 80°C for 5 h after which the mixture was
dried by raising the temperature. The solid was ground to powder and kept for sintering
for 4 h at 800°C, and 6 h at 1000°C. The sample was pelletized and sintered at 1000°C
for 12 h. The flowchart of the synthesis route is given in Figure 6.1.

[ A(NO,),.kH,0 (A = Pr, Sm, Gd, Dy, Er, Yb) and (k=5 or 6 depending on |
| A) and IrCl;.xH,0 were taken in stoichiometric quantities.

|

[ Precursors were added to deionized water along with citric acid, with )
| A(NO;);.kH,0 to IrCl;.xH,0 to citric acid mole ratio - 1: 1: 8.72

L 4

Mixture was heated for 80°C for 5h at a stir rate of 200 rpm.

. v

1

( Stirring was stopped and temperature was increased above 100°C to |
| remove excess water.

4

(The solid was ground to powder and kept for sintering for 4 h at |
| 800°C and 6 h at 1000°C "

P )

The sample was pelletized and sintered at 1000°C for 12 h.

Figure 6.1: Wet chemical synthesis route for AsIr,O;, A=Pr, Sm, Gd, Dy, Er, Yb

6.1.2 Structural characterization of the samples

Figure 6.2 shows the X Ray diffraction pattern for AslrsO7, (A = Pr, Sm, Gd, Dy, Er,

Yb). Except for PrylryO7, in all the other scans no significant traces of precursors are
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seen. The relative intensity of any impurity peaks present may be very less compared
to the pyrochlore peaks. The variation in lattice parameter on the radius of A%* ion is
depicted in Figure 6.3. The lattice parameter is extracted using the UnitCell software
decreases with decrease in ionic radius of A3T ion as expected. This trend in lattice
parameter was confirmed with the rightward shift in peak position of [222] from PrslrsO7

to YbolroO7 as shown in panel b.
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Figure 6.2: X Ray diffraction pattern, [222] Peak shift and lattice parameter variation
for AsIr,O7, A=Pr, Sm, Gd, Dy, Er, Yb.
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Some representative SEM images of all the synthesized samples are shown in

figure 6.3. On finding the particle size from FWHM, for all the samples synthesized
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Figure 6.3: SEM images for LnsIrsO7, Ln=Pr,Sm, Gd, Dy, Er, Yb

by wet chemical method the range lied below 100 nm. It was difficult to estimate the
particle sizes from SEM images as the samples weren’t homogeneous. For all the wet
chemically synthesized samples, on finding the composition through EDX, the A /Ir ration

was observed to be more than 1, around of 1.05. The ratio varied with the excitation
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voltage. Sm227 sample showed the ratio close to 1 within the error bar at 20 KV, where
as Gd227 at 15 KV. For each sample the excitation voltage has to be adjusted so that
accurate values are obtained. The slight increase of A/Ir ratio above 1, might be due
to the Ir precursor used which is IrCl3.xH,O. As the value of x wasn’t known, there is
always an error in stoichiometric weight of Ir precursor taken. On calculating the amount
to be weighed, the molar mass of anhydrous IrCl; was taken, as x is not known. Hence
always a slightly deficient Ir precursor than required are taken for the reaction. A higher
A /Tr ratio was observed on scanning a larger area, while ratio close to 1 was obtained on

scanning small as well as clean areas.

6.1.3 Structural comparison of the samples synthesized via solid

and wet chemical route

Figure 6.5 shows a comparison of the synthesis methods, the solid state reaction and the

wet chemical route for SmslrsO-.
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Figure 6.4: X ray diffraction pattern comparison for ) Smylr,O7 syntheiszed via solid

state reaction and wet chemical reaction methods
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From the figure it is clearly evident that the samples synthesized via solid state
reaction method has significant impurity peaks compared to that of wet chemical reaction
route. Compared to solid state reaction method which had a sintering duration of more
that 330 hrs, wet chemical method had a sintering duration of less than a total of 48 hrs
within which single phase was obtained. For wet chemical reaction method homogeneity
of the precursors is reached in the initial stages where the mixing take place at atomic
level in the deionized water. As a result multiple steps of grinding and sintering steps are
not required. Moreover the minimized sintering steps results in reduced IrO4 loss, which

is necessary to achieve the single phase.

Studies on Mott insulator SrolrOy4 reveals a contradiction in the physical proper-
ties of samples synthesized via solid state reaction technique and planetary ball milling,
with the latter method having larger particle size and the results matching with studies
of its single crystals. Ball milling is known to improve chemical reactions resulting in well

mixed homogeneous mixture of precursors which is difficult to achieve manually[lg].

Similarly on comparing the two synthesis methods, there are fewer grains in the
samples synthesized via the wet chemical route at the same scale length, indicating that
atomic level mixing to achieve a homogeneous mixture increased the size of the crystal

grains and reduced the number of grain boundaries.

200 s EWT = 20.00 kv Sagnal A = InLent  Date 4 Feb 2019 J EMWT = 2000 kY Sagnal A =InLens  Date 4 Feb 2019
‘WD = 68 mm Mag = GEB4 KX Time 162838 WD = 7.1 mm Mag= GE44 KX  Time 163387

Figure 6.5: Microstructure comparison for SmsylroO7 syntheiszed via solid state reaction

and wet chemical reaction methods using SEM images
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6.1.4 Summary and conclusion

Most of the pyrochlore iridate with A site occupied by lanthanide ion, reported in the
literature are synthesized using the conventional ceramic route, which takes more than
600 hrs of sintering to stabilize the pyrochlore phase. We have been able to synthesize
LnyIryO7 (Ln= Pr, Sm, Gd, Dy, Er, Yb) using a wet chemical technique through a single
sintering. As the final stoichiometry can effect the physical properties, wet chemical route
is a promising method, which minimizes off stoichiomtery caused due to IrO, losses, at

the same time achieving single phase.

6.2 Physical Property Measurements

6.2.1 Electrical transport measurements

The resistivity measurements for all the samples were measured using PPMS. A plot of

p(T)/p(300K) versus temperature is shown in figure 6.6 and 6.7.
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Figure 6.6: (a)p(T)/p(300 K) for AslryO7, with A=Pr, Sm, Gd, Dy, Er, Yb),
(b)p(T)/p(300 K) versus In(T) plot for Prolr,O7 in the temperature range 2K to 100K

The resistivity of SmylroO7, GdslraO; shows a metal to insulator transition at
109 K and 121 K respectively and AslroO; with Ln=Dy, Er, Yb shows an insulating
behaviour. The magnitude of the resistivity doesn’t vary much with the literature values

for the samples. A completely metallic behaviour is expected for PrylroO7, but at low
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temperature an upturn is observed. This upturn is attributed to the kondo effect which
is shown in 6.6(b), where a linear behaviour of p versus In(T) is seen below 50 K. Kondo

effect below 50 K has already been reported for Prylr,O5 20;,
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Figure 6.7: p(T)/p(300 K) for Smslr,O7, synthesized via solid state reaction and wet
chemical method (WC). In the figure two samples each of SmyIryO7, for each synthesis
method is shown. Wet chemical method was repeated for the sample to check the repro-
ducibility. Resistivity data for the two samples of the same compound synthesized at two
different times via solid state method, to compare its low temperature magnitude with

that of wet chemical method

Comparing the resistivity data for SmylroO; synthesized via solid state reaction
and wet chemical route it is seen that at lower temperature, the resistivity magnitude for
sample synthesized via former method is higher. This correlates with the micro structure
of images, in which sample synthesized via solid state method has large number of smaller
grains, resulting in more number of grain boundaries, thus causing larger resistivity. All
the Smolr,O7 samples shows a metal to insulator transition which is concomitant with
AFM ordering. The transition is not very sharp, and the observed transition temperature
is 109 K, which is lower compared to the literature value 115 K. As a metal insulator
transition is observed in the sample , the value of Tj;; can be confirmed by measuring

the magnetic susceptibility from which Ty can be measured

The resistivity data were fitted using four different models: arrhenius behaviour,
variable range hopping with or without correlations, and power law. The arrhenius be-

haviour of resistivity is fitted using the formula p=py exp(A/T), A is the activation
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energy. For a semiconductor or an insulator, the value of resistivity decreases with in-
creasing temperature. At lower temperature the charge carriers cannot cross the energy
gap to contribute to conduction. At higher temperature the thermal energy is sufficient
to result in conduction, thus reducing the resistivity. The variable range hopping was fit
using the formula p=py exp(A/T)%?°. The equation describes the resistivity behaviour
at low temperatures for systems with localized charge carrier states. For example, in
pyrochlore iridate with rare earth ion sitting in the A site, 4f. If the effect of exchange
interactions between localized 4f electrons and itinerant 5d electrons are considered the
resistivity behaviour may be fit using the formula p=p, exp(A/T)%3, where electronic
correlations are considered. To check whether the sample is a weyl semi metal (WSM)
p=po T7", was used. The sample is confirmed to have WSM ground state, if n=1 or 4,
where the former arises for a pristine system without any charged impurities, where the

latter arises when the system contains charged impurities either intrinsic or doped.

Pr;lr;0; p=p,T™
Smylr; 05 p=pT"

Gd,Ir,0; p=poeld/Tros
Dy,Ir,0; p=p,eld/Ti05
Er,lr;04 p=pyeld/Tes
Yb,lr,0; p=pgelt/Ti"os

The table represents the resistivity behaviour to which the sample most closely fitted.
The resistivity plot for all the samples, with each fitted to four resistivity behaviours are
shown from figure 6.8 to 6.13. PrylroO; samples best fit to power law with the value of

n being 0.19. The sample doesn’t realizes in a WSM ground state.
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6.2.2 Magnetic measurements

Temperature dependent field cooled and zero field cooled magnetization, in presence
of applied magnetic field are shown (Fig 6.14, 6.15) for Sm227. In order to show the
transition temperature clearly, reciprocal of magnetic susceptibility versus T was plotted.
For Sm227, on cooling below room temperature, the x(T ) linearly increased till Ty,
where the Ir moments undergo all-in/all-out ordering (AFM ordering). The data below
Ty show large ZFC-FC bifurcation. This bifurcation is believed to be due to presence of
180° domain walls. On considering Dy227 the ZFC-FC splitting is not clear compared
to Sm227, Gd227, Er227 and Yb227. The reason might be the contribution of large
magnitude moments of Dy**. Hence for Dy227 Ty couldn’t be found out. The obtained
Ty values matches almost with the literature values for all the samples i.e for Sm227-118
K, Gd227-123 K, Er227-137 K, Yb227-129 K. Dy227 a clear splitting couldn’t be observed
which might be due to the large Dy3* moments around 10.68 pp. The value of x at lower
temperature increases in the order of Sm227 < Yb227 < Gd227 < Er227 < Dy227 which
can be correlated with the increase in magnetic moments of A%* i.e Sm3*t < Yb3t <
Gd3** < Er*t < Dy?**. M-T measurements of Pr227 wasn’t taken, as it is reported to

show no ordering up to 0.3 K 1201,
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Figure 6.14: x(T) versus T AylryO7, A=Sm
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Figure 6.15: 1/x(T) versus T AyIroO7, A=Sm,Gd, Dy, Er, Yb
6.2.3 Heat capacity measurements

No sharp transitions are seen near T,;; for any of the samples. A representative plot of
specific heat comparison with the literature for SmylroO7 is shown in figure 6.16. The
low temperature specific heat for all the samples (1.8K to 20K) is shown in Fig 6.17.
A low temperature anomaly upturn below 8K is observed for AsIr,O;, A=Pr, Sm, Dy,
Er. which can be attributed to the Schottky contribution. The occurrence of this con-
tribution at sufficiently low temperatures give rise to a characteristic bell shaped curve
skewed out on the high temperature side. In its simplest form it represents the presence
of an excited level. If a two level system is considered at low temperature, it is difficult
to change the total energy of the two-level system because thermal excitations cannot
overcome the energy barrier. At very high temperature, the total energy of the two-level
system doesn’t change much with temperature, because the energy scales of thermal ex-
citations are irrelevantly large and both levels will be nearly equally populated. When
thermal excitation energy is comparable to the energy spacing, transitions from one level

to another takes place and this rapid change in the internal energy corresponds to a large
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Figure 6.16: Comparison of Specific heat (C,) for SmylroO7 in the present study and

literature 2]

specific heat which becomes zero at both very high and low temperatures. An upturn
due to Schottky anomaly is expected in compounds containing lanthanide elements with
incompletely filled f shell. Indeed there is no upturn in the specific heat EuslroO; mea-

21]

surements of where ground state multiplicity J=0 for Eu3* . For temperatures below

20 K, the specific heat is fitted using the formula is fitted using the formula

Cp = Ceen + 7T + SBT3,

_p ok(Ay2x cap(F)
Coen=R () eap(1+2)”

R is the gas constant, A = 7, € is the transition energy and k is the boltzmann
constant, n is 1, which is true for A3+ under spin orbit coupling and octahedral crystal field
splitting. At low temperatures, only the long-wavelength acoustic phonons are excited.

and their contribution to specific heat varies as T3.

For SmyIr,O7 not much shift is observed in the schottky peak with the application
of magnetic field where as in EryIryO7 the peak shift to higher temperature with increasing
magnetic field due to increased A value as expected. In SmylryO7 the height of upturn is
observed to be suppressed. The specific heat equation fit more accurately for Smylr,O7,
yielding a v value of 14.56 mJ mole"!K~2. For rest of the samples v is observed to be
above 100 mJ mole™'K~2 which is too high for an insulating sample. Hence thorough
analysis on how to fit low temperature specific heat with schottky anomaly has to be

analysed.
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Figure 6.17: Specific heat data comparison between samples synthesized via solid state

reaction and wet chemical method for Smslr,O5
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Figure 6.18 represents the comparison for specific heat data for solid state reaction
route and wet chemical reaction route for SmylroO7. For SmslroO; the curve for both

synthesis methods overlaps.

6.2.4 Summary and conclusions

Six samples of AyIryO7 (A = Pr, Sm, Gd, Dy, Er, Yb ) were synthesized using wet chemical
method. All the synthesized sample were structurally characterized to understand the
formation of Pyrochlore phase as well as the presence of impurities to understand the
efficiency of wet chemical method in obtaining single phase pyrochlore iridates without
multiple sintering as well as prolonged reaction time. The wet chemical is a reliable

method to form single phase pyrochlore with minimum IrO, losses.

The physical property of synthesized samples were characterized by resistivity,
magnetization, and specific heat measurements. The comparison of SmylroO7 resistivity
data for solid state and wet chemical indicates higher magnitude for former method,
which was confirmed by larger number of smaller grains in its microstructure. A metal
to insulator phase transition is seen in SmslroO; and GdslroO7. The low temperature
resistivity behaviour was fitted to different equations including arrhenius plot, variable
range hopping, variable range hopping with electronic correlation and WSM model. None
of the samples lies in the range of WSM as th n value in p=p, T~" is not 1, for the samples
which best fits the equation. From the magnetic susceptibility data, transition to AFM
ordering at Ty was confirmed and Ty is nearly same as the literature values. The low
temperature specific heat for LnyIraO7 (Ln= Pr, Sm, Dy, Er) was measured and analysed.
The data was fitted using specific heat equation which included the schottky anomaly
and the electronic and phonon contributions. The equation of fit has to be analysed

thoroughly to get an accurate fit so that expected v values are obtained.

6.3 Outlook

Pyrochlore iridates are predicted to be a promising candidate for weyl semi metals. A
slight variation brought in to these geometrically frustrated system, be its pressure, chem-

ical doping can result in weyl semi metal ground state. For example recent experimental
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studies of Bi doping on EuslroO7 reveals a weyl semi metal resistivity behaviour for 1%

Bi doping in Eu site 22

. Stuffing/doping studies are lacking in pyrochlore iridates, which
is an efficient method to realize different ground states. A major difficulty to this was
the tricky synthesis procedure, resulting in huge IrO,, in the conventional solid state
technique. Still, single crystal of pyrochlore iridate is again a difficulty as higher temper-
atures are required again resulting in large precursor loss. This might be the reason for
contradictory properties reported for the same sample in different literature as the final

stoichiometry is different in them. The success of wet chemical synthesis route in the

current research in a way is a better substitute as, there is a good control over IrO5 loss.

Recent theoretical studies on pyrochlore iridates suggest a change in the span
of weyl semi metal phase realized for a range of U and A\ value. Many of the studies
consider only the interactions of itinerant 5d electrons while constructing a ground state
phase diagram. When interaction of localized 4f electrons and itinerant 5d electron were
considered, the weyl semi metal phase was realized for comparatively larger range of U
and A values. Few of the unexplained reasons for phenomena like chiral spin liquid state
below 1.5 K for Prylr,O7, metal insulator transition at around 36 K for NdsIr,O7 could
be described with new correlation term (f-d exchange) and thus obtained phase diagrams
23] Thus more theoretical as well as experimental studies on pyrochlore iridates are

necessary to unveil and realize novel ground states and their theoretical justifications.
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