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Abstract  
 

 

The intermediate nature of electron correlation (U) and spin orbit coupling (SOC) 

makes 4d based transition metal oxides (TMOs) an attractive research topic. Ruthenates 

are of special interest among 4d based TMOs where these materials increasing interest 

with the discovery of superconductivity (SC) of unusual spin triplet in layered Sr2RuO4. 

The perovskites based SrRuO3 has been extensively studies in last few decades for its 

interesting magnetic and electron transport properties, while 4d based TM alloys (ZrZn2, 

LaCoAsO) have shown ferromagnetic (FM) behavior but SrRuO3 is only material among 

4d based oxides, which shows itinerant type FM with Tc around 160 K. This experimental 

determines that magnetic moment comes lower than the expected value which constitutes 

a signature of itinerant FM of SrRuO3. SrRuO3 material further shows metallic behavior 

through till very high temperature (1000 K). The studies have shown an interrelation 

between magnetic and transport behavior in SrRuO3. A good electronic correlation in 

SrRuO3 has been evidenced in experimental measurements such as x-ray photoemission 

spectroscopy (XPS), and also this material shows Fermi liquid (FL) type behavior at low 

temperature. In spite of large volume of both experimental and theoretical studies, detail 

nature of magnetic and transport properties and their correlation is not fully understood, 

so SrRuO3 continues to attract scientific attention. 

In present thesis work, we have studied the magnetic and electronic transport 

behavior in SrRuO3 after inducing nonmagnetic elements at Ru-site, we have used Ti
4+

 

(3d
0
) and Ga

3+ 
(3d

0
) as nonmagnetic doping where the matching ionic radii Ti

4+
 (0.605Å) 

and Ga
3+ 

(0.62Å) with Ru
4+ 

(0.62Å) will give minimum structural modification in 

SrRuO3. While both the elements dilute the magnetism and lattice and tune the electronic 

properties but Ga
3+

 will additionally change the Ru
4+

 charge state accordingly. Further U 

and density of states (DOS) will modify through both the doping. Hence the stoner 

criteria for itinerant FM in SrRuO3 will be influenced by both the doping. The recent 

study on thin film shows the variation of Tc by the change in DOS. 
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In Chapter 1, we have given a general introduction of TMOs, ruthenates and the 

physical phenomenon associated with TMOs and SrRuO3. We also discuss the objective 

of the present thesis. 

In Chapter 2, the sample preparation and characterization technique along with 

other experimental technique adopting in the present thesis have been discussed.  

Chapter 3 focuses on structural and magnetic properties in SrRu1-xTixO3 series. 

We have discussed the sample preparation and characterization techniques of SrRu1-

xTixO3 series and shown the structure evolution of structure parameters with Ti 

substitution. The evolution of magnetic properties with Ti substitution has been studied 

through low-temperature demagnetization, critical exponent behavior, Griffiths phase, 

Curie-Weiss behavior and isothermal magnetization. We obtain that the magnetization 

decreased up to 70% of Ti doping though the FM-PM transition temperature (Tc) does not 

affect. The critical exponent close to Tc shows mean field (β = 1/2) type nature and β 

increases by Ti doping. The low-temperature demagnetization shows the combined effect 

of itinerant and localizes nature. 

In Chapter 4, we have discussed the critical analysis of SrRu1-xTixO3 series to 

understand the nature of unchanged Tc and increasing order of critical exponent (β) by Ti 

doping, we aim to evaluate the critical behavior study close to phase transition via 

following technique like modified Arrott plot, Kouvel-Fisher plot and critical isothermal 

analysis. Surprisingly, the critical study also shows that Tc does not change with Ti 

doping. However, β connected with spontaneous magnetization (Ms) increases although 

the other critical exponent γ and δ related to initial inverse susceptibility (𝜒0
−1) and 

critical magnetization, respectively decreases by Ti doping. However, these estimated 

exponents do not match with any established theoretical models of universality classes, 

apart from this the exponent further obey the Widom relation and the scaling behavior. 

Interestingly, this particular evolution of exponents of present series has similarity with 

that in isoelectronic doped Sr1-xCaxRuO3. Our understanding is that site dilution by Ti 

leads to formation magnetic clusters which causes this specific changes in critical 

exponents and Ti
4+ 

(3d
0
) for Ru

4+
 (4d

4
) would simply dilute the magnetic system apart 

from modifying the electron correlation effect and the density of states (DOS) at Fermi 

level. 
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In Chapter 5 we study the effect of site dilution as well as charge disorder effect 

in SrRuO3, has been chosen to dope at Ru
4+

 site by Ga
3+

. In this Ga
3+

 also have similar 

ionic radii to Ru
4+

 so it would not effect on structure, but it modifies the Ru charge state 

from Ru
4+

 to Ru
5+

 unlike for Ti substitution. The Ga
3+

 substitution does not affect the 

original orthorhombic–Pbnm structure of SrRuO3, but the lattice parameters show a 

decrease due to smaller ionic radii of generated Ru
5+

. In this, we report the evolution of 

structural, magnetic and transport behavior of SrRu1-xGaxO3 series (x ≤ 0.2). The Ga
3+

 has 

substantial effect on the magnetic behavior including the magnetic moment and magnetic 

phase transition similar to Ti doping. The SrRuO3 shows metallic behavior throughout 

the temperature range and by Ga
3+

 substitution induces an insulating behavior. We have 

done detail analysis of charge transport mechanism in present series in whole temperature 

range across the magnetic transition temperature (Tc).   

In Chapter 6, we discuss transport behavior in terms of electrical resistivity 

(presence of zero field and in field) and specific heat study in SrRu1-xTixO3 series (x ≤ 

0.7). The Ti
4+

 substitution is expected to change the electron correlation effect and DOS. 

The transport behavior has studied in terms of Fermi liquid, non-Fermi liquid, Kondo and 

modified Mott variable range hopping (VRH) in absence and presence of magnetic field. 

The specific heat (Cp) study shows an anomalous behavior across the magnetic transition 

temperature. Further, the correlations between the electrical charge transport and the 

DOS have been observed through the strong correlation effect at low temperature. 
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Chapter 1 

 

Introduction  

In this chapter, we discuss about general introduction of transition metal oxide 

and have given ruthenium-based perovskite structure. We have further given general 

description related to the effect of site dilution and structural modification and theirs its 

effect on magnetic and transport properties in a material. The importance of present 

chosen sample as well as objectives of present dopant has been discussed. We have also 

discussed the related physics and phenomena such as exchange interaction and itinerant 

model of magnetism, critical behavior, Griffiths phase, Curie-Weiss law and Rhodes-

Wohlfarth ratio, etc. The transport behavior has also been discussed in terms of Kondo, 

Fermi-liquid and Non-Fermi liquid behavior, Mott-type variable range hopping, negative 

magnetoresistance, etc. 

1.1 Transition Metal oxides (TMOs)  

The compounds formed by transition metals (TM) and oxygens are called transition metal 

oxides (TMOs). In periodic table, as shown in figure 1.1, the d block elements are known 

as transition metals in which d orbitals have partially or fully filled subshell. Another 

interesting point about TM is that it has more than one oxidation state and most of TM 

orbital shows metallic nature so it works as a platform or bridge between the other block 

of elements.  
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The TM in general has strong electron correlation effect (U), and due to that the observed 

physical properties in TMOs can not be explained with general band srtucture theory [3, 

7-9].  

 

Figure 1.1 Periodic table shows d block transition metal elements.  

However, the electronic property largely varies with d character of TMs. For 

instance,  electron correlation effect (U) decreases when one move from 3d to 5d due to 

large radial extension of d orbitals. On the other hand the 5d based TMOs have heavy 

atomic nature of elements. The TMOs play an interesting role in showing many exotic 

phenomena such as metal to insulator transition (MIT), colossal magnetoresistance [10-

12], charge and orbital ordering, phase separation, multiferroicity, high-Tc 

superconductivity [13], etc. The TMOs materials have wide activity in basic as well as 

applied science with many technological applications [1-3].  

The electronic and magnetic properties of TMOs are very unusual where these properties 

can further be tuned significantly with chemical doping at different crystallographic sites. 

These complexities mainly arise due to the presence of many competing phenomena such 

as, charge-spin-orbit-lattice coupling, coulomb interaction, crystal field effect, Hund’s 
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coupling, etc [4-6]. Often, the same material displays both types of transport properties, 

like MIT obtained by just varying either temperature or pressure. Therefore, subtle 

changes in material composition, pressure, magnetic field and temperature are expected 

to perturb the delicate balance between these inter-connected parameters and render new 

and exotic physics.  

 

Figure 1.2 Ruddlesden-Popper series of An+1BnO3n+1 with varying n, where A=Sr and 

B=Ru. Figure has taken from internet source.  

Structural diversity is another important factor in these materials. Structural organization 

is basically realized with Ruddlesden-Popper phase which is described as (AO) (ABO3)n 

where A is trivalent or divalent element and B is transition metal. In this structure, 

successive n number of ABO3 blocks is separated by AO layer. With n =  leads to 

perovskite (ABO3) structure where n = 1 single layer K2NiF4 structure, n = 2 bilayer 

structure and so on. Henceforth, the physical properties are also modified with the 

structural variation.  
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Figure 1.3 Schematic view of anisotropic shape of d orbitals. 

Among the 4d based TMOs have special interest in TMOs as these materials have 

intermediate strength of U and SOC. Among the 4d TMOs Ru based oxides are an 

important family of materials showing many intriguing physics which is mostly related to 

their structural organization. Ru based TMOs offer an ideal system to the researchers. 

Though there have been plenty of studies in Ru based TMOs still many understandings 

need to be improved. The ruthenates have come in limelight of research after the 

discovery of superconductivity (SC) in Sr2RuO4 (Tc ~ 1 K). The other part of ruthenates 

is that with varying n, these materials show different interesting phenomenon like 

Ca2RuO4 which shows an antiferromagnetic (AFM) and insulating behavior. Similarly 

infinite layer perovskite structure SrRuO3 shows itinerant type FM with metallic nature 

while similar other isoelectronic CaRuO3 shows PM state with insulating behavior. Here 

we take interest in SrRuO3 which shows itinerant type FM nature with ordering 

temperature Tc ~ 160 K and metallic behavior till high temperature (1000 K). 
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The TMs have five orbitals which are degenerate. The d orbital degeneracy of TMs is 

broken [14] when the orbitals come close to ligand atom (oxygen) the five orbitals have 

different orientations with respect to oxygen anion (due to anisotropic source of d-orbitals 

as shown in figure 1.3), hence the orbitals have different separation which gives 

effectively different coulomb energy. The orbitals are split into two energy states eg (dx
2

-

y
2
 and dz

2
) and t2g (dxy, dyz and dzx).  

 

      Figure 1.4 The schematic diagram of crystal field splitting. 

For octahedral geometry, in which TM connected with six ligands so due to large d 

orbital axis energy eg has higher energy than t2g and the energy gap between eg and t2g is 

called crystal field energy (CFE) which has symbolized by Δ as shown in figure 1.4. In 

TM, two energies play vital role such as crystal field energy and Hund energy. When the 

crystal field energy is larger than the Hund energy, the low-lying t2g is first filled which 

gives low-spin state. On the other hand, if the Hund energy is larger than the crystal field 

energy electrons are first singly filled in both eg and t2g before any pairing occurs 

according to Hund's rule, this results into high-spin state. In case of 3d TMOs, due to low 

value of CFE the system goes in the high spin state however for 4d and 5d based TMOs 

the situation is opposite which gives low spin state. 

 

https://en.wikipedia.org/wiki/Hund%27s_rule
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1.2 Magnetic Materials 

Magnetic materials surround us as they play a crucial role in our day to day life and these 

materials have wide range of applications, such as medical devices, sensors, switches, 

memory devices etc. The magnetic moment in materials directed by magnetic field. The 

more common example is ferromagnet which has highly affected by magnetic fields. In 

condense matter physics, magnetism is a central subject and in solids come from 

uncompensated spin and orbital moment of electrons. In order to design material with 

good magnetic properties, basic understanding of magnetism is required. Mostly, in 4d 

TMOs, two models give the origin of magnetism as discussed below,           

1.2.1 Localized Model 

In localized model, the atom follow the Hund’s rule and moment arises due to spin and 

orbital contributions of d electron from incomplete shells. The d electrons interact by 

following exchange interactions of direct (via Coulomb interaction) [23-25] or indirect 

coupling (via oxygen ions called superexchange). In localized system, the ordered 

saturation moment (μH) should be integer multiple of Bohr magneton (μB). In localized 

magnetic system, the individual interaction of moment represented as mean field effect 

(systems can picturize as average molecular field effect) [21] and also follows the Pauli’s 

exclusion principle which shows quantum mechanical behavior. This mean field effect 

has been explained by Heisenberg by considering quantum mechanical exchange 

interaction of neighboring atoms which is further described as Curie Weiss law (CWL). 

The Heisenberg model gives representation of localized magnetism without the presence 

of magnetic field and can be written as [16-18]: 

                                                         𝐻 =  −𝐽𝑖𝑗  ∑ 𝑆𝑖 .  𝑆𝑗<𝑖𝑗>                                         (1.1) 

Where Jij is the exchange coupling constant between spins and <ij> [19] symbol imply 

that interaction possible between nearest neighbor spin pairs. The Hamiltonian equation 

depends on individual spin interaction in the 3D system.  
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If Jij > 0; shows ferromagnetic (FM) nature and reveal nonzero magnetization below 

Curie temperature [20] 

If Jij < 0; shows antiferromagnetic (AFM) nature 

The FM/PM/AFM nature can be understood in terms of spontaneous magnetization as 

well as exchange interaction. The exchange interaction is described as Coulomb repulsion 

between neighboring electrons in which FM arises due to intra-atomic interaction 

(stronger effect) than interatomic interaction. So for localized FM system, the Curie 

temperature (Tc) shows proportionality with exchange constant (J) by like (𝑇𝑐 =  
𝑧 ×𝐽

𝑘𝐵
), 

where z is number of first neighbors, kB is the Boltzmann constant [22]. Further, the Curie 

Weiss behavior differentiate the criteria of  FM, AFM and PM nature and defines as 

inverse susceptibility (χ
-1

) variation with temperature and can be written as: 

                                                             𝜒 =  
𝐶

𝑇−  𝜃𝑝
                                                     (1.2) 

Here θp and C represent as Curie temperature and Curie constant. This follows the three 

cases: 

When  θp > 0, the system is FM like, 

θp  = 0, then system sustain Curie law of PM phase, and   

θp < 0, the system in non FM like 

1.2.2 Itinerant Ferromagnetism and Stoner Criteria 

When the conduction electrons are no longer localized, then delocalized or itinerant 

nature system arises in which electrons can move freely [15]. This was discussed by 

Stoner who figures out the itinerant FM nature. When certain balance occurs between 

kinetic, exchange and electron correlation energies, then band of spin-up and spin-down 

split with energy and arises all over non-zero magnetic moment. In these each spin sub-

band contain only one type of spin and the magnetic moment arise through shifting of 

spin-up sub band from spin-down sub band at fermi level (figure 1.5) [27]. When density 

of states (DOS) is high at Fermi level (EF) [26] then itinerant ferromagnetism arises and 
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the Stoner excitations appear by movement of opposite spin bands by following spin flip 

process. The Stoner criteria of itinerant ferromagnet are given below [28]: 

                                                             𝑈 𝑁(𝜀𝐹) > 1                                                    (1.3) 

Figure 1.5 The two spin sub band of spin up and down spin (a) before splitting and (b) 

after splitting. 

Where U is the Coulomb energy or electron correlation energy and N(εF) is the density of 

states (DOS) at Fermi level. The Stoner splitting depends on following three 

assumptions: 

(i) The d spin bands are unsaturated.   

(ii) It follows Fermi statistics.   

(iii) The exchange effect consider as mean field manner. 

The kinetic energy increases by the moment of spin sub band and decide ground state 

nature of either FM (inequality in number of spin up and down sub band) or PM. In 

itinerant FM nature, due to rearrangement of spin sub-band the net moment increases in 

one direction due to polarization of spins spontaneously and gives spontaneous 

magnetization (Ms) [11, 27]. The Stoner model also explains the non-integer value of 

saturation moment (μH) of metal at zero temperature but it fails to explain the Curie 

Weiss behavior above Tc.  
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The difference between localized and itinerant nature is that in localized model the 

moment arises due to rotation of spin with constant magnitude while in itinerant stoner 

model, moment arises by electron spin excitations in which single spin excitations change 

magnitude of magnetization. The criteria to characterize localize and itinerant 

ferromagnetic nature is known as Rhodes- Wohlfarth ratio (RWR) which can be written 

as qc/qs and follow some valuable range likes [32-34]: 

if qc/qs < 1 then it shows localized magnetic nature and  

if qc/qs >> 1 then it shows itinerant nature of magnetism 

where qc can calculate by effective paramagnetic moment by using formula of qc(qc + 2) 

= μeff
2 

in high temperature range [35] and qs is the saturation magnetic moment (μH) in 

ordered state.  

1.2.3 Phase Transition 

The phase transition is understood as developing new state from the previous one. The 

Ising FM state shows second order phase transition in which critical behavior come in 

terms of mean field behavior [31]. Close to transition temperature (Tc), the mean field 

behavior is thermodynamic quantities which have characterized by Critical exponents (β 

= 0.5, γ = 1 and δ = 1) behavior in the following form 

                                              𝑀𝑠(𝑇) ∝  (1 −
𝑇

𝑇𝑐
)

𝛽

                                                         (1.4) 

                                              𝜒0
−1(𝑇) ∝  (

𝑇

𝑇𝑐
− 1)

𝛾

                                                      (1.5) 

                                               𝑀 (𝐻) ∝ 𝐻1 𝛿⁄                                                               (1.6) 

               When moving close to phase transition then behavior of order parameter 

fluctuations has important factor which is known as critical fluctuations. According to 

Landau theory, close to phase transition, critical behavior depends on particular order 

parameter and in case of magnetic phase transition the order parameter is magnetization. 
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The order parameter is a thermodynamic quantity which will be zero in disordered state 

and non-zero with unique nature in ordered phase state. Close to phase transition, only 

one physical relevant parameter is length scale which is correlation length (ξ) and has the 

following form: 

                                                              𝜉 ∝  |
𝑇− 𝑇𝑐

𝑇𝑐
|

−𝜈

                                                  (1.7) 

Where Tc is the critical temperature at which phase transition appears and ν is represented 

as exponent of correlation length. In second-order phase transitions correlation length 

diverges which is known as universal behavior. The results of mean field behavior in the 

form of Arrott equation [30] 

                                                    𝑀2 = 𝐴 + 𝐵 
𝐻

𝑀
+. . …                                                (1.8) 

Equation 8.1 following the isotherm plot of M
2
 vs H/M gives spontaneous magnetization 

(Ms) as an intercept on M
2
 axis due to straight line fitting in high temperature regime. The 

value of Ms will become zero in PM region. In ferromagnetic system, the magnetism 

originates from unpaired spin electrons which give spontaneous magnetization (Ms) and 

has permanent magnetic moment in which spin align in parallel direction in the absence 

of magnetic field and spin direction varies by variation of magnetic field which shows 

nonlinear transition and curve known as hysteresis loop. 

1.2.4 Magnetocrystalline Anisotropy (MCA) 

The Magnetocrystalline anisotropy (MCA) arises due to interaction energy of spin orbit 

and crystal field effect of electrons or due to interatomic dipole-dipole interaction energy 

which prefers the alignment of spin in some certain crystallographic easy axes direction 

in ordered crystalline structure. The crystallographic easy axis direction is with respect to 

lattice plane direction along which magnetization tends to align (in general c-axis). This 

easy axis is also called uniaxial axis and anisotropy in this known as uniaxial anisotropy 

which often arises in non-cubic crystal symmetry such as orthorhombic or hexagonal. 

The magnetic anisotropy of the system represents the internal energy which depends on 



CHAPTER ‒ 1  

Introduction  

 
 
 

11 
 

spontaneous magnetization direction and intrinsic property of the system. The magneto-

crystalline energy (E) of uniaxial FM system can be written in series of power law form: 

  𝐸 =  𝐾0 +  𝐾1  𝑠𝑖𝑛2 𝜃 + 𝐾2  𝑠𝑖𝑛4 𝜃 + ⋯ . ..                                      (1.9) 

Where K0, K1, K2, …. are anisotropy constants which vary with temperature and material. 

The angle (θ) depends on magnetization vector and easy axis direction. The K0 can 

neglect, because it does not depend on angle and when the easy axis is along c-axis 

direction of the crystal, for small angle the higher power terms has also neglected. So, 

only K1 is important for this type of crystal which is known as Magnetocrystalline 

anisotropy constant [29]. 

Generally, Magnetocrystalline anisotropy energy is smaller than other compared 

exchange energy but the direction of moment is examined only by anisotropy because the 

magnetic moments try to align parallel not depends on which direction.  

1.2.5 Griffiths Phase 

The phase inhomogeneity and the quench disorder effect in a magnetic material by non-

magnetic substitution is understood by Griffiths phase (GP) singularity which has 

originally proposed (in 1969) for randomly diluted Ising ferromagnetic (FM) system by 

non-magnetic atom (without spin) which explain as pre-formation of FM clusters. The 

Griffith singularity is explained due to the magnetic exchange interaction strength J and 0 

are distributed randomly with probability p and (1 − p), respectively. As shown in figure 

(1.6) for the range of p < pc (long-range FM order does not exist), while however, for p > 

pc long-range FM exist at Tc (p = 1) which is known as Griffiths temperature (TG). The 

region between Tc(p) < T < TG is known as GP region where the system neither exhibits 

pure PM behavior nor long-range FM order (i.e. no spontaneous magnetization) [36]. 

Experimentally, the Griffiths phase (GP) can be identified as rapid downfall of inverse 

susceptibility (χ
-1

) as function of temperature before reaching the actual FM transition 

from the high temperature side.  
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Figure.1.6 shows schematic diagram of Griffiths phase (GP) of theoretical explanation  

This down fall in χ
-1

(T) is broadened with applying high magnetic field. The Griffiths 

phase singularity is quantitatively understood as power law behavior: 

                                𝜒−1  ∝   (𝑇 −  𝑇𝑐
𝑅)1−𝜆                                      (1.10) 

where Tc
R
 is the random critical temperature, the exponent parameter 0 ≤ λ ≤ 1, indicate 

the deviation from CW law. It shows PM behavior when λ = 0 from TG ( Griffiths 

temperature) to high temperature region and GP nature for λ > 0 between Tc to TG which 

are shown in figure 1.7. This equation (Eq. 1.10) is the modified form of Curie Weiss 

law. 
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Figure.1.7 shows a schematic diagram of the Griffiths phase  

1.3 Transport Study 

1.3.1 Fermi Liquid 

The Fermi liquid (FL) is a theoretical construction for interacting Fermi gas system. The 

interaction between the electrons works as adiabatically i.e. one to one mapping between 

non-interacting and interacting electron states [37]. The quasiparticles are main 

constituents of FL which have finite lifetime around fermi energy, interacts weakly and 

have high effective mass. The FL theory predicts many types of functional dependence of 

physical properties on temperature in which resistivity ρ(T) has given below according to 

FL theory:   

                                                 𝜌 (𝑇) = 𝜌0 + 𝐴𝑇2                                          (1.11) 

Where ρ0 is the residual resistivity which is due to scattering at impurities and defect and 

A is FL coefficient (√𝐴~ 𝑚∗in which m* is the effective mass).                                           

1.3.2 Non-Fermi Liquid  

The non-Fermi liquid (NFL) behavior understand by breakdown of FL state due to any 

type of disorder like reducing dimension, closo to quantum critical point or magnetic 
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instability. In this the effects of electron-electron interactions are more dominant. The 

NFL behavior can be expressed by the following relation: 

                                                           𝜌(𝑇)  ∝  𝑇3/2                             (1.12) 

The NFL behavior has many origins but often observed close to magnetic instability or 

close to magnetic quantum critical point. The most the heavy fermions due to domination 

of fluctuations and also transition metals show deviations from Fermi liquid theory and 

show NFL behavior and FL recover on quantum critical point side [38].  

1.3.3 Metal Insulator Transition 

The metal insulator transition (MIT) in TMOs has been the big topic in condensed matter 

physics. In solid, the MIT specify as transition from metallic phase to insulating phase 

and vice versa. The MIT usually lead large change in resistivity due to some response of 

excitation like temperature, pressure or doping level [3]. The detailed study of transport 

properties and resolve the MIT mechanisms are needed for understanding of electron 

correlation effects in the material. The MIT can be categorized into Mott transition [39, 

40], Peierls transition and Anderson localization. 

Mott and Peierls analyzed that the insulating behavior should be due to electrons 

Coulomb repulsion. When the two electrons are on similar site then electrons feel strong 

Coulomb repulsion and when the interaction is large and valence band is half filled 

(number of valence electrons per site is one) then electrons cannot hop among 

neighboring sites and become insulator called as Mott insulator.  

1.3.4 Kondo Behavior 

In some metals; there is sudden rise in resistivity at low temperature below a certain 

temperature TK which has opposite behavior from ordinary metals. This is called Kondo 

effect which has realized due to scattering of conduction electrons with magnetic 

impurity [41-42]. This extra scattering behavior of resistivity can be shown in logarithmic 

temperature dependence by the equation (1.13): 
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                                           𝜌 (𝑇) =  𝜌0 + 𝐶 log(
𝑇𝑘

𝑇
)                                                  (1.13) 

Where ρ0 is the resistivity due to non-magnetic impurities and the last term is caused by 

magnetic impurities and Tk is the Kondo temperature.  

1.3.5 Magnetoresistance (MR) 

In magnetic materials, the spin configuration depends on electron motion and the effect 

of external magnetic field on electrical resistance termed as magnetoresistance (MR). 

Under the presence of external field, the arrangement of spin inside material changes due 

to the Lorentz force with resultant change in mobility of electrons so the free electrons 

under the simultaneous effect of electric and magnetic field form spiral trajectory. The 

MR is the change in resistivity by applying magnetic field. Mathematically MR is defined 

as: 

                                                       𝑀𝑅 =
𝜌 (𝐻)− 𝜌 (0)

𝜌 (0)
                       (1.14)                      

where ρ(H) = resistivity under magnetic field 

ρ(0) = resistivity at zero applying field or absence of field. 

1.3.6 Specific Heat (Cp) 

The specific heat under constant pressure (Cp) is defined as the amount of heat that enters 

(delivered to/emitted) to a system divided by change in temperature of system and can 

represent by the formula [43]: 

𝐶𝑃 =  
∆𝑄

∆𝑇
         (1.15) 

Where ΔQ is the amount of heat added to the system to raise its temperature by an 

amount ΔT. The specific heat experiments are an easy way to study the phase transitions 

in materials. In an ideal metal, electrons can be viewed as non-interacting Fermi gas 

therefore Fermi-Dirac statistics play an important role in finding the temperature 

dependence of electronic contribution to specific heat. At temperature much below the 
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Debye and Fermi temperature (T < TF), the heat capacity of metals can be written as sum 

of electron (Ce) and phonon or lattice (Cl) contributions [44]: 

  𝐶𝑝 =  𝐶𝑒 +  𝐶𝑙 = 𝛾𝑇 +  𝛽 𝑇3                                   (1.16) 

Where γ is Sommerfield constant and β is the lattice coefficient. So the electronic 

contribution can be written as [45]: 

                                                  𝐶𝑒 =  
𝜋2

3
 𝑁(𝜀𝐹)𝑘𝐵

2  𝑇 ≡  𝛾 𝑇                     (1.17) 

This can find by straight line fitting of C/T vs T
2
 and taking intercept which gives 

information about density of states, N(εF) at Fermi surface. The slope of fitting gives 

Debye temperature (ΘD) by the formula: 

    𝛽 =
12

5
 𝜋4 𝑁 𝑘𝐵  (

𝑇

𝛩𝐷
)

3

             (1.18) 

1.4 Motivation and goals of thesis work 

In present thesis, we have focused on the study of ruthenium based perovskite oxides 

structure (SrRuO3) which is the end member in RP series with n = . SrRuO3 shows 

paramagnetic to ferromagnetic second-order phase transition at Tc ~ 163 K and also 

shows metallic nature over the whole temperature range [46]. There is some inter-

correlation between electronic transport and magnetic behavior at Tc because resistivity 

ρ(T) shows a change in slope across Tc. However, there is large volume of theoretical and 

experimental investigations but there magnetic and electronic properties and their inter-

correlation is not fully understood. In this thesis, we have focused on SrRuO3 and used 

route of chemical doping at Ru site to understand its evolution of magnetic and electronic 

properties. We have used two non-magnetic elements, namely Ti
4+

 (3d
0
) and Ga

3+
 (3d

10
). 

Both of these elements are non-magnetic in nature and they have matching ionic radii to 

Ru
4+

 (0.62 Å). Therefore, this substitution causes a minimum structural modification. 

This is important because structure plays a vital role in modifying the physical properties 

in case of TMOs. 
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Figure 1.8 The site dilution effects by Ti substitution in SrRuO3 which dilute the Ru-O-

Ru chain. 

In case of Ti doping, the Ti
4+

 will simply dilute the magnetic network formed by 

Ru-O-Ru channel as shown figure 1.8. In addition its 3d
0
 character will tune the electron 

correlation (U) and electron density which will effectively modified density of states 

(DOS) in material. In case of Ga
3+

, it will again act for site dilution and modification in U 

though its 3d character.  However, it will further alter the Ru charge state by converting 

Ru
4+

 to Ru
5+

. Therefore mixed ionic states will be realized which will modify magnetic 

interaction and electronic charge accordingly. 

Considering the SrRuO3 has itinerant type FM, therefore, it is important to understand 

how the natures of magnetic interaction evolved in present substitution work. Here, it can 

be mentioned that in case of Sr1-xCaxRuO3 where Ca
2+

 substitution in SrRuO3 weakens 

the magnetism and gives quantum phase transition (QPT) around x = 0.7, the critical 

exponents are shown to evolve interestingly [47]. Here, following this motivation critical 

behavior is required to be investigate in these series (SrRu1-xTixO3 and SrRu1-xGaxO3). 

Following that both Ti
4+

 and Ga
3+

 dilutes the system with its non-magnetic nature so it 

requires to understanding the evolution of electronic properties with doping elements as 

well as with applying the magnetic fields. 



CHAPTER ‒ 1  

Introduction  

 
 
 

18 
 

 

 

 

Bibliography 

 

[1]. U Mizutani, Introduction to the electron theory of metals, Cambridge University 

Press, UK, 2001. 

[2]. Z. Yang, C. Y. Ko, and S. Ramanathan, Oxide Electronics Utilizing Ultrafast 

Metal-Insulator Transitions. Annu Rev Mater Res 41, 337 (2011). 

[3]. M. Imada, A. Fujimori, and Y. Tokura, Metal-Insulator Transitions. Rev. Mod. 

Phys. 70, 1039 (1998). 

[4]. L. Degiorgi, “The electrodynamic response of heavy-electron compounds,” 

Reviews of Modern Physics, 71, 687 (1999). 

[5]. E. Dagotto, Science 309 (5732), 257 (2005). 

[6]. Stenger, C. G. F.; Burggraaf, A. J. Phys. Status Solidi. A, 61, 653–664 (1980). 

[7]. N. F. Mott, Metal-Insulator Transitions (Taylor and Francis, London, 1974). 

[8]. P. Cox, Transition Metal Oxides (Clarendon, Oxford, 1992). 

[9]. P. Fulde, Electron Correlations in Molecules and Solids (SpringerVerlag, Berlin, 

1991). 

[10]. D. Louca, T. Egami, E. L. Brosha, H. Röder, A. R. Bishop, Phys. Rev. B, 56, 

8475–8478 (1997). 

[11]. A. J. Millis, Nature, 392, 147–150 (1998). 

[12]. A. J. Millis, B. I. Shraiman, R. Mueller, Phys. Rev. Lett. 77, 175–178 (1996). 

[13]. J. R. Schrieffer and J. S. Brooks. Handbook of high-temperature 

superconductivity. Springer Science + Business Media, LLC (2007). 



CHAPTER ‒ 1  

Introduction  

 
 
 

19 
 

[14]. Atkins, P. W.; Overton, T.; Rourke, J.; Weller, M.; Armstrong, F. Shriver and 

Atkins’ Inorganic Chemistry, 5th ed.; Oxford University Press, Oxford, 2010. 

[15]. D.C.Mattis. The theory of magnetism. Springer-Verlag, Berlin, 1981. 

[16]. W. Heisenberg, Theory of the fermion liquid, Z. Phys. 49, 619 (1928). 

[17]. P. A. M. Dirac. The Principles of Quantum Mechanics. Oxford University Press, 

New York, 1935. second edition. 

[18]. Chapter X., J. H. Van Vleck. Rev. Mod. Phys., 17, 27 (1945). 

[19]. C. Kittel. Introduction to Solid State Physics. Wiley, New York, 2005. 

[20]. S. Blundell, Magnetism in condensed matter (Oxford University Press, Oxford; 

New York, 2001), Oxford master series in condensed matter physics. 

[21]. J. M. D. Coey, Magnetism and magnetic materials (Cambridge University Press, 

Cambridge, 2009), 1st edn. 

[22]. R. Y. Díaz, Modeling of macroscopic anisotropies, 

http://www.fgarciasanchez.es/thesisrocio/node1.html. 

[23]. J. Hubbard, Proc. R. Soc. London A 276, 238 (1963); 281, 401 (1964). 

[24]. J. Kanamori, Prog. Theor. Phys. 30, 275 (1963). 

[25]. M.C. Gutzwiller, Phys. Rev. Lett. 10, 159 (1963)., E. C. Stoner. Proc. Roy. Soc. 

London A, 165:372, 1938. 

[26]. Shatruk, M. Chemical Aspects of Itinerant Magnetism. In review. 2017. 

[27]. E. C. Stoner, Proc. Roy. Soc. (London) A165, 372 (1938). 

[28]. Stoner, E. Reports on Progress in Physics, 11, 43 (1947). 

[29]. B. D. Cullity, Introduction to magnetic materials (Addison-Wesley Pub. Co., 

Reading, Mass., 1972), Addison-Wesley series in metallurgy and materials. 

[30]. A. Arrott, Phys. Rev., 108, 1394 (1957). 

[31]. R. Krasnow and H. E. Stanley, Phys. Rev. B. 332 (1973). 

[32]. P. Rhodes and E. P. Wohlfarth, Proc. Roy. Soc. (London) A273, 247 (1963). 

[33]. T. Moriya, J. Magn. Magn. Mater., 10, 31-34 (1983). 

[34].  E.P. Wohlfarth, J. Magn. Magn. Mater., 7, 113 (1978). 

[35].  Y. Takahashi, J. Phys.: Condens. Matter, 13, 6323-6358 (2001). 

http://www.fgarciasanchez.es/thesisrocio/node1.html


CHAPTER ‒ 1  

Introduction  

 
 
 

20 
 

[36]. R. B. Griffiths, Phys. Rev. Lett., 23, 17 (1969). 

[37]. L. Landau, “The theory of a fermi-liqid,” Journal of Experimental and Theoretical 

Physics (U.S.S.R), 30, 1058–1064 (1956). 

[38]. G.R. Stewart, Rev. Mod. Phys., 73, 797 (2001). 

[39]. N. F. Mott, The Basis of the Electron Theory of Metals, with Special Reference to 

the Transition Metals. Proc. Phys. Soc. London, Sect. A 62, 416 (1949). 

[40]. N. F. Mott, Metal-Insulator Transitions, 2nd ed. (Taylor and Francis, London, 

1990). 

[41]. A. C. Hewson. The Kondo problem to heavy fermions. Cambridge studies in 

magnetism; 2. Cambridge Univ. Press. ISBN 0-521-36382-9. XXI, 436 S: Ill., 

graph. Darst (1993). 

[42]. J. Kondo. Resistance Minimum in Dilute Magnetic Alloys. Progress of 

Theoretical Physics, 32, 37-49 (1964). 

[43]. M W Zemansky, Heat and Thermodynamics, McGraw-Hill, NewYork, 1957. 

[44]. M. P. Marder, Condensed matter physics. John Wiley & Sons, 2010. 

[45]. C Kittel, Thermal Physics, John Wiley and Sons Inc., NewYork, 1969. 

[46]. P. B. Allen, H. Berger, O. Chauvet, L. Forro, T. Jarlborg, A. Junod, B. Revaz, and 

G. Santi, Phys. Rev. B 53, 4393 (1996). 

[47]. D. Fuchs, M. Wissinger, J. Schmalian, C. L. Huang, R. Fromknecht, R. Schneider 

and H. v. Lohneysen, Phys. Rev. B., 89, 174405 (2014). 

 

 

 



 
 

21 
 

 

 

 

CHAPTER ‒ 2 

 

 

 

Experimental Techniques and Apparatus 
 

This chapter emphasizes the sample preparation and characterization techniques 

along with the experimental which have been used in the present thesis. All the 

polycrystalline samples studied in this thesis are synthesized by the solid-state reaction 

method. Further, the phase purity of samples has been checked with x-ray diffraction 

(XRD) measurements and the analysis of XRD data using Rietveld refinement [1]. The 

temperature dependent dc magnetization M(T) and the field dependent isothermal 

magnetization M(H) measurements have been performed using Superconducting 

Quantum Interference Device (SQUID) magnetometer and Physical Properties 

Measurement System (PPMS) system. The transport measurements such as resistivity 

ρ(T), magnetoresistance (MR) and specific heat (Cp) have been carried out using 

homemade setup attached with superconducting magnet from Oxford Instruments, U.K.  

2.1 Sample Preparation and Synthesis techniques   

The solid materials can be divided into two categories: crystalline and non-crystalline 

which depends on their crystal structure [2]. A crystalline material can further be 

subdivided into single crystal and polycrystal where in former case the crystallographic 

axis orientation is the same throughout the sample where in latter one the individual 

grains crystallographic axis is independently oriented. Here we discuss the sample 

preparation and characterization technique related to polycrystalline sample. There are 

numerous synthesis methods to prepare the polycrystalline materials; among those, the 

solid-state reaction method is widely used [3]. This procedure is connected with the 

reactivity of raw materials in solid form in terms of physical diffusion of ions, so this 



CHAPTER ‒ 2  

Experimental Techniques and Apparatus 

 
 

22 
 

need method requires a high-temperature treatment. The final reaction depends on the 

kinetic and thermodynamic factors [4].  

           The kinetic factor decides the rate at which a reaction occurs while the 

thermodynamic factor decides the particular temperature at which reaction would take 

place. The solid-state reaction method offers a wide range of selection of starting 

materials such as oxides, carbonates, etc. In this method, two or more starting materials 

are taken in stoichiometric ratio then mixed and grounded properly. Moreover, the 

reactants react chemically without the presence of any solvent and provide stable final 

product, since this reaction does not occur at ambient room temperature [5]. The SSR 

method is also known as environment-friendly and does not involve the evolution of any 

toxic or waste material. A typical procedure for the synthesis of SrRuO3 using Solis State 

Reaction (SSR) method is presented in Figure 2.1, where SrCO3 and RuO2 are used as 

starting materials.  

SrCO3 + RuO2 → SrRuO3 + CO2    (2.1) 

 

We have followed the stepwise procedure to synthesize the polycrystalline materials 

using SSR method as briefly discussed below:   

(i) Grinding: The raw chemicals with stoichiometric ratio are mixed in an agate mortar 

and pastel, and grounded for homogeneous and uniform mixing [6]. The grinding of 

reagents increases the contact area which increases the rate of reaction. 

(ii) Calcination: Sample is calcined at high temperature to remove the CO2 and H2O 

and to achieve diffused constituent atoms [7]. 

(iii) Palletization: After the calcination, the powder area ground again and pressed into 

pellets using pelletizer by applying pressure of few tons. When the powder is pressed 

to form pellet, it maximizes the surface contact between the grains which increase 

the reaction rate and homogeneity of the sample. 

(iv) Sintering: It is the method for making a final product by heating of material below 

the melting point but more than the calcination temperature. These steps provide 

high level of purity in sample [8]. 
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In the present research work parent compound SrRuO3 and their doped series have been 

synthesized using the solid-state reaction method.  

 

 

Figure 2.1 Stepwise procedures to synthesis SrRuO3 using Solis State Reaction (SSR) 

method. 

 

Preparation of polycrystalline samples series of SrRu1-xTixO3 and SrRu1-xGaxO3 

        The polycrystalline samples series of SrRu1-xTixO3 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 

and 0.7) and SrRu1-xGaxO3 (x = 0.0, 0.05, 0.1, and 0.2) have been prepared by solid-state 

reaction method where the ingredient materials of SrCO3, RuO2, TiO2 and Ga2O3 with 

phase purity 99.999% (Sigma-Aldrich) are taken in stoichiometric ratio. The reactions 

related to samples are following        

SrCO3 RuO2

Grinding for 4 h

Calcination at 1000 °C for 24 h

Pelletization

Sintering at 1150 °C for 36 h

XRD with scan rate 2/min

SrRuO3
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SrCO3 + (1-x) RuO2 + (x) TiO2→ SrRu1-xTixO3 + CO2   (2.2) 

SrCO3 + (1-x) RuO2 + (x/2) Ga2O3→ SrRu1-xGaxO3 + CO2         (2.3) 

The starting raw materials have been measured using high precision weighing 

machine. Then the mixture has been thoroughly grounded for 4 – 5 hours in agate mortar 

and pestle. After this, the powder has kept in the furnace at 1000 ℃ for calcination with 

the ramp rate of 2 degree per minute. This step is followed twice with an intermediate 

grinding. After the calcination process, powders are made into pellet and transferred in 

the furnace at  1150 ℃ with intermediate grindings. A small portion of the sample is 

ground into fine powders to investigate its crystallinity using XRD.  

2.2 Structural analysis and Characterization techniques 

X-ray diffraction has been used to check the purity and compositions of the 

polycrystalline samples the XRD data are with Rietveld refinement to obtain 

crystallographic parameters. 

2.2.1 X-ray diffraction (XRD) 

Similar to light, the x-ray is an electromagnetic wave which can travel in a straight line 

with a short wavelength of the order of few Angstroms (between 0.02 to 100 Å) which 

has a similar length scale of atomic bonds in solids [9]. The x-ray diffractometer (XRD) 

is a powerful technique to examine the crystallinity of the material which has been 

discovered by German physicist Wilhelm Roentgen in the year 1885. The XRD is based 

on the Bragg’s law which balances a definite relation between the wavelength of x-ray 

(λ), incident angle (θ) and inter-planner distance (d) which yields intense reflection [9]. 

The Bragg’s equation is given below 

2𝑑 sin 𝜃 = 𝑛𝜆      (2.4) 

where n is an integer.  

In powder XRD measurement, either the wavelength (λ) or the incident angle (θ) need to 

vary for constructive interference. The XRD peaks are directly related to the atomic 

distance or plane. The block diagram of XRD arrangement and the different sets of plane 

is shown in Figure 2.2 (a) & (b). In the present case, λ is kept fixed and the sample is 



CHAPTER ‒ 2  

Experimental Techniques and Apparatus 

 
 

25 
 

rotated. The XRD is considered as a useful and popular tool to check the phase as well as 

purity of the samples which is much required for the physical properties of materials 

mostly depends on atomic arrangements.  

The XRD gives the following informations: 

(i) The phase and quality of the sample 

(ii) Interplanner spacing  

In the present research work, XRD data has taken by using a Rigaku MiniFlex 

diffractometer with CuKα radiation (λ = 1.5406 Å) at room temperature. In this 

instrument both the x-ray source and the detector, move at different angles to fulfill the 

Bragg’s condition and the corresponding intensity has been recorded. The XRD spectrum 

for samples is recorded in the range of 10 - 90 degree with a step size of 0.02˚ and rate of 

2 deg per minute. The accurate values of lattice parameters of material calculated using 

the Rietveld refinement method of XRD data [10]. 

 

Figure 2.2 Schematic of XRD diffractometer (a), and Bragg’s law to determine the 

interplaner separation (b). 

2.2.2 Rietveld Refinement  

Rietveld refinement is used to analyze or refine the XRD data to this method gives phase 

purity and accurate values of crystallographic parameters such as unit cell parameters, 

site occupancies and atomic positions etc. of the materials. The Rietveld refinement 

analysis of powder XRD was first proposed in 1967. It is a very useful tool for structural 

characterization of solids materials [11]. In this method, the least square refinement 
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fitting is carried out until the best fitting is realized which has in terms of measured and 

calculated diffraction patterns. The calculated pattern compares the detail information of 

crystal structure. The powder diffraction pattern of crystalline material has the definite 

reflection pattern with combination profiles of peak height, peak position and integrated 

area that is in proportionality with Bragg intensity Ihkl (where h, k, and l are the Miller 

indices). Since many Bragg reflections are observed, the intensity pattern at an arbitrary 

point, is determined by structure factor with absolute value (|FK|
2
), where |FK|

2 
= sum of 

all contributions of neighbors Bragg reflections and background. The calculated intensity 

(yci) is given by   

 

𝑦𝑐𝑖 = 𝑠 ∑ 𝐿𝐾|𝐹𝐾|2 𝜙(2𝜃𝑖 − 2𝜃𝐾)𝑃𝐾𝐴 + 𝑦𝑏𝑖𝐾   (2.5) 

 

where s = the scale factor, 

LK = composed of Lorentz, polarization and multiplicity factors 

Φ = reflection profile function 

PK = preferred orientation function 

A = absorption factor 

Ybi = background intensity at i
th

 step  

    The least squares fitting has represented by the residue (Sy) which can define as 

 

𝑆𝑦 = ∑ 𝑤𝑖𝑖 (𝑦𝑖 − 𝑦𝑐𝑖)
2    (2.6) 

Where wi = 1/yi,  

yi = measured intensity at i
th

 step 

yci = calculated intensity at i
th

 step and the sum is over all data points. 

        The various numerical factors are used which judge that the fitting that has reached 

global minimum. The criteria of factors are:  

R-structure factor  

 

𝑅𝐹 =
∑ |(𝐼𝐾(𝑜𝑏𝑠))

1 2⁄
− (𝐼𝐾(𝑐𝑎𝑙))1 2⁄ |

∑(𝐼𝐾(𝑜𝑏𝑠))
1 2⁄     (2.7) 
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R-Bragg factor 

𝑅𝐵 =
∑ |𝐼𝐾(𝑜𝑏𝑠)− 𝐼𝐾(𝑐𝑎𝑙)|

∑ 𝐼𝐾(𝑜𝑏𝑠)
    (2.8) 

 

Here IK = K
th

 intensity of Bragg reflection of the end of refinement cycles. The fitting 

criteria can be quantified by several residual (R) minimum values like residual pattern 

(Rp) and residual weighted pattern (Rwp):   

 

𝑅𝑃 =
∑ |𝑦𝑖(𝑜𝑏𝑠)− 𝑦𝑖(𝑐𝑎𝑙)|

∑ 𝑦𝑖(𝑜𝑏𝑠)
    (2.9) 

and 

𝑅𝑤𝑝 =  {
∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠)− 𝑦𝑖(𝑐𝑎𝑙))2

∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠))2 }
1 2⁄

    (2.10) 

 

The ratio of Rwp and Rp decide the quality of the sample and most common achieved 

minimum value. Where yi(obs) and yi(cal) are the observed and calculated intensities of 

ith step respectively.  

R-expected 

𝑅𝐸𝑋𝑃 =  [
𝑁𝑜𝑏𝑠− 𝑁𝑣𝑎𝑟

∑ 𝑤𝑖 𝑦𝑜𝑖
]

1 2⁄

    (2.11) 

where Nobs is the total number of observation and Nvar is the variable of the least squares 

of refinement. 

One another useful numerical criteria is goodness of fit (GOF = χ
2
) which is given in 

equation below and its value 1.3 or less is usually considered as satisfied fitting [12]. 

𝜒2 =  
𝑀 

(𝑁𝑜𝑏𝑠− 𝑁𝑣𝑎𝑟)
     (2.12) 

In the present study, the modified version of the refinement program has been used which 

has given by Young et al. [13] and the pseudo-Voigt function has been used to fit the 

observed patterns.  

2.3  Magnetization measurements 

The magnetization measurements as a variation of temperature and magnetic field 

provide valuable information about the magnetic state in materials. The dc magnetization 
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of the magnetic sample can be measured in several ways such as force method, the torque 

method, induction method, etc. Among these methods, induction method is the most 

commonly used method in which sample is vibrated in middle of two opposite wounded 

pickup coils, where the magnetic field is generated with the primary coil. At the constant 

magnetic field, the voltage induced in the pick-up coils is directly proportional to the 

magnetic flux through the coils. The dc magnetization measurements M(T) are measured 

as in zero fields cooled (ZFC), and field cooled (FC) protocol. The M(T) data has been 

taken by following procedure in which first sample is cooled from room temperature to 

low temperature. After applying the magnetic field, the data has been measured while 

warming is called ZFC. In field cool way, the system again cool down to low temperature 

in presence of applied field and again data has taken while warming is called FC. The 

hysteresis cycle can measure by different orientations of sample w.r.t. the vertical 

magnetic field. So by varying magnitude of the uniform field, the M(H) has measured at a 

constant temperature. To study the critical behavior, M(H) data has been measured at 

different temperatures across Tc. To measure each M(H) curve sample is warmed above 

Tc then cooled down to particular temperature for M(H) measurement. This procedure is 

repeated for each M(H) curve. 

The dc and isothermal magnetization measurements have been measured by using 

commercial vibrating sample magnetometer (VSM) in Quantum Design Physical 

Properties Measurement System (PPMS) and also by Superconducting Quantum 

Interference Device (SQUID). Here the working principle of these two measurement 

systems is briefly discussed below.  

2.3.1 Physical Property Measurement System (PPMS) 

The Quantum Design Physical Property Measurement System (PPMS) is attached with a 

temperature controlling system and superconducting magnets [14]. In the PPMS, the 

vibrating sample magnetometry (VSM) technique is used. The VSM is a sensitive 

method to measure the magnetic properties and is based on change of flux in the coil 

when the sample vibrates neat to it [15, 16]. In this system, the sinusoidal oscillation of 

sample induces an alternating voltage in the static pickup coils which is directly 



CHAPTER ‒ 2  

Experimental Techniques and Apparatus 

 
 

29 
 

proportional to magnetization. According to Maxwell’s law, the time-varying magnetic 

flux induces a voltage in a pickup coil. The magnetic flux changes in the area of coil set 

due to vibration of the sample which induce an electromotive force (emf) following 

Faraday’s law [17, 18]. The sample is mounted equidistant between two pick-up coils 

which wounded in opposite senses (to filter the homogeneous external magnetic field and 

measure inhomogeneous magnetic) and vibrated about this central position with a known 

sinusoidal frequency. In this, movement of the sample at the center of the pick-up coil 

induces voltage signal which is measured by a lock-in amplifier. This lock-in amplifier 

increases the signal to noise ratio (S/N) and the calibration of voltage gives 

magnetization. Figure 2.3 shows the schematic view of VSM in which magnetic field (H) 

supplied by the superconducting magnet and the sample is vibrated between the two 

signal pick-up coils has shown.  

 

 

Figure 2.3 Schematic of Physical Properties Measurement System (PPMS). 
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2.3.2 Superconducting Quantum Interference Device (SQUID) 

The Superconducting Quantum Interference Device (SQUID) has two superconducting 

rings of Josephson junctions (separated by an insulating layer) in two arms (at different 

phases), in which the Cooper pairs with different phases can tunnel and produce a current 

flow and the Josephson ring are placed in the vertical magnetic field [19].  

 

Figure 2.4 Schematic of Superconducting Quantum Interference Device (SQUID). 

The main components of SQUID are superconducting magnet, a superconducting 

detecting coil or pickup coil, and the superconducting magnetic shield. The special 

superconducting detection coil is used for filter out the homogeneous magnetic field 

because it will induce opposite electric field which cancels each other and so that sample 

can be measured in the inhomogeneous magnetic field. The detection coil is placed at the 

center of the magnet arranged as (wound opposite) to form second-order gradiometer and 

connected to the SQUID by superconducting wires [20]. The sample is step scanned at a 
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constant rate through the gradiometer ring in the uniform magnetic field and the change 

of flux associated with this movement produce change in the induced persistent current 

through the ring. The induced persistent current proportional to frequency and voltage of 

the junction and thus its calibration gives magnetization. A schematic of the SQUID 

system is presented in Figure 2.4 [21]. One oscillation in ring belongs to increase of field 

by one quantum flux [ϕ0 = h/2e, where h is the Planck's constant and e is electronic 

charge].  

2.4 Electrical Transport Measurement 

Four probe technique has measured the electrical transport behavior such as, electrical 

resistivity ρ(T) and magnetoresistance (MR) by using a home-built insert which has fitted 

with an Oxford superconducting magnet and closed cycle refrigerator (CCR). The 

specific heat measurements are done by using semi adiabatic technique. 

2.4.1 Four Probe Technique  

The electrical resistivity ρ(T) has been measured by the standard four-probe method. This 

method has four leads (two outer and two inners) which are connected by silver paint on 

the sample as shown in Figure 2.5.  

 

Figure 2.5 Schematic diagram of four probe configuration of the sample. 
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In this configuration, the current (I) passes through the outer two contacts and the 

voltage drops (V) is measured across the inner two contacts. The resistance (R) depends 

on sample geometry so for the intrinsic property ρ(T) is more appropriate when 

comparing various systems. The ρ(T) is calculated by taking the dimensions of cross-

section area (A = b×t, where b and t are the dimensions of the sample) and length (L) 

between two inner wire as given in below equation. 

 

𝜌 = 𝑅 
𝐴

𝐿
     (2.13) 

 

In the present research work, ρ(T) measurements have been done from low temperature to 

room temperature. The ρ(T) measurements in the presence of a magnetic field (80 kOe) 

have been done by using superconducting magnetic system (Spectromag 2000) from 

Oxford Instruments, UK. 

Magnetoresistance (MR) 

The magnetoresistance (MR) is the change in resistivity in the presence of magnetic field. 

The following relation can calculate the MR, 

 

𝑀𝑅 =
𝜌 (𝐻)− 𝜌 (0)

𝜌 (0)
     (2.14) 

 

where ρ(H) = resistivity under magnetic field and ρ(0) = resistivity at zero fields or 

absence of field. 

If the applied magnetic field (H) is parallel to the direction of current (I), then it is called 

the longitudinal MR and if the magnetic field is applied perpendicular to the direction of 

the current, then it is called the transverse MR. The MR data presented in this thesis is the 

longitudinal MR. 

MR can be measured in two different modes: 

(i) MR by varying temperature (T) in the constant magnetic field (H). 

(ii) MR by varying magnetic field (H) at constant temperature (T). 
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2.4.2 Specific Heat measurements  

The specific heat is an important tool to study the magnetic phase transition and 

electronic properties. The specific heat (Cp) measurements have been carried out using a 

home-made set-up which is based on semi (or quasi)-adiabatic heat pulse method. The 

Cp(T) has been measured in the temperature range of 5 to 200 K. Using this set-up, 

measurements of four samples can be performed simultaneously [15]. In this method, few 

hundred milligrams of is placed on the microcalorimeter platform (sample holder) using 

glue N-grease has used to avoid uncontrolled heat exchanger. In this method, “First 

thermalized the sample at particular temperature by heating by which heater heats the 

sample platform for a fixed time and after that heater is switching off the heater and the 

system relaxes adiabatically back to initial temperature and relaxation time constant has 

estimated”. The specific heat (Cp) can be obtained by relaxation time constant [22]. 

Repeating the same measurement at different temperature ranges has yield temperature-

dependent specific heat. In short, the specific heat is the adding and removing a certain 

amount of heat from the system and monitoring the change in temperature at constant 

pressure [Cp = (dQ/dT)p]. 

2.5 Conclusions 

The series polycrystalline samples with perovskite structure of SrRu1-xTixO3 (x = 0.0, 0.1, 

0.2, 0.3, 0.4, 0.5 and 0.7) and SrRu1-xGaxO3 (x = 0.0, 0.05, 0.1 and 0.2) have been 

prepared by solid-state reaction procedure. The XRD data show single-phase behavior for 

the whole series where the samples and crystallize in the orthorhombic structure of Pbnm 

space group. The XRD data have been analyzed by Rietveld refinement method and show 

no change in structure by doping. Magnetization measurements have been done with 

SQUID and PPMS magnetometer. Electrical transport behaviors of samples have been 

measured following four probe techniques.  
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Chapter 3 

 

Site dilution in SrRuO3: Effects on structural and 

magnetic properties 

 
This chapter discusses the effect of site dilution with the substitution of 

nonmagnetic element in SrRu1-xTixO3 (x ≤ 0.7) series. The nature of the ferromagnetic 

state in SrRuO3 is believed to be of the itinerant type with transition temperature Tc ~ 

162 K. Crystallographically, SrRuO3 has a distorted orthorhombic structure. 

Substitution of Ti
+4

 (3d
0
) for Ru

+4
 (4d

4
), however, does not introduce significant 

structural modification due to their matching ionic radii. This substitution, on the other 

hand, is expected to tune the electronic correlation effect and the d electron density in 

the system. With Ti substitution, we find that magnetic moment and Curie temperature 

decreases but Tc remains unchanged which has been attributed to opposite tuning of 

electron correlation effect and density of states within the framework of itinerant 

ferromagnetism. The estimated critical exponent (β) related to magnetization implies a 

mean-field type of magnetic nature in SrRuO3. The value of β further increases with x 

which is understood from the dilution effect of magnetic lattice. The system evolves to 

exhibit Griffiths phase like behavior above Tc which is usually realized in diluted 

ferromagnet following local moment model of magnetism. Our detail analysis of 

magnetization data indicates that magnetic state in SrRuO3 has contribution from both 

itinerant and local moment model of magnetism.  
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3.1 Introduction 

Understanding the effect of disorder on ferromagnet (FM) is a long-standing issue 

in condensed matter physics. Of particular interest is itinerant ferromagnet which is 

realized in the framework of Stoner criterion, i.e., UN (єF) > 1, where U is the intra-site 

Coulomb repulsion or electronic correlation energy, and N(єF) is the density of states 

(DOS) at Fermi level [1]. In fact, based on U the itinerant FMs are classified into weak 

and strong limit where the correlation effect is weak and strong, respectively. The 

prototype examples for weak itinerant FMs are ZrZn2 [2], Ni3Al [3], etc. while Fe is a 

well-known itinerant FM with strong correlation effect [4]. There are, however, many 

itinerant FMs where the strength of U falls in intermediate range. Therefore, introducing 

disorder in the form of chemical impurity, which is expected to tune either or both the U 

and N(єF) parameters, appears to be an effective route to understand the magnetism of 

original system. 

The 4d based transition metal oxide SrRuO3 is a commonly believed itinerant FM 

which has shown many interesting properties [5]. Usually, 4d transition metals have an 

intermediate strength of U and spin-orbit coupling (SOC) effect compared to its 3d and 

5d counterparts which show prominent U and SOC, respectively. The SrRuO3 crystallizes 

in orthorhombic symmetry with distorted perovskite structure (GdFeO3 - type) where 

RuO6 octahedra exhibit both tilt and rotation [6]. In spite of the large volume of studies, 

the nature of magnetism, as well as strength of U in this material, remains highly debated. 

This material has long-range ferromagnetic transition temperature Tc ~ 162 K. However, 

the magnetic moment even measured in the high magnetic field (1.4 μB/f.u.) turns out 

lower than its calculated spin-only value 2 μB/f.u [6]. Electrical transport data show 

throughout metallic behavior though there is a slope change in resistivity around Tc due 

to reduced spin fluctuation [7]. The x-ray photoemission spectroscopy (XPS) study 

reports U is significantly weak in SrRuO3 [8]. On the other hand, experimental studies, 

for instance, photoemission spectroscopy (PES) [9, 10], angle-resolved photo emission 

spectroscopy (ARPES) [11], optical spectroscopy [12] have shown non-negligible 

strength of U which is in favor of local moment behavior. A recent band theory 

calculation employing combination of density functional theory (DFT) and dynamical 
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mean-field theory (DMFT) has shown weak itinerant type FM behavior below Tc and 

local residual magnetic moment behavior above Tc, indicating a dual presence of weak 

itinerant and local moment behavior in SrRuO3 [13]. With this picture, it is required to 

understand the nature of magnetism in SrRuO3 more clearly, and introducing the 

chemical impurity to tune N(єF) and U would be an efficient route in this regard. 

Recently, a drastic variation of Tc with film thickness has been shown for SrRuO3 which 

has been attributed to the change in N(єF) in ultrathin films of this material [19].  

         In this study, we report an evolution of structural and magnetic properties in SrRu1-

xTixO3 (x ≤ 0.7) where the substitution of nonmagnetic Ti
+4

 (3d
0
) for Ru

+4
 (4d

4
) amounts 

to dilution of the magnetic network (Ru-O-Ru) in the original system. There have been 

several experimental and theoretical studies [8, 10, 14-18] investigating transport and 

electronic properties in SrRu1-xTixO3 but the evolution magnetic properties have not been 

looked yet in details. The introduction of Ti
+4

, on the other hand, is less likely to induce 

any major structural modification as both the elements have very close ionic radii (Ru
+4

 = 

0.62 Å and Ti
+4

 = 0.605 Å). Following this substitution of Ti
+4

, one can expect an 

increase in U and depletion of electrons in the original system due to its 3d
0
 character. 

These changes in U and N(єF) will definitely influence the magnetic behavior according 

to the itinerant model of FM. In fact, PES study has shown that along with a coherent 

peak there is a presence of incoherent peak below the Fermi level in SrRuO3, which 

implies a presence of non-negligible U [10]. This study further shows that, with 

increasing x, the ratio between incoherent and coherent peaks increases and the DOS at 

Fermi level N(єF) depletes. Band structure calculation employing GGA + U technique has 

also shown an increase of U with Ti substitution [17]. On the other hand, following the 

picture of a local spin model of FM the dilution of spin interaction along Ru-O-Ru bond 

would modify the Tc as well as magnetic moment. This dilution may further induce 

Griffiths phase [20] behavior above Tc as has been observed in Sr1-xCaxRuO3 where the 

dilution is realized due to suppression of Ru-O-Ru bond angle with Ca doping [21]. 

           Our studies show that the original orthorhombic structure is retained with Ti 

substitution in SrRu1-xTixO3 (x up to 0.7) though structural parameters modify with x. 

While the Tc remains almost unchanged in this series, we find both magnetic moment and 
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Curie temperature decrease with x. For undoped SrRuO3, the critical exponent (β) related 

to magnetization shows value close to the mean-field model which increases with Ti 

reaching about 1 for the highest doped sample (x = 0.7). Furthermore, the doped samples 

exhibit GP like behavior above Tc where the behavior is prominently observed for x ≥ 

0.4. The analysis of thermal demagnetization data both itinerant and local-moment type 

of magnetism is present in SrRuO3.            

3.2 Experimental Details 

Polycrystalline samples of SrRu1-xTixO3 with x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.7 have 

been prepared using solid-state route. The ingredient powder materials of SrCO3, RuO2 

and TiO2 with phase purity greater than 99.99 % (Sigma-Aldrich) are taken in 

stoichiometric ratio and ground well. The mixed powders are heated in air at 1000 ℃ for 

24 h with for two times with an intermediate grinding. The calcined powders are then 

palletized and sintered at 1100 ℃ and 1150 ℃ for 36 h each time with an intermediate 

grinding. The phase purity of the samples is checked using powder x-ray diffraction 

(XRD) with a Rigaku MiniFlex diffractometer with CuKα radiation. The data have been 

collected in 2θ range of 10‒90º at a step of 0.02º. To understand the structural evolution 

in this series, XRD data have been analyzed with Rietveld refinement program. DC 

magnetization (M) measurement is done using a superconducting quantum interference 

device (SQUID) magnetometer (Quantum Design). 

3.3 Results and Discussions 

3.3.1 Structural study 

Figure 3.1 shows room temperature XRD pattern for SrRu1-xTixO3 series with x = 0.0, 

0.1, 0.2, 0.3, 0.4, 0.5 and 0.7. The XRD pattern with diffraction peaks for the parent 

material (x = 0.0) matches well with the reported study [21]. With this substitution of Ti 

for Ru, major structural modification is not expected considering their matching ionic 

radii (Ru
+4

 = 0.62 Å and Ti
+4

 = 0.605 Å). Indeed, Figure. 3.1 shows XRD pattern does 

not modify significantly with x except a peak at 2θ ~ 40º, which is minimally present in x 

= 0 compound, its intensity gradually increases with Ti. The XRD pattern has been 

analyzed using Rietveld refinement program [22].  
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Figure 3.2 shows representative XRD data along with Rietveld refinement for two end 

members of this series i.e., x = 0.0 and 0.7. The refinement shows material with x = 0 

(SrRuO3) crystallizes in orthorhombic structure with Pbnm symmetry [Figure 3.2(a)]. For 

the present SrRu1-xTixO3 series, earlier studies have shown different evolution of 

structural phase with increasing amount of Ti. For instance, Cuffini et al. [23] have 

shown that crystallographic structure changes from orthorhombic (x = 0) to cubic phase 

with x between 0.4 and 0.5.  

 

Figure 3.1 Room temperature XRD pattern of SrRu1-xTixO3 series. 

Bianchi et al. [16] have shown that the system retains its orthorhombic structure till x = 

0.6 and above this, it changes to the tetragonal structure and finally changes to cubic 

structure for x > 0.7. Recently, Jang et al. [24] has reported a single-phase orthorhombic 

structure up to x = 0.1, then double-phase structure (orthorhombic and cubic) till x = 0.5 
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and after that a single-phase cubic structure for x > 0.5. A single-phase orthorhombic 

structure has also been shown for x up to 0.6 [8]. 

 

Figure 3.2 The room temperature XRD pattern along with Rietveld refinement taking 

orthorhombic-Pbnm structure has been shown for (a) SrRuO3 and (b) SrRu0.3Ti0.7O3. 

Inset in (b) shows χ
2
 value of Rietveld fitting for SrRu1-xTixO3 series with rhombohedral 

(R), cubic (C), tetragonal (T) and orthorhombic (O) structure. 

 

For all the materials in the present SrRu1-xTixO3 series with x ≤ 0.7, we have tried to 

analyze the XRD data with all possible orthorhombic (Pbnm), tetragonal (I4/mcm), 

rhombohedral (𝑅3̅𝑐) and cubic (𝑃𝑚3̅𝑚) structure using Rietveld refine program. For 



CHAPTER ‒ 3  

Site dilution in SrRuO3 : Effects on structural and magnetic properties 

 
 

42 
 

SrRuO3 [Figure 3.2(a)], we find an orthorhombic structure with Pbnm symmetry which is 

in agreement with majority of earlier studies [6, 7, 16, 23, 24]. With Ti substitution (x up 

to 0.7), we find the same orthorhombic-Pbnm structure is the best fitted one for whole 

series. While it has been previously shown that there is a phase transition from 

orthorhombic structure to more symmetric tetragonal or cubic structure above x in range 

of 0.5 or 0.7 [16, 23], but we observe that original orthorhombic structure continues to be 

the best fitted structural phase till x = 0.7 in this series.  

For completeness, statistical goodness of fit, which is gauged by χ
2
 value in Rietveld 

refinement, has been given for whole series as found with orthorhombic, tetragonal, 

rhombohedral and cubic structure in inset of Figure 3.2(b). As evident in figure, Rietveld 

refinement with orthorhombic structure gives the lowest χ
2
 value for whole series with x 

up to 0.7. Figure 3.2(b) displays XRD pattern with Rietveld refinement with 

orthorhombic-Pbnm structure for SrRu0.3Ti0.7O3 showing reasonably good fitting of data. 

Here it can be mentioned that where other studies have reported structural phase 

transition from original orthorhombic structure around 50 to 70% of Ti substitution in 

SrRu1-xTixO3 series [16, 23], our results demonstrating continuity of orthorhombic 

structure till 70% of Ti concentration is in conformity with earlier results. Moreover, 

considering the matching ionic radii as well as the ionic state of Ru and Ti, it is more 

likely that doped SrRu1-xTixO3 materials will produce single and homogeneous structural 

phase rather than a situation of phase coexistence.    

Figure 3.3 shows composition dependent evolution of lattice parameters i.e., a, 

b, c and volume V related to orthorhombic-Pbnm phase for the present SrRu1-xTixO3 

series. It is seen in the figure that lattice parameters as well as volume decrease with Ti 

concentration, except the parameter c which initially increases with x. The decrease of 

volume with Ti concentration can be explained with reduced ionic size of Ti
4+

 

compared to Ru
4+

, and the similar behavior has also been observed by Cuffini et al. 

[23]. As expected, Ti substitution has not occurred any major structural modification as 

for the maximum doped (x = 0.7) sample structural parameters (Figure 3.3) modify only 

in the range of (0.2 - 0.5%).  
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Figure 3.3 Unit cell parameters (a) a, (b) b, (c) c and (d) volume V as determined form 

Rietveld analysis using room temperature XRD data have been shown with Ti 

concentration (x) for SrRu1-xTixO3. Lines are guided to eyes. 
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3.3.2 Zero field cooled and field cooled magnetization data 

Temperature dependent magnetization data measured in 100 Oe magnetic field following 

zero field cooled (ZFC) and field cooled (FC) protocol for series SrRu1-xTixO3 have been 

shown in figure 3.4. Figure 3.4(a) shows M(T) for samples with x = 0.0, 0.1, 0.2 and 0.3 

and the Figure 3.4(b) shows the same for x = 0.4, 0.5, and 0.7. The insets of both the 

figures show ZFC magnetization data in the limited temperature range. It is seen in 

Figure 3.4(a) that ZFC and FC branches of magnetization data for parent compound with 

x = 0.0 bifurcates at temperature ~162 K.  

The inset of Figure 3.4(a) shows MZFC for x = 0.0 shows a peak around this temperature 

which is believed to be the ferromagnetic ordering temperature Tc in this material. The 

large bifurcation between MFC and MZFC indicates the material SrRuO3 has large 

anisotropy. With dilution of magnetic lattice in SrRuO3 by substitution of nonmagnetic 

Ti
4+

, the magnetization data in Figure 3.4 is quite interesting. For samples with x = 0.0, 

0.1, 0.2 and 0.3, the bifurcation temperature between MZFC and MFC as well as peak 

temperature in MZFC remains almost same though the value of MFC decreases. The similar 

features are also observed for higher doped samples (x = 0.4, 0.5 and 0.7) as evident in 

Figure 3.4(b). It is rather intriguing that site dilution in terms of substitution of Ti
4+

 at 

Ru
4+

 site decreases the moment but the ferromagnetic ordering temperature Tc appears to 

remain unchanged.      

Table 3.1 The characteristic temperatures Tc, Tc
R
 and TG are given for SrRu1-xTixO3 

series. 

Samples (x) Tc (K) Tc
R
 (K) TG (K) 

0.0 162.7   

0.1 162.6   

0.2 162.9   

0.3 162.6   

0.4 162.6 162.7 170.6 

0.5 162.9 160.7 169.4 

0.7 162.9 161.3 169.9 
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Figure 3.4 Temperature dependent magnetization data measured in 100 Oe following 

ZFC and FC protocol have been shown for SrRu1-xTixO3 series with (a) x = 0.0, 0.1, 0.2, 

0.3 and (b) x = 0.4, 0.5, 0.7. Insets show the zero field cooled magnetization data in 

expanded scale close to Tc. 

 

3.3.3 Thermal demagnetization study 

To understand the magnetic nature of SrRuO3 in further detail, we have analyzed the 

low temperature magnetization rather demagnetization data. Figure 3.4 shows at low 

temperature MFC(T) continuously decreases with temperature. This thermal 
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demagnetization can be explained both within the scenario of localized as well as 

itinerant model of spin interaction. In the localized model, the thermal demagnetization of 

M(T) occurs due to excitation of spin-wave (SW) where the magnetization decreases 

following Bloch law as [31]; 

𝑀(𝑇) = 𝑀(0)[1 − 𝐵𝑇3 2⁄ ]     (3.1) 

 where M(0) is the magnetization at 0 K, and B is the coefficients. The spin-

wave stiffness constant D can be calculated as;   

𝐷 =  
𝑘𝐵

4𝜋
[

2.612𝑔 𝜇𝐵

𝑀(0)𝜌𝐵
]

2 3⁄

    (3.2) 

 where kB is the Boltzmann constant and ρ is the density of material. 

On the other hand, in itinerant or band model of magnetism, the origin of magnetization 

is considered to arise due to the displacement between spin-up and spin-down sub-band. 

The thermal demagnetization in this model is explained with the excitation of electron 

from one sub-band to another one. For strong itinerant type of FM, where one sub-band is 

completely filled and another one is partially filled, the single-particle excitation or 

thermal demagnetization is described as; 

𝑀(𝑇) = 𝑀(0) [𝐴 𝑇3 2⁄ 𝑒
(−

∆

𝑘𝐵𝑇
)
]    (3.3) 

where A is the coefficient, kB is the Boltzmann constant and Δ is the energy gap 

between the top of full sub-band and Fermi level. For the weak itinerant, where both the 

sub-bands are partially filled and have empty states at Fermi level, the single-particle 

excitation follows as; 

𝑀(𝑇) = 𝑀(0)[𝐴 𝑇2]    (3.4) 

where A is the coefficient. However, the simultaneous presence of both localized and 

itinerant model in same material is possible.  

In an aim to understand the nature of magnetism vis-𝑎̀-vis thermal demagnetization 

process in SrRu1-xTixO3, we have analyzed the MFC(T) data (Figure 3.4) with the above 

discussed models. The fitting with only Eq. (3.1) for the spin-wave model has not given 

good fitting. Regarding sithe ngle-particle model, the Eq. (3.3) cannot be a valid model 

for thermal demagnetization as the spin polarization for SrRuO3 is much lower than 
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100% [32, 33]. Similarly, Eq. (3.4) alone did not give good result. Therefore, we have 

tried to fit the magnetization data taking combination of Eq. (3.1) and (3.4). The inset of 

Figure 3.5 shows MFC(T) data along with fitting with combination of Eq. (3.1) and (3.4) 

i.e., with M(T) = M(0) [1 - BT
3/2

 - AT
2
] up to temperature range 0.4 Tc for SrRuO3. We 

obtain fitting parameters as, M(0) = 0.463 μB/f.u., B = 9.0 × 10
-5

 K
-3/2

 and A = 1.17×10
-5

 

K
-2

. These obtained values of coefficient B and A match well with the earlier reported 

values [34]. Using Eq. (3.2), we have calculated spin wave stiffness constant D = 264.9 

meVÅ
2
. Furthermore, exchange coupling constant (J) between nearest-neighbor magnetic 

atoms has been calculated to be 37.6 kBK following B = (0.0587/S)[(kB)/(2SJ)]
3/2

 where S 

(=1) is the localized atomic spin [31]. 

 

 

Figure 3.5 Spin-wave stiffness constant D as a function of Ti doping concentration. Inset 

shows fitting of magnetization data using Eq. (3.1) and (3.4). 
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For the doped materials, we have analyzed demagnetization data and estimated stiffness 

constant D following the above mentioned procedure for x up to 0.4. For the materials 

with x > 0.4, the magnetic lattice is so diluted that analysis did not yield good result. The 

estimated D has been shown in main panel of Figure 3.5 which shows its value increases 

with x. Given that Tc remains constant and also the number of nearest neighbor magnetic 

atoms decreases with replacing magnetic Ru
+4

 by nonmagnetic Ti
+4

, this increase of D is 

quite interesting. Though it needs further investigation, we explain this increase of D 

primarily due to the fact that Ti severs the Ru-O-Ru magnetic channel for the propagation 

of spin-waves; hence the stiffness constant value increases.  

3.3.4 Nature of magnetic state and critical exponent for temperature 

dependent magnetization 

The nature of magnetic interaction in FM is usually characterized by set of critical 

exponents associated with different universality classes [28]. These universality classes 

are decided by the dimensionality of lattice (d) and the dimensionality of the spin system 

(n) where they do not depend on the microscopic details of the system. For the present 

series of samples, we have extracted the critical exponent β which is related with the 

temperature dependent magnetization near Tc as following, 

𝑀 =  𝑀0(𝑇𝐶 − 𝑇)𝛽     (3.5) 

The inset of Figure 3.6 shows representative fitting of MFC data of SrRuO3 near Tc (up to 

~ 0.8Tc) using Eq. (3.5), where M0, Tc and β have been kept as free fitting parameters. 

This fitting gives exponent β = 0.48(2). This value of β is very close to the theoretically 

predicted value (0.5) for mean-field spin interaction model. Moreover, this value is 

consistent with the other report showing spin interaction in SrRuO3 follows mean-field 

model [29]. The obtained Tc is also close to the value estimated from temperature 

derivative of ZFC magnetization (table 3.1). 

The main panel of Figure 3.6 shows composition dependent evolution of β. The figure 

shows that value of β increases with Ti substitution reaching close to 1.0 in highest doped 

material (x = 0.7). These values of β above 0.5, however, cannot be ascribed to any of the 
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known universality classes related to standard models. Nonetheless, this systematic 

evolution of exponent β with Ti substitution is quite intriguing. The similar evolution of β 

has also been observed for isovalent doped Sr1-xCaxRuO3 [29].  

 

Figure 3.6 The evolution of critical exponent β (Eq. 3.5) with x has been shown for 

SrRu1-xTixO3 series. Inset shows field cooled magnetization data along with fitting due to 

Eq. (3.5). 

In case of Sr1-xCaxRuO3, FM is weakened with Ca substitution and Tc is completely 

suppressed at x ~ 0.7 [6, 29]. This increase of exponent β has been related to phase 

segregation between strongly coupled regimes surrounded by regimes with diluted FM 

spin-spin interaction [29]. This is supported by the fact that χ
-1

(T) above Tc in Sr1-

xCaxRuO3 exhibit anomalous behavior showing Griffiths singularity which is 

characterized by preformed FM clusters in PM state [21]. It is worthy to note that with 

substitution of another isovalent ion Ba
2+

, which has higher ionic radii than Sr
2+

, in Sr1-

xBaxRuO3 the exponent β decreases and the end member BaRuO3 shows exponents in 



CHAPTER ‒ 3  

Site dilution in SrRuO3 : Effects on structural and magnetic properties 

 
 

50 
 

agreement with 3D Heisenberg interaction where χ
-1

(T) shows conventional Curie-Weiss 

type behavior (Tc ~ 60 K) [21, 30]. In present SrRu1-xTixO3, however, site dilution by Ti 

substitution results in a situation where the ferromagnetically aligned clusters surrounded 

by nonmagnetic matrix evolves and the size of those clusters increasingly decreases with 

substitution. This is evident within Figure 3.5 where the GP behavior is strengthened with 

x. It is interesting to see the similar type of evolution of critical exponent β with the 

chemical substitution both at Sr- and Ru-site.      

3.3.5 Griffiths phase behavior     

Figure 3.7 shows temperature dependence of inverse susceptibility [χ
-1

 = (M/H)
-1

] for 

the selected samples with x = 0.0, 0.3, 0.4, 0.5 and 0.7 for SrRu1-xTixO3 series. The 

figure shows that χ
-1

(T) shows fairly linear behavior at high temperature above Tc 

following Curie-Weiss (CW) behavior (discussed later). However, the χ
-1

(T) shows a 

sharp downfall immediately above Tc for higher doped samples which indicates CW 

behavior is exactly not followed in this temperature regime. This sudden and sharp 

downfall in χ
-1

(T) in the vicinity of Tc is understood with the scenario of the Griffiths 

phase (GP) behavior which is caused by phase inhomogeneity above Tc [20]. The GP 

was originally discussed for the diluted using ferromagnet with random distribution of 

nearest-neighbor exchange constant J and 0 having probability p and 1-p, respectively. 

It has been shown that for p less than critical value pc, long-range FM ordering cannot 

survive in the system. For 1 ≥ p ≥ pc, system can have long-range magnetic ordering 

although transition temperature Tc(p) is lower than that Tc (p = 1) of undiluted system. 

Conventionally, the Tc (p = 1) is called the Griffiths temperature TG which is 

determined as the temperature where χ
-1

(T) starts to deviate from linear behavior in 

high temperature PM state. The temperature range between TG and Tc(p) is called 

Griffiths phase regime where the system exhibit neither perfect FM ordering nor PM 

behavior. Rather, there exist ferromagnetically ordered finite size clusters embedded in 

PM background. Due to the presence of clusters, magnetization shows nonanalytic 

behavior. As a result, susceptibility diverges which is demonstrated by sharp downturn 

in χ
-1

(T) [25, 26]. 
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The χ
-1

(T) data in Figure 3.7(a) shows a sudden and sharp downturn immediately above 

Tc for higher doped samples which is prominent for x > 0.3. This behavior qualitatively 

shows GP like behavior which is reinforced with site dilution. In a quantitative manner, 

Griffiths singularity is characterized by the following relation [27]; 

𝜒−1 =  (𝑇 −  𝑇𝐶
𝑅)1−𝜆    (3.6) 

where λ is the exponent (0 < λ ≤ 1) and Tc
R
 is the random critical temperature at which 

the magnetic susceptibility tend to diverge. This Eq. (3.6) is a modified form of Curie-

Weiss law for which λ = 0. The finite value of λ arises due to the formation of FM 

clusters in PM regime, therefore, higher the value of λ stronger is the GP behavior. Figure 

3.7(b) shows log10-log10 plot of Eq. (3.6) for samples with x = 0.4, 0.5 and 0.7 where the 

GP behavior is prominently observed in Figure 3.7(a). The straight lines in low 

temperature GP regime [Figure 3.7(b)] are due to fitting following Eq. (3.6) which is an 

indicative of Griffiths singularity in these materials. These straight line fittings give 

values of exponent λ as 0.46, 0.72 and 0.75 and values of Tc
R
 as 162.7, 160.8 and 161.3 K 

for x = 0.4, 0.5 and 0.7, respectively. The obtained Tc
R
 values are quite close to respective 

Tc (~163 K) of these three materials. The TG which is usually determined as an onset 

temperature for downturn in χ
-1

(T) [26], interestingly, has been found to be  ̴ 166.8 K for 

all the samples, in that sense GP regime (TG - Tc) is relatively narrow in present samples. 

The increasing value of exponent λ with x implies GP behavior is strengthened with site 

dilution effect. 

         We have further examined the GP behavior in varying magnetic fields. Figure 

3.7(c) shows χ
-1

(T) for representative x = 0.5 sample in magnetic field 100 and 1000 Oe. 

It is seen in figure that downturn in χ
-1

 across Tc is reduced with increasing field. This can 

be explained as in higher fields the magnetic response from paramagnetic background 

becomes substantial to dominate over that from magnetic clusters. This leads to 

weakening of divergence of susceptibility and the χ
-1

(T) tends to be linear. The similar 

behavior has also been observed in many other materials [25, 26]. Figure 3.7(d) shows 

fitting of susceptibility data using Eq. (3.6) for x = 0.5 sample with 100 and 1000 Oe 

magnetic field similar to Figure 3.7(b). From straight line fitting, we obtain exponent λ = 
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0.72 and 0.78, and Tc
R
 = 160.8 and 161.4 K for field 100 and 1000 Oe, respectively. The 

Tc
R
 values are close to its Tc (~163 K), and increase with magnetic field. 

 

Figure 3.7 (a) Shows temperature dependence of inverse magnetic susceptibility for 

SrRu1-xTixO3 series with x = 0.0, 0.3, 0.4, 0.5 and 0.7. (b) Inverse susceptibility has been 

plotted following Eq. (3.6) on log10 - log10 scale with x = 0.4, 0.5 and 0.7. (c) Shows 

inverse susceptibility for x = 0.5 sample in different magnetic fields. (d) Shows same 

plotting as in (b) for x = 0.5 sample with different magnetic fields. The straight lines in 

(b) and (d) are due to fitting with Eq. (3.6). 

 

Here we mention that a close inspection in figure 3.7(a) reveals χ
-1

 for parent SrRuO3 as 

well as for low doped samples (x up to 0.3) show a weak downturn across Tc which 

becomes more prominent above x = 0.3. While this downturn in χ
-1

 for these low doped 
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samples starts almost at the same temperature of higher doped samples (TG ~170 K, see 

table 3.1), the fitting with Eq. (3.6) for χ
-1

 data, however, does not give good result, 

probably due to weak nature of GP behavior. For this reason, we have not reported GP 

characteristic temperatures i.e. Tc
R
 and TG for low doped samples in table 3.1. While TG is 

considered to be the FM ordering temperature of undiluted original system, the present 

TG (~ 170 K) being slightly higher than the Tc (~163 K) of SrRuO3 is not unusual as 

many parent materials are seen to show GP behavior where the essential disorder is 

realized coming from structural disorder or ionic mismatch [26]. For SrRuO3, we observe 

very weak downturn in χ
-1

 because measurements are done in very low field (100 Oe) but 

the measurements done in high field (1000 Oe) do not show such behavior [21], as the 

effect of magnetic field on GP behavior is seen in figure 3.7(c). The appearance of GP 

behavior in present series is quite intriguing as the original SrRuO3 is believed to be an 

itinerant type FM. However, signature of GP has been evidenced in isovalent doped Sr1-

xCaxRuO3 which the authors have ascribed to the fact that suppression of Ru-O-Ru bond 

angle with Ca substitution dilutes FM interaction through Ru-O-Ru bonds, hence GP 

behavior is induced [21]. The GP picture is further supported by a recent band calculation 

using DFT and DMFT approach showing presence of both itinerant and local moment 

model of magnetism in SrRuO3, particularly local type magnetic moment persists above 

Tc [13]. In this scenario, we believe that GP behavior arises as a consequence of site 

dilution which renders small size ferromagnetically aligned clusters above Tc. The sizes 

of clusters are further reduced with Ti substitution which is evident from increasing value 

of exponent λ. Nonetheless, observed GP behavior brings out the local moment aspect of 

SrRuO3.  

3.3.6 High temperature paramagnetic state and Curie-Weiss behavior 

To understand the high temperature magnetic state, we have analyzed the magnetization 

data in terms of modified Curie-Weiss law; 

                                    𝜒 =  𝜒0 +  
𝐶

𝑇− 𝜃𝑃
      (3.7) 

where χ is the magnetic susceptibility, 𝜒0 is the temperature independent susceptibility, 

C is the Curie constant and θP is the Curie temperature. The inset of Figure 3.8(a) shows 
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temperature dependence of inverse susceptibility χ
-1

 for SrRuO3 in high temperature 

regime above Tc. The χ
-1

(T) rather shows linear behavior in PM state. 

 

Figure 3.8 (a) The calculated and experimentally determined effective PM moment μeff 

have shown with x. The inset shows temperature dependent inverse susceptibility for 

SrRuO3 and the straight line fitting due to Eq. (3.7), (b) shows Curie temperature θP 

against Ti concentration (Eq. 3.7). 
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The Eq. (3.7) has been fitted with χ
-1

(T) data in temperature range between 200 to 300 K 

as shown in figure. The reasonably good fitting suggests magnetic susceptibility follows 

Curie-Weiss behavior. The fitting yields 𝜒0= 2.56 × 10
-4

 emu mole
-1

 Oe
-1

, C = 0.88 emu 

K mole
-1

 Oe
-1

 and θP = 160 K. Using this obtained Curie constant C, the effective PM 

moment μeff has been calculated to be 2.65 μB/f.u. This experimentally obtained value for 

μeff is close to the expected value 2.83 μB/f.u which has been calculated for spin-only 

moment 𝑔√𝑆(𝑆 + 1) μB with S = 1. These values of θP and μeff reasonably agree with 

other studies [6, 8]. We find Curie-Weiss behavior is followed for whole series of 

samples at high temperatures [Figure 3.7(a)]. Figure 3.8(a) shows composition dependent 

both experimentally observed and expected values of μeff for SrRu1-xTixO3 series. As 

evident in figure, both values of μeff decreases with Ti substitution. While the expected 

value of μeff decreases linearly the observed μeff is not linear with x. Interestingly, the 

observed μeff is lower than the expected one for x = 0, but it crosses over around x = 0.1 

and shows higher value with further increase of x. This can be explained from preformed 

FM clusters above Tc giving a higher value of μeff which is also corroborated with the GP 

behavior as seen in Figure 3.7. The value (160 K) of θP for SrRuO3 turns out to be close 

to the bifurcation temperature (162 K) between MZFC and MFC (Figure 3.4). Moreover, the 

positive value of θP shows spin interaction is of ferromagnetic in nature. The θP as a 

function of Ti concentration is plotted in Figure 3.8(b) which shows θP does not decrease 

significantly and remains positive with x up to 0.7. This underlines the fact that though 

FM ordering is weakened but it survives with nonmagnetic Ti
+4

 substitution as high as 

70% which is in sharp contrast with isovalent doped Sr1-xCaxRuO3 where FM ceases to 

exist beyond 70% of Ca doping [6].  

3.3.7 Magnetic field dependent magnetization study 

The magnetic field dependent magnetization data collected at 5 K up to field 70 kOe have 

been shown in Figure 3.9. The undoped material SrRuO3 shows a large hysteresis with 

coercive field ̴ 4800 Oe which matches with previous data [34]. At 70 kOe, the M(H) 

data, however, do not saturate and continue to increase with smaller slope.  
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Figure 3.9 The isothermal magnetization data with field at 5 K are shown for SrRu1-

xTixO3 series. Inset shows value of moment at 70 kOe obtained from main panel with x. 

At 70 kOe, we get moment μH about 1.25 μB/f.u. which turns out smaller than the 

spin-only expected value 2 μB/f.u. for total spin S = 1. Here, it can be mentioned that 

moment in SrRuO3 does not attain its expected full value in magnetic field as high as 30 

Tesla [6]. This low value of moment is believed to arise due to the itinerant magnetic 

character of SrRuO3. With increasing substitution of Ti, the moment decreases (inset of 

Figure 3.9) though not linearly as expected from site dilution with nonmagnetic atom.    

3.3.8 Analysis of Arrott plot and spontaneous magnetization 

We have further analyzed the M(H) data in terms of Arrott plot which is plotting of M
2
 vs 

H/M [35]. The intercept of the slope in the Arrott plot, which basically gives moment at 

H = 0 and amounts to a spontaneous moment (Ms), is very useful to understand the 

magnetic nature of a material. While negative intercept implies a non-ferromagnetic 
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nature the positive value of intercept straightforwardly shows a ferromagnetic nature of 

material. Figure 3.10 shows Arrott plot of M(H) data taken at 5 K for whole series. As 

evident in the figure, the intercept of slopes taken in high field regime gives positive 

values for all the samples which suggest ferromagnetic ordering survives till highest 

concentration of Ti substitution (70 %). Inset of Figure 3.10 shows estimated Ms against 

material composition (x) showing Ms decreases with Ti following a similar trend of μH in 

Figure 3.9. 

 

 

Figure 3.10 The M(H) data plotted in the form of M
2
 vs H/M (Arrott plot) for SrRu1-

xTixO3 series. Inset shows spontaneous moment Ms as obtained from Arrott plot with Ti 

concentration. 

Now we check the Rhodes-Wohlfarth criterion [36] which is usually used to distinguish 

between the localized and itinerant model of magnetization based on a number of 

magnetic carriers per atom qc and qs. The qc is estimated from effective PM moment μeff 
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following 𝜇𝑒𝑓𝑓 = 𝑔 √𝑆(𝑆 + 1), where S is the effective spin per atom giving S = qc/2. 

The qs is obtained from low temperature saturation moment which is basically equals to 

μH. In case of localized moment, qs or μH is realized from fully aligned moment, hence 

qc/qs ~ 1. For itinerant magnetism, μH is always lower than the fully aligned moment 

which results in qc/qs > 1. We calculate qc [from Figure 3.7(a)] and qs (from Figure 3.9) to 

be 1.82 and 1.25, respectively giving qc/qs ratio 1.46. This ratio being higher than 1 

obviously implies itinerant nature of magnetism in SrRuO3, though based on all other 

studies it is inferred that magnetic state in SrRuO3 is best explained by both itinerant and 

localized model of magnetism. 

3.3.9 Electronic transport study 

SrRuO3 is known to show metallic behavior and the Ti substitution is reported to 

lead the increase in resistivity ρ (T) value showing metal to insulator transition around 

(30 – 40 %) of substitution. [7, 14, 18] With an interest to understand the evolution of 

electronic transport in SrRu1-xTixO3 series we have measured the resistivity as a function 

of temperature for whole series. The ρ (T) date have been shown in Figure 3.11 for whole 

series. The parent SrRuO3 shows metallic behavior where the value and the behavior of ρ 

(T), particularly that ρ (T) exhibits sudden change in slope across Tc, agree with the 

reported study. With Ti substitution, resistivity increases in all temperatures and the 

series show a transition from metallic to insulating behavior around x = 0.4. This 

evolution of ρ (T) with Ti substitution agrees very much with the reported studies. This 

further establishes that good quality of samples has been used in the present study (detail 

study in chapter 6). 
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Figure 3.11 Resistivity as a function of temperature have been shown with (a) x = 0.0, 

0.1, 0.2, 0.3, 0.4 and (b) 0.5 and 0.7 for SrRu1-xTixO3 series. 
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3.3.10  Behavior of transition temperature Tc with site dilution 

So far we have seen that SrRuO3 has both itinerant and local type of magnetism. With Ti 

substitution, magnetic moment and Curie temperature θP decreases but surprisingly Tc is 

found remain unchanged. Following local moment model the magnetic moment, θP and 

Tc are subjected to site dilution as it will weaken the FM state [31]. In the itinerant 

magnetism model, Tc shows following functional dependence,  

𝑇𝑐 ∝ [1 −  
1

𝑈𝑁(∈𝐹)
]

1 2⁄

           (3.8) 

In the present series of SrRu1-xTixO3 materials, the replacement of Ru
+4

 (4d
4
) by 

Ti
+4

 (3d
0
) is expected to strengthen U and weaken N(єF) owing to its 3d

0
 character. 

Indeed, depletion of N(єF) and an increase of U has been theoretically calculated and 

experimentally verified by using photoemission spectroscopy and x-ray absorption 

spectroscopy with an increase in Ti substitution [10, 17]. We speculate that these 

opposite changes of U and N(єF) will keep the UN(єF) term in Eq. (3.8) nearly constant 

which has resulted in Tc without modification. While some of the experimental results 

such as Curie-Weiss behavior, Griffiths phase behavior, spin-wave excitation can be 

explained with local model magnetism, on the other hand, the low moment, single-

particle excitation and unmodified Tc can be understood form itinerant aspect magnetism 

in SrRuO3. The findings in our present work are in conformity with recent theoretical 

calculations [13]. We hope that our results will inspire further theoretical and 

experimental investigations using different kind of doping elements to understand this 

intriguing physics of itinerant ferromagnetism. 

 

3.4 Conclusion 

In summary, polycrystalline samples of SrRu1-xTixO3 series with x up to 0.7 have 

been prepared to understand the effect of site dilution on structural and magnetic 

properties. The parent material SrRuO3 crystallizes in orthorhombic-Pbnm structure 

having GdFeO3 type crystallographic distortion where RuO6 octahedra exhibit both tilt 

and rotation. With progressive Ti substitution, structural symmetry is retained though 
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evolution of structural parameters has been observed. Magnetic moment and Curie 

temperature (θP) are observed to decrease with this dilution work. However, long-range 

magnetic ordering temperature Tc remains unchanged which is understood from the 

opposite tuning of electron correlation effect and DOS with Ti substitution within model 

of itinerant magnetism. The estimated critical exponent β (0.48) shows nature of 

magnetism in SrRuO3 is of mean-field type, and an increase of β with x has been ascribed 

to development of FM clusters with Ti substitution. Interestingly, similar to isovalent 

doped Sr1-xCaxRuO3, these materials exhibit Griffiths phase like behavior in higher doped 

samples which is again believed to arise from clustering effect above Tc and represents 

the local moment picture of magnetism in SrRuO3. Analysis of low temperature thermal 

demagnetization data is in favor of dual presence of itinerant and local moment in 

SrRuO3 in conformity with recent theoretical calculation. 
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Chapter 4 

 

 

Critical behavior in itinerant ferromagnet SrRu1-xTixO3     
                              

In this chapter, we discuss the evolution of magnetic state in doped SrRu1-xTixO3 

through studying the critical behavior using standard techniques such as modified Arrott 

plot, Kouvel-Fisher plot and critical isotherm analysis across the magnetic transition 

temperature Tc. The substitution of nonmagnetic Ti
4+

 (3d
0
) for Ru

4+
 (4d

4
) simply dilute 

the magnetic system apart from modifying the electron correlation effect and the density 

of states at Fermi level. Surprisingly, Tc does not change with x. Moreover, our analysis 

shows the exponent β related to spontaneous magnetization increases while the exponents 

γ and δ related to initial inverse susceptibility and critical magnetization, respectively 

decrease with Ti substitution. The estimated exponents do not match with any established 

theoretical models for universality classes, however, the exponent obeys the Widom 

relation and the scaling behavior. Interestingly, this particular evolution of exponents in 

the present series has similarity with that in isoelectronic doped Sr1-xCaxRuO3. We 

believe that site dilution by Ti leads to formation magnetic clusters which cause these 

specific changes in critical exponents. 

4.1 Introduction 

The 4d based perovskite SrRuO3 continues to attract large deal of scientific 

attention which includes both fundamental as well as technological interest. This material 

is commonly believed to be an itinerant type ferromagnet with transition temperature 

around 160 K, while offering a rare example of 4d based oxide having ferromagnetic 

(FM) ordering [1‒7]. The itinerant nature of the magnetic state is manifested in the fact 

that measured moment shows a lower value, ~ 1.4 μB/f.u. in the magnetic field as high as 
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30 Tesla compared to expected spin-only value, 2 μB/f.u. for S = 1 [2]. Interestingly, a 

recent theoretical study [5] has predicted the coexistence of both itinerant and localized 

nature of magnetism in SrRuO3 which has also been experimentally discussed in chapter 

3 [6]. Furthermore, the debate continues about the nature of magnetism in SrRuO3. While 

the majority of studies report mean-field like magnetic state in SrRuO3 [3, 7, 8], there are 

several studies which imply 3D Heisenberg- or Ising-type spin interaction in this material 

[9-11, 13]. Interestingly, one recent study shows that linearity in Arrott plot (signature for 

mean-field model) in SrRuO3 is mainly realized due to continuous curvature evolution 

from Ca0.5Sr0.5RuO3 to BaRuO3 via SrRuO3 as lattice distortions and spin-orbit coupling 

changes, and it is less likely due to itinerant type ferromagnetism in SrRuO3 [7]. 

Similarly, the influence of anisotropy on critical behavior where the exponent values 

change with crystal axis has also been shown for SrRuO3 [11, 12]. This underlines the 

fact that even after large volume of study, the detail nature of magnetic state in SrRuO3 is 

still debated. 

There have been several attempts to understand the nature of magnetism using 

route of chemical substitution. The most prominent one is the isoelectronic substitution at 

Sr-site. The Ca
2+

 substitution in Sr1-xCaxRuO3 shows a total suppression of FM ordering 

at about 70% of doping concentration, a phenomenon which has been associated with the 

FM quantum phase transition (QPT) phenomenon [2, 3]. Band structure calculations 

show that substitution of Ca causes further distortion in RuO6 octahedra and in Ru-O-Ru 

bond angle which effectively decreases the density of states at Fermi level N(єF). Hence 

the necessary Stoner criterion for itinerant ferromagnet is no more satisfied [4]. The 

critical behavior in Sr1-xCaxRuO3 shows an interesting evolution where the exponent β 

increases, and both γ and δ decreases with Ca doping which has been attributed to the 

effect of disorder arising from quantum fluctuation close to QPT point and phase 

segregation effect [3, 7]. On the other hand, Ba
2+

 substitution in Sr1-xBaxRuO3 lowers the 

Tc down to about 60 K and the nature of magnetism is found to follow the 3D Heisenberg 

model [14] closely. 
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In present work, we have investigated the magnetic state in SrRu1-xTixO3 by 

studying evolution of critical behavior as the related critical exponents and critical 

temperature represent an intrinsic nature of the magnetic behavior of a material. From 

structure wise, ionic radii of Ru
4+

 (0.62 Å) and Ti
4+

 (0.605 Å) closely match which 

implies this substitution will introduce minimum structural modification, hence the 

structural disorder induced modification in the magnetic state is least expected. Rather, 

nonmagnetic Ti
4+

 would simply dilute the magnetic structure formed by transition metal 

and oxygen network. Further, substitution of Ti
4+

 (3d
0
) for Ru

4+
 (4d

4
) would oppositely 

tune the electron correlation U and N(єF) which will have wide ramification on Stoner 

criteria of itinerant FM i.e., UN(єF) > 1 [15]. Even, a large change of Tc has been 

observed with variation of N(єF) in the ultra-thin film of SrRuO3 [16]. In fact, recently we 

have shown while effective magnetic moment and the Curie-Weiss temperature decreases 

in SrRu1-xTixO3 with x, the FM transition temperature Tc appears to remain unchanged 

[6]. This unchanged behavior of Tc has been understood through an opposite tuning of U 

and N(єF) in the picture of itinerant ferromagnet where the combined term UN(єF) 

effectively remains constant with Ti doping. Indeed, photoemission spectroscopy 

measurements as well as band structure calculations have shown a gradual increase of U 

and depletion of N(єF) with Ti substitution in SrRuO3 [17, 18]. With Ti substitution, 

SrRuO3 further develops Griffiths-phase like behavior which arises due to disorder 

coming from formation of magnetic clusters above Tc which has similarly been evidenced 

in Sr1-xCaxRuO3 [14]. This present series of samples share some of the properties with 

isoelectronic doped Sr1-xCaxRuO3, therefore it would be interesting to understand the 

critical behavior in SrRu1-xTixO3.    

Here, we have studied the critical behavior in SrRu1-xTixO3 series with x = 0.0, 0.1, 0.3, 

0.4, 0.5 and 0.7. We have estimated the critical exponents (β, γ, and δ) and Tc following 

various independent methods such as modified Arrott plot, Kouvel-Fisher method and 

critical isotherm analysis. The estimated exponent β for SrRuO3 is close to the value for 

the mean-field model (Table 4.1). The exponents for doped materials do not match with 

the values theoretically predicted for different universality classes based on 3-
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dimensional magnetism. The estimated exponents, however, obey the scaling law 

behavior and Widom relation which implies values are correct.  

Table 4.1 Table shows the values of critical exponents β, γ and δ determined using 

different independent methods such as modifier Arrott plot (MAP), Kouvel-Fisher (KF) 

plot and critical isotherm analysis for SrRu1-xTixO3 series. The values of exponents 

calculated theoretically following different spin interaction models are also given for 

comparison. 

 

Composition Ref. Method β Tc(Ms) γ Tc(𝝌𝟎) δ 

SrRuO3 
This 

work 

MAP 0.534(5) 164.02(1) 0.752(9) 164.09(3) 2.408(2) 

KF 

Method 
0.542(8) 164.02(3) 0.753(6) 164.08(3) 2.389(2) 

Critical 

Isotherm 
    2.389(3) 

SrRu0.9Ti0.1O

3 

This 

work 

MAP 0.592(6) 163.28(6) 0.574(2) 163.22(0) 1.969(5) 

KF 

Method 
0.592(4) 163.24(5) 0.574(3) 163.26(4) 1.969(5) 

Critical 

Isotherm 
    

1.974(5) 

 

SrRu0.7Ti0.3O

3 

This 

work 

MAP 0.752(2) 163.03(2) 0.543(9) 163.02(3) 1.722(0) 

KF 

Method 
0.747(9) 163.01(4) 0.540(7) 163.07(3) 1.722(8) 

Critical 

Isotherm 
    1.729(4) 

SrRu0.6Ti0.4O

3 

This 

work 

MAP 0.831(6) 163.09(2) 0.418(2) 163.05(1) 1.503(0) 

KF 

Method 
0.825(6) 163.06(4) 0.419(8) 163.01(8) 1.507(8) 

Critical 

Isotherm 
    1.492(2) 

SrRu0.5Ti0.5O This MAP 1.120(5) 163.03(1) 0.360(2) 163.00(1) 1.321(4) 
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3 work KF 

Method 
1.121(0) 163.04(4) 0.357(6) 163.08(2) 1.318(4) 

Critical 

Isotherm 
    1.325(5) 

SrRu0.3Ti0.7O

3 

This 

work 

MAP 0.994(5) 163.11(5) 0.446(3) 163.10(1) 1.448(6) 

KF 

Method 
0.978(7) 163.02(3) 0.447(4) 163.11(3) 1.457(0) 

Critical 

Isotherm 
    1.454(1) 

Mean-field 

Model 
[26] Theory 0.5  1.0  3.0 

3D 

Heisenberg 

Model 

[26] Theory 0.365  1.386  4.8 

3D Ising 

Model 
[26] Theory 0.325  1.241  4.82 

 

4.2 Experimental Details 

Polycrystalline samples of series SrRu1-xTixO3 with x = 0.0, 0.1, 0.3, 0.4, 0.5 and 

0.7 are prepared by standard solid state method. The samples have been characterized by 

x-ray diffraction (XRD) and by Rietveld analysis of XRD data. All the samples are in a 

single phase and without any noticeable chemical impurity. Details of sample preparation 

and characterization are given elsewhere [6]. Temperature (T) dependent magnetization 

(M) data have been collected with superconducting quantum interference device 

(SQUID) magnetometer by M/s Quantum Design. For critical analysis, magnetic field 

(H) dependent isotherms M(H) have been collected at an interval of 1 K across Tc using 

vibrating sample magnetometer (VSM) by M/s Cryogenics Ltd. For proper stabilization 

of temperature, about 10 minute wait time has been given before recording each 

isotherm. The external applied magnetic field (Ha) has been corrected by the 
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demagnetization effect to get the internal magnetic field Hi [=Ha - N M(T, Ha)], where 

M(T,Ha) is the measured magnetization and N in the demagnetization constant that has 

been calculated from the physical dimensions of sample [19]. This calculated Hi has been 

used for critical exponent scaling analysis. The critical temperature and critical exponents 

are have been determined by commonly used techniques like modified Arrott plots 

(MAP), Kouvel-Fisher (KF) method and critical isotherm analysis. 

4.3 Results and Discussions 

4.3.1 Scaling Analysis 

In case of second-order phase transition, the correlation length (ξ) among spins 

diverges at the magnetic phase transition temperature Tc following ξ = ξ0|1 - (T/Tc)|
-υ

 

where υ is the exponent. Following this, scaling hypothesis predicts that spontaneous 

magnetization Ms below Tc, initial inverse susceptibility 𝜒0
−1 above Tc and magnetization 

at Tc obey set of power law behavior with temperature as described below [20],  

 

𝑀𝑆(𝑇) = 𝑀0(−𝑡)𝛽 ,             𝑡 < 0          (4.1) 

 

𝜒0
−1 (𝑇) = 𝐺(𝑡)𝛾,                 𝑡 > 0           (4.2) 

 

𝑀 = 𝑋 𝐻1 𝛿⁄ ,                         𝑡 = 0        (4.3)  

 

where t = (T - Tc)/Tc is the reduced temperature; M0, G and X are the critical 

amplitudes and β, γ and δ are the critical exponents. The scaling hypothesis further 

predicts magnetic equation of state which describes the relationship between M(H, t), H 

and T in following manner,  

 

𝑀 (𝐻, 𝑡) = 𝑡𝛽  𝑓± (
𝐻

𝑡𝛽+𝛾
)    (4.4) 
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where f+ and f- are the regular functions for T > Tc and T < Tc, respectively. The 

Eq. (4.4) implies that for right values of critical temperature Tc and critical exponents β 

and γ, the scaled magnetization m = t
-β

M(H, t) plotted as a function of scaled field h = t
-

(β+γ)
H would fall on two distinct curves for isotherms both above and below Tc.  

4.3.2 DC Magnetization study 

Figure 4.1 shows dc magnetization data collected following field cooled (FC) 

protocol in the magnetic field of 100 Oe for SrRu1-xTixO3 series. Recently, we have 

shown an interesting evolution of the magnetic behavior of SrRu1-xTixO3 series [6]. For 

parent SrRuO3, we have observed the magnetic transition temperature Tc ~ 163 K which 

is in conformity with other studies [1‒3, 13]. With site dilution through Ti substitution, 

while though the Curie-Weiss temperature (θP) and the magnetic moments decreases, 

interestingly the long-range magnetic ordering temperature Tc does not change. 

 

Figure 4.1 Temperature dependent field cooled magnetization data measured in the 

presence of 100 Oe applied field have been shown for SrRu1-xTixO3 series. The inset 

shows zero field cooled magnetization (100 Oe) in an expanded temperature range close 

to Tc. 
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In the scenario of itinerant ferromagnetism, we explained this constant nature of 

Tc through opposite tuning of the density of states (DOS) and electronic correlation (U) 

with Ti substitution. As evident in the main panel of Figure 4.1, FC magnetization for all 

the samples shows a sudden rise around 163 K which marks the Tc. The inset of Figure 

4.1 depicts ZFC magnetization data in a close temperature scale around Tc. As evident in 

the inset figure, MZFC show peak around 163 K which does not change with x. Here, it 

can be mentioned that our critical analysis of MFC(T) data also shows a constant Tc in 

present SrRu1-xTixO3 series. This analysis further shows critical exponent β related to 

magnetization for parent SrRuO3 closely matches with that for the mean field model, and 

the value of β increases with x. In following, we have undertaken detailed critical analysis 

to understand the effect of site dilution on critical behavior in SrRu1-xTixO3 series. 

4.3.3 Arrott Plot 

The Arrott plot offers an important tool to study the second-order magnetic phase 

transition and the critical behavior across second order PM-FM phase transition [21]. 

Arrott plot is about the plotting of isothermal M(H) data in the form of M
2
 vs. H/M where 

for a mean-field model with β = 0.5 and γ = 1, the isotherms form a set of parallel straight 

lines. In another sense, straight line behavior in high field regime in Arrott plot implies 

magnetic interaction is of mean-field type. Intercept due to straight line fitting in Arrott 

plot on M
2
 and H/M axis directly gives spontaneous magnetization (Ms) and initial 

inverse susceptibility (𝜒0
−1), respectively. Moreover, isotherm which passes through orthe 

igin in Arrott plot marks the Tc as implies zero Ms. As discussed, for analysis of Arrott 

plot, a set of isotherms M(H) is required across the Tc. Figures 4.2 (a)–(f) show isotherms 

(M vs H plots) collected at different temperatures with temperature interval of ΔT = 1 K 

across Tc for SrRu1-xTixO3 series. The M(H) plots for all the samples look like FM type 

where it shows downward curvature. Inset in each figure of Figure 4.2 shows a derivative 

of magnetization (dM/dH) as a function of field for one representative temperature. Inset 

figures show a decreasing slope of M(H) plot with field. This constitutes a typical 

signature of second-order PM to FM transition and justifies for following critical 

analysis.  
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Figure 4.2 Field dependent isothermal magnetization data near to the transition 

temperature ~ Tc are shown for SrRu1-xTixO3 series with (a) x = 0.0 (b) x = 0.1 (c) x = 0.3 

(d) x = 0.4 (e) x = 0.5 and (f) x = 0.7 composition. Inset of each figure shows magnetic-

field derivative of magnetization (dM/dH) as a function of magnetic field for M(H) plots 

taken at Tc for respective sample. 
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Figure 4.3 Isotherms in Figure 4.2 are plotted in form of Arrott plot (M
2
 vs H/M) for 

SrRu1-xTixO3 series with (a) x = 0.0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.4 (e) x = 0.5 and (f) x 

= 0.7. 



CHAPTER ‒ 4  

Critical behavior in itinerant ferromagnet SrRu1-xTixO3 

 
 
 

75 
 

Figure 4.3(a) – (f) show Arrott plot, constructed from M(H) isotherm data shown 

in Figure 4.2 for SrRu1-xTixO3 series. For parent SrRuO3, nature of magnetic state has 

mostly been shown by earlier studies to follow mean-field interaction model [3]. As 

discussed, for a mean-field model with critical exponents β = 0.5 and γ = 1, the Arrott 

plot should yield a set of parallel straight lines. Arrott plot for SrRuO3 in Figure 4.3(a) 

shows isotherms do not form straight lines even in high field regime; they are rather 

slightly curved in upward direction. This means critical exponents for SrRuO3 do not 

exactly match with the mean-field model, but they are close to the mean-field values. 

Figure 4.3 further shows with increasing x, nonlinearity in Arrott plot increases which 

suggests the nature of magnetic interaction moves away from the mean-field model as Ti 

is introduced in SrRuO3. As we do not obtain parallel straight lines with mean-field 

exponents, the analysis in Figure 4.3 suggests a new set of exponents need to be 

identified for straight line behavior.  

To determine the critical exponents and temperature correctly for the present 

series of samples, we have employed modified Arrott plot (MAP) which is a generalized 

form of Arrott plot and is based on Arrott-Noakes equation of state given as below [22], 

(
𝐻

𝑀
)

1 𝛾⁄

= 𝑎 (
𝑇− 𝑇𝑐

𝑇
) + 𝑏𝑀1 𝛽⁄     (4.5) 

 where a and b are the constant. It is obvious that for β = 0.5 and γ = 1, Eq. (4.5) 

recovers Arrott plot discussed above. Following MAP, isotherms are plotted in the form 

of M
1/β

 vs (H/M)
1/γ

. Here, we note that we have also tried to form MAP with the 

exponents β and γ which are theoretically predicted for 3-dimensional models such as, 3D 

Heisenberg, 3D Ising, 3D XY models, etc. (Table 4.1) but remain unsuccessful in getting 

parallel straight lines. As the exponents β = 0.5 and γ = 1 do not yield straight lines in 

Figure 4.3, we have tuned the exponents β and γ to obtain parallel straight lines. 

However, tuning of these parameters is not a straightforward job as two unknown 

parameters are involved and this often leads to erroneous results. Here, we have adopted 

an iterative method where we initially tuned β and γ in Eq. (4.5) to get apparently good 

parallel straight lines in modified Arrott plot [23, 24].  
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Figure 4.4 Modified Arrott plot, M
1/β

 vs (H/M)
1/γ

, constructed out of M(H) data in Figure 

4.2 are shown for SrRu1-xTixO3 series with (a) x = 0.0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.4 (e) 

x = 0.5 and (f) x = 0.7. The solid red line in each figure is due to straight line fitting of 

modified Arrott plot related to isotherm which passes through origin. 
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Then, temperature dependent Ms(T) and 𝜒0
−1(T) have been obtained from inthe 

tercept of straight fitting in MAP on M
1/β

 and (H/M)
1/γ

 axis, respectively. The Tc has been 

identified as the temperature whose M(H) isotherm passes through origin in MAP. These 

Ms(T), 𝜒0
−1(T) and Tc are then used in Eq. (4.1) and Eq. (4.2) to obtain new set of β and γ. 

These new values of β and γ have been used to construct simithe lar MAP. This process 

has been continued till a convergence in values of critical exponents β and γ and critical 

temperature Tc is obtained.  

Figures 4.4 (a)–(f) show the MAP of isotherms shown in Figures 4.2 (a)–(f) in the 

vicinity of Tc for all the samples. For parent SrRuO3, we find that β = 0.54 and γ = 0.75 

yields parallel straight lines where isotherm at 164 K passes thorough origin marking the 

Tc of this material (Figure 4.4a). The same iterative method has been followed for all the 

samples. Figures 4.4 (a)–(f) show the MAP for all the samples in present series where 

reasonably good parallel straight lines have been formed in high field regime with proper 

choice of exponents β and γ.   

The finally obtained Ms and 𝜒0
−1 have been shown as a function of temperature in 

Figures 4.5 (a)–(f), showing Ms cease to exist once temperature approaches Tc. The Ms(T) 

and 𝜒0
−1(T) data in Figures 4.5(a)–(f) have been fitted with Eq. (4.1) and (4.2), 

respectively, for all the compositions. The exponents β and γ and temperature Tc are 

obtained as fitting parameters. Table 4.1 shows the exponents β and γ and respective Tc 

following MAP method. From fitting of Ms(T) with Eq. (4.1) we obtain β = 0.534(5) and 

Tc = 164.02(1) K and from fitting of 𝜒0
−1(T)  with Eq. (4.2) we get γ = 0.752(9) and Tc = 

164.09(3) K. These values of β, γ and Tc are significantly close to the values obtained 

using MAP in Figure 4.4 which underlines the correctness of our iterative method. The Tc 

values obtained from both Ms(T) and 𝜒0
−1(T) in MAP show consistent behavior for whole 

series. For SrRuO3, obtained Tc ~ 164 K matches well with the reported values. 

Remarkably, Tc remains almost constant with Ti substitution in present series which 

substantiates our earlier results [6]. The obtained exponents β and γ do not exactly match 

with the values theoretically predicted for three dimensional systems (Table 4.1), 

however, values look closer to mean-field model for x = 0.0 material.      
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Figure 4.5 Temperature dependent spontaneous magnetization Ms (left axis) and initial 

inverse susceptibility 𝜒0
−1(T) (right axis) as estimated from modified Arrott plots in 

Figure 4.4 are shown for SrRu1-xTixO3 series with (a) x = 0.0 (b) x = 0.1 (c) x = 0.3 (d) x = 

0.4 (e) x = 0.5 and (f) x = 0.7. The solid red lines are due to fitting with power law 

behavior as stated in Eq. (4.1) and Eq. (4.2). 
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4.3.4 Kouvel-Fisher plot 

Alternatively, critical exponents β and γ and the critical temperature Tc have been 

determined using more accurate Kouvel-Fisher (KF) method where the Ms and 𝜒0
−1 are 

analyzed using Eqs. (4.6) and (4.7), respectively [25]. The KF plot for whole series of 

samples has been shown in Figures 4.6 (a)–(f) where Ms(T)[dMs(T)/dT)]
-1

 vs T and 

𝜒0
−1(T)  [d𝜒0

−1(T)/dT]
-1 

vs T are plotted. According to KF method (Eq. 4.6 and 4.7), these 

plots would result in straight line behavior where the respective slope would give 1/β and 

1/γ. In addition, Tc can be obtained directly and independently as the intercept on 

temperature axis would give Tc. In deed, Figure 4.6 shows KF plot forms reasonable 

straight lines for all the samples which confirm the correctness of KF analysis. For 

SrRuO3, we obtain exponents β = 0.542(8) and Tc = 164.02(3), and γ = 0.753(6) and Tc = 

164.08(3). These values of β, γ and Tc obtained from KF plot are given in Table 4.1 for 

all the compositions. It is remarkable that values of exponents and Tc obtained from KF 

plots match closely with those obtained from MAF analysis. With Ti substitution, while β 

increases away from the mean-field value and, on other hand, the γ decreases. 

Nonetheless, agreement between values obtained from two independent MAP and KF 

method is quite remarkable indicating obtained values are correct.   

 

𝑀𝑠(𝑇)[𝑑𝑀𝑠(𝑇) 𝑑𝑇⁄ ]−1 =  
𝑇− 𝑇𝑐

𝛽
                   (4.6) 

 

𝜒0
−1(𝑇)[𝑑𝜒0

−1(𝑇) 𝑑𝑇⁄ ]−1 =  
𝑇− 𝑇𝑐

𝛾
    (4.7) 
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Figure 4.6 Kouvel-Fisher plots for spontaneous magnetization (Eq. 4.6) on left axis and 

for initial inverse susceptibility (Eq. 4.7) on right have been shown for SrRu1-xTixO3 

series with (a) x = 0.0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.4 (e) x = 0.5 and (f) x = 0.7. The 

solid straight lines are the linear fits following Eq. 4.6 and 4.7. 
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4.3.5 Critical isotherm plot 

Scaling analysis predicts that variation of M(H) at Tc (critical isotherm) follows a 

power-law behavior involving exponent δ (Eq. 4.3). Critical isotherms are already 

identified from MAP in Figure 4.4. The main panel of Figures 4.7 (a)–(f) shows critical 

isotherms M(H, Tc) for all samples in the present series. The inset of Figures 4.7 (a)–(f) 

show same plot in log10 - log10 scale. Following Eq. 4.3, slope due to straight line fitting 

in log M vs. log H plot would give 1/δ. The inset plots show reasonably linear behavior, 

and the exponent δ calculated from the slope is given in Table 4.1 as the critical isotherm 

method. Again, obtain δ does not match with the theoretical values predicted for 3D 

based different universality classes as mentioned in Table 4.1. To crosscheck the 

consistency of the estimated exponents, we have used Widom scaling relation where the 

critical exponents β, γ, and δ obey following relation [27],    

                                                                                                            

𝛿 = 1 + 
𝛾

𝛽
      (4.8) 

 

Eq. (4.8) indirectly gives exponent δ using the values of exponents γ and β. The δ has 

been calculated following Eq. (4.8) using β and γ values which are estimated from both 

MAP and KF plot methods. Table 4.1 shows exponent δ where the values represent both 

obtained from analysis of critical isotherm as well as calculated from using Eq. (4.8). For 

SrRuO3, we obtain δ = 2.389(3) following critical isotherm analysis (Figure 4.7) and 

2.408(2) and 2.389(2) from MAP and KF plot using Eq. (4.8). Both the estimated and 

calculated values match well. With Ti substitution, δ continuously decreases till x = 0.5 

and then shows an increased value for x = 0.7. It is remarkable that values of δ obtained 

from two distinct processes agree reasonably for all the materials which emphasize that 

values of exponents β, γ, δ and temperature Tc are estimated quite accurately.  



CHAPTER ‒ 4  

Critical behavior in itinerant ferromagnet SrRu1-xTixO3 

 
 
 

82 
 

 

Figure 4.7 The M(H) isotherm at Tc has been shown for SrRu1-xTixO3 series with (a) x = 

0.0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.4 (e) x = 0.5 and (f) x = 0.7. The inset shows same 

M(H) data in log10-log10 scale for respective samples and the solid line is due to linear fit 

of the data. 
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4.3.6 Scaling analysis 

So far we have seen that critical exponents in present series do not exactly match 

with any established theoretical models for classical spin interaction. However, the 

exponents and Tc determined using different independent methods such as, modified 

Arrott plot, Kouvel-Fisher plot and critical isotherm analysis agree very closely (Table 

4.1). Moreover, exponents follow Widom relation. We have further tested the consistency 

and accuracy of exponents as well as Tc using a scaling analysis (Eq. 4.4). This analysis 

suggests plotting of magnetic isotherm M(H) data in the form of M|t|
-β

 vs H|t|
-(γ + β)

 where 

the isotherms both below and above Tc are scaled into a separate line for correct values of 

critical exponents and Tc. This rather constitutes a rigorous test to examine the 

consistency and accuracy of exponents as well as Tc. Scaling plots are shown in Figures 

4.8(a)–(f) for this present series where four scaled isotherms both below and above of 

respective Tc are plotted following Eq. (4.4). As seen in Figure 4.8, isotherms both below 

and above Tc are nicely scaled into a line. The same plot is shown in log10 - log10 scale in 

inset of Figure 4.8 for better presentation which also shows a nice scaling of isotherm 

data. This reconfirms that estimated exponents (β, γ and δ), as well as Tc in Table 4.1 for 

all the samples in this series, are accurate and consistent. 
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Figure 4.8 Renormalized magnetization M|t|
-β

 has been plotted as a function of 

renormalized field H|t|
-(γ+β)

 for isotherms both below and above Tc. Data are shown for 

SrRu1-xTixO3 series with (a) x = 0.0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.4 (e) x = 0.5 and (f) x 

= 0.7. Inset shows same plot in log10- log10 scale. Renormalized magnetization is merged 

into single line with renormalized field for isotherms both below and above Tc. 
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4.3.7 Evolution of exponents in SrRu1-xTixO3 

Our experimental data analysis show critical exponent β for SrRuO3 is close to the 

mean-field value 0.5, however, exponents γ and δ show the values lower than those for 

mean-field model i.e., 1.0 and 3.0, respectively (see Table 4.1). For SrRuO3, we obtain Tc 

~164 K which is very consistent with reported values for this material [1-3, 7, 13], even 

this Tc is one of the highest value obtained for this material. Our critical analysis 

interestingly shows that substitution of Ti has very little influence on Tc of SrRuO3 as we 

find Tc remains almost unchanged. This conforms with our earlier study where we have 

explained this constant behavior of Tc in SrRu1-xTixO3 considering opposite change of 

electron correlation U and density of states N(єF) that maintains Tc in picture of an 

itinerant ferromagnet. 

Nonetheless, critical exponents show an unusual evolution where β increases and 

both γ and δ decreases with x (see Table 4.1). In Figure 4.9, we have shown an evolution 

of exponents β, γ, and δ with Ti (x) normalized by respective values for SuRuO3 (x = 0). 

The figure shows that β continuously increases and γ, δ decreases till x = 0.5, though for x 

= 0.7 the values appear to show a reverse turn which may be related to metal-to-insulator 

transition around x ~ 0.4 in SrRu1-xTixO3 series. Here, we mention that critical exponents 

and Tc are obtained using different independent techniques namely, MAF, KF plot and 

critical isotherm analysis, and they nicely agree. It can be noted that determined 

exponents and Tc fairly obey the scaling law behavior (Figure 4.8) for all the samples. 

Moreover, the Widom relation (Eq. 4.8), which demonstrates the relation among the 

critical exponents is nicely followed for entire range of Ti doping (Table 4.1). These 

attest to the fact that determined exponents and Tc are consistent and correct with 

experimental accuracy. These exponents show a steady variation and deviate from mean-

field behavior with increasing x. However, the exponent values do not match with the 

predicted values for different known universality class models, also those cannot be 

explained with theoretical models available at hands for spin exchange interaction. Note, 

that similar kind of evolution of critical exponents (β, γ and δ) has been evidenced in Sr1-

xCaxRuO3, however, the prominent difference is that Tc decreases to zero around 70% of 
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Ca doping resulting in quantum phase transition whereas Tc remains almost unchanged in 

present series [3, 6, 7].  

 

 

Figure 4.9 The critical exponents scaled by its values for x = 0.0 compound are shown as 

a function of composition (x) for SrRu1-xTixO3 series. 

In case of Sr1-xCaxRuO3, this particular evolution of exponents has been attributed 

to crossover from mean-field-like behavior to disorder-induced strong coupling regime 

arising from quantum fluctuations near quantum phase transition point by Fuchs et al.[3]. 

An another study reports that following of Arrott plot (signature of mean-field model) in 

SrRuO3 may not be associated with the itinerant model of magnetism, rather this arises 

due to continuous curvature evolution from Sr0.5Ca0.5RuO3 to SrRuO3 to BaRuO3 as 

induced by changes in lattice distortion and spin-orbit coupling effect [7]. These changes 

are responsible for band narrowing in Sr1-xCaxRuO3 which leads to phase segregation 

between strongly and weakly correlated phases. Hence exponents evolve accordingly. 

Here, it can be further noted that in heavy fermion compound URu1-xRexSi2, while though 
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exponent β remains constant, but the exponents γ and (δ - 1) decreases to zero as the QPT 

is approached with decreasing Re substitution around 15% [29]. 

While though the magnetic moment and the Curie-Weiss temperature decreases in 

SrRu1-xTixO3 but the ferromagnetic Tc does not modify unlike in case of Sr1-xCaxRuO3 [3, 

7, 14]. Moreover, minimum structural modification due to almost matching ionic size 

between Ru
4+

 and Ti
4+

 in present SrRu1-xTixO3 series would unlikely cause these peculiar 

changes in exponents. This system, however, does not convert into first-order type PM-

FM transition with Ti as seen from decreasing slope in M(H) plot in Figure 4.2. 

Nonetheless, this unusual change in exponents (β, γ and δ) is quite intriguing as their 

values substantially depart from mean-field values (β = 0.5, γ = 1.0 and δ = 3.0), and also 

from the values typically realized for classical ferromagnetic systems (β < 0.5, γ > 1.0 

and δ > 3.0).  

We believe that Ti substituted at Ru-site dilutes the magnetic exchange path, and 

at a higher doping concentration of Ti the system develops into small-size magnetic 

clusters which are manifested through Griffiths phase like behavior, as reported in our 

earlier study [6]. This has another striking similarity with Sr1-xCaxRuO3 which also 

exhibits GP like behavior with progressive doping of Ca [7, 14]. The disorder is a 

prerequisite for the GP property which is provided by structural distortion in Sr1-

xCaxRuO3 whereas site dilution achieved by Ti substitution acts as source of disorder in 

present SrRu1-xTixO3. Henceforth, we speculate that the effect of disorder realized from 

both Ti as well as magnetic clusters can provide a possible explanation for this unusual 

change in critical exponents where β increases and both γ and δ decreases. The value of γ 

lower than unity in SrRuO3 suggests parent x = 0 sample has some disorder or phase 

inhomogeneity above Tc. This effect of these changes in exponents is quite evident in 

Figure 4.1 where the PM-FM phase transition broadens with progressive Ti substitution. 

In fact, a recent optical spectroscopy study has shown the temperature dependence of 

optical conductivity spectra indicates itinerant-type FM in SrRuO3 [30]. This study 

further demonstrates the non-vanishing local spin moment (sub-micron size) at T > Tc 

(PM state) originating from local-band exchange splitting which is explained with 
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fluctuating local band theory. However, the net moment is realized to be zero due to 

spatial and temporal fluctuations of local bands. This needs to be understood whether this 

renders a constant Tc in present SrRu1−xTixO3 series. 

4.4 Conclusion 

In summary, we have studied the critical behavior in perovskite based SrRu1-

xTixO3 as a function of Ti substitution using the standard methods such as modified Arrott 

plot, Kouvel-Fisher plot and critical isotherm analysis. We have estimated critical 

exponents β, γ, and δ where β increases and both γ and δ decreases with Ti substitution. 

The transition temperature Tc, however, remains almost unchanged with site dilution by 

Ti doping. The estimated exponents do not match with the values of any universality 

classes known for spin interaction models. Nonetheless, the exponents nicely obey the 

Widom relation as well as scaling behavior which attests to the fact that estimated 

exponents and Tc are consistent and accurate. The evolution of exponents of similar 

nature has been observed in isoelectronic doped Sr1-xCaxRuO3. This specific change of 

exponents is likely caused by disorders arising from magnetic clusters which originate 

due to site dilution with Ti substitution. The evolution of the Griffiths phase like behavior 

in present series as evidenced in our earlier study substantiates the formation of magnetic 

clusters and its influences on the magnetic behavior. 
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Chapter 5 

 

Effects of Site dilution and Ru-charge modulation on 

physical properties in SrRu1-xGaxO3   

 
              In this chapter, we report the evolution of structural, magnetic and transport 

behavior of SrRu1-xGaxO3 series (x ≤ 0.2) where the doped Ga
3+

(3d
10

) not only acts for 

site dilution but also it modifies the Ru charge state from Ru
4+

 to Ru
5+

. Unlike Ti
4+

 

substitution which does not change the Ru charge state. The Ga
3+

 substitution does not 

affect the original orthorhombic Pbnm structure of SrRuO3 due to its matching ionic radii 

with Ru
4+

. However, the lattice parameters show a decrease due to smaller ionic radii of 

generated Ru
5+

. The Ga
3+

 has a substantial effect on the magnetic behavior including the 

magnetic moment and magnetic phase transition. The Ga
3+

 substitution further induces an 

insulating behavior in SrRuO3. We have done a detailed analysis of the charge transport 

mechanism in present series in whole temperature range across the magnetic transition 

temperature (Tc). 

5.1 Introduction 

       As already has been discussed that at low temperature, the magnetic nature of 

SrRuO3 shows itinerant ferromagnetic type with Tc ~ 163 K [1-4]. We have seen the 

structure and magnetic behavior of SrRuO3 by nonmagnetic substitution of Ti
4+

 [5]. 

In this chapter, we have studied the evolution of magnetic and electron transport behavior 

with of another nonmagnetic Ga
3+

 which has electronic configuration of 3d
10

.  The Ga
3+

 

has ionic radii (0.62 Å) which closely match with that for Ru
4+

 (0.62 Å), therefore this 

substitution is expected to introduce minimum structural modification. The nonmagnetic 
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character of Ga
3+

 will act for dilution of magnetic lattice similar to Ti
4+

. However, Ga
3+

 

will have added effect where it will convert an equivalent amount of Ru
4+

 to Ru
5+

. 

Henceforth, in the present series, there will be a mixture of Ru
4+

 and Ru
5+

 which will 

influence the magnetic interaction accordingly. The possible magnetic interaction path 

will be Ru
4+

-O-Ru
4+

, Ru
4+

-O-Ru
5+,

 and Ru
5+

-O-Ru
5+

.  Hence, an interaction in magnetic 

and transport behavior has expected in the present study with Ga substitution. 

We have tried to understand the effect of Ga
3+

 substitution for the magnetic property of 

SrRuO3 through studying the temperature dependent magnetization measurement under 

ZFC-FC protocol. The low temperature demagnetization effect, critical exponent close to 

Tc, high temperature M(T) data in PM state, Griffiths singularity and magnetic hysteresis 

M(H) at low temperature has analyzed. We find overall magnetic moment decreases with 

Ga substitution and the magnetic data in PM state follows CWL. The analysis of low 

temperature demagnetization data indicates the presence of both localized and itinerant 

type magnetism. Critical behavior analysis implies a mean field (β) type behavior, 

however, β continuous increases with Ga doping.  

While the charge transport mechanism in high temperature PM state follows modified 

Mott VRH model, the same in FM state shows a FL type behavior where the temperature 

range for the validity of FL behavior enhances with Ga doping. 

5.2 Experimental Details 

Polycrystalline series of samples SrRu1-xGaxO3 with nominal compositions (x = 0.0, 0.05, 

0.1 and 0.2) have been synthesized following standard solid state reaction method. High 

purity (> 99.99%) ingredient materials such as SrCO3, RuO2 and Ga2O3 are mixed well in 

stoichiometric ratio and heated at 1000℃ in the air for 24 hours twice with intermediate 

grinding. Then, powders are pressed into pellets and heated at 1100℃ for 36 hours. 

Details of sample preparation and analysis are given elsewhere [5]. Sample quality has 

been checked with powder X-ray diffraction (XRD) and Rietveld analysis [6]. XRD data 

are collected using Rigaku MiniFlex diffractometer with CuKα radiation in the 2θ range 

from 10 to 90˚ at room temperature. The recorded XRD patterns were evaluated using 

Rietveld refinement analysis by the FullProf software. Temperature (T) and magnetic 
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field (H) dependent magnetization (M) data are collected using a superconducting 

quantum interference device (SQUID) magnetometer by Quantum Design. The electrical 

resistivity ρ (T) of the present series is measured by a home-made instrument using the 

four-probe method.  

5.3 Results and Discussions 

5.3.1 Structural study 

The room temperature XRD patterns of present series are shown in figure 5.1(a). As seen 

in the figure, XRD pattern do not modify with Ga composition in terms of peak position 

or additional impurity peak(s). We have previously shown that parent SrRuO3 crystallizes 

in GdFeO3-type orthorhombic structure with Pbnm symmetry in agreement with reported 

studies [5, 7, 8]. We find that the original orthorhombic-Pbnm structure is continued for 

whole series. Figure 5.1(b) shows representative Rietveld analysis of XRD data for doped 

x = 0.2 sample with is the last member of the present series. The Rietveld refinement 

shows a reasonably good fitting of XRD data for SrRu0.8Ga0.2O3 with orthorhombic-

Pbnm structure. Here it can be mentioned that we obtain fitting indicator such as, χ
2
 value 

about 1.74, 1.97, 1.41 and 1.74 for x = 0.0, 0.05, 0.1 and 0.2 of present series which 

suggests a reasonably good fitting. Our Rietveld fitting is evaluated with `Goodness of 

fitting' parameter (Rwp/Rp) which yields values around 1.25 which further indicates a 

good fitting. However, given that Ga
+3

 and Ru
+4

 has matching ionic radii (0.62 Å), 

therefore it is least expected for major structural modification in the present series. 

Table 5.1 The structural parameters of SrRu1-xGaxO3 series with compositions x = 0.0, 

0.05, 0.1 and 0.2 in terms of structural parameters a, b, c, unit cell volume (V) and basal 

bond length (Ru-O1), apical bond length (Ru-O2), basal bond angle (Ru-O1-Ru) and 

apical bond angle (Ru-O2-Ru)  

 

Ti(x) 0.0 0.05 0.1 0.2 

a (Å) 5.5733(2) 5.5744(2) 5.5678(2) 5.5662(4) 

b (Å) 5.5336(2) 5.5379(2) 5.5311(2) 5.5307(4) 
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c (Å) 7.8475(3) 7.8482(4) 7.8377(3) 7.8293(7) 

V (Å
3
) 242.02(1) 242.28(2) 241.37(2) 241.03(3) 

Ru-O1 (Å) 1.9984(1) 1.9936(1) 1.9928(1) 1.9789(1) 

Ru-O2 (Å) 1.9665(1) 1.9704(1) 1.9613(1) 1.9587(2) 

Ru-O1-Ru 158.482(1) 160.359(2) 159.772(2) 164.865(3) 

Ru-O2-Ru 172.148(1) 169.465(1) 174.945(1) 175.701(2) 

 

Table 5.1 shows the evolution of structural parameters with Ga substitution which are 

obtained from Rietveld analysis. The lattice parameters a, b and c and volume V show a 

slight increase for x = 0.05, but then values decrease with higher doping concentration. 

This evolution in lattice parameters can be understood from ionic distribution. The 

substitution of Ga
+3

 will equivalently generate Ru
+5

 (0.565 Å) which has comparatively 

lower ionic radii than Ru
+4

. Therefore, for initial doping concentration the lattice 

parameters increase till x = 0.05 due to the presence of Ga
+3

. In higher doping 

concentration, however, Ru
+5

 dominates which lead to decreasing lattice parameters that 

ultimately affects the unit cell volume V. We have calculated the percentage change in 

structural parameters of SrRu1-xGaxO3 series such as, Δa, Δb, Δc and ΔV with values 

0.007, 0.003, 0.018 and 0.99%, respectively. The changes in respective values are very 

minimal which follows our expectation due to matching ionic radii. We also observe the 

change in RuO6 parameters. The SrRuO3 adopts a GdFeO3 crystal structure where RuO6 

octahedra demonstrate distortion both along ab-plane as well as along c-direction which 

causes the basal and apical Ru-O-Ru bond angle to deviate from the ideal condition. 

Table 5.1 shows that both the basal Ru-O1 and apical Ru-O2 bond-length decreases in 

agreement with changes in lattice parameters. The basal (<Ru-O1-Ru>) and apical (<Ru-

O2-Ru>) bond-angle for SrRuO3 in Table 5.1 agree with reported values and implies 

RuO6 octahedra are both rotated and tilted along c-axis. With Ga substitution, both the 

bond-angel increases toward ideal value of 180˚ suggesting octahedral distortion is 

relieved progressively.  
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Figure 5.1 (a) The room temperature powder XRD patterns of polycrystalline samples of 

SrRu1-xGaxO3 series with compositions of x = 0.0, 0.05, 0.1 and 0.2 (b) The XRD pattern 

along with Rietveld refinement analysis of SrRu0.8Ga0.2O3 with the orthorhombic Pbnm 

structure at room temperature. 
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5.3.2 Magnetization study for SrRu1-xGaxO3 series 

The temperature dependent magnetization data measured in 100 Oe following zero field 

cooling (ZFC) and field cooling (FC) are shown in figure 5.2(a) for SrRu1-xGaxO3 series. 

 

Figure 5.2 (a) The temperature dependent dc magnetization from 5 K to 300 K in the 

form of MZFC and MFC protocol at 100 Oe of magnetic field as function of temperature of 

SrRu1-xGaxO3 series with compositions x = 0.0, 0.05, 0.1 and 0.2. The inset shows MZFC 

highest peak close to Tc (b) The inverse susceptibility (χ
-1

 = H/M) plot with modified 

Curie-Weiss Law fitting in the temperature range of 200 K to 300 K of SrRu1-xGaxO3 

series; the solid line is linear fitting. In the inset, left axis shows the Curie temperature 

(θp) variation by Ga doping of SrRu1-xGaxO3series and right axis shows effective PM 

moment variation by Ga doping of SrRu1-xGaxO3 series. 
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          The SrRuO3 is well documented itinerant type FM with transition temperature Tc ~ 

162 K. Inset of figure 5.2(a) shows a close view of MZFC (T) for all the samples across the 

transition temperature. We observe that MZFC for parent SrRuO3 shows a peak around 163 

K and the bifurcation between MZFC and MFC starts around this temperature (figure 

5.2(a)). In fact, SrRuO3 exhibits large bifurcation between ZFC and FC magnetization 

data which is suggestive of large anisotropy in this material [9, 10]. In doped samples, 

while though onset temperature for bifurcation remains almost the same, but the amount 

of bifurcation reduces substantially.  

This result is similar to Ti doped samples where recently we have shown the long-range 

ordering temperature Tc remains almost unchanged till 70% of Ti substitution which has 

been explained from opposite tuning of electron correlation and density of states with Ti 

doping [5]. The present series, however, differs from the Ti doped one as Ga
+3

 not only 

act for site dilution but it creates Ru
+5

 which is magnetic and participates in magnetic 

interaction with existing Ru
+4

 ions. It is evident in inset of figure 5.2(a) that below Tc, the 

MZFC shows another peak at different temperatures which may originate from magnetic 

clustering effect. 

To understand the high temperature paramagnetic (PM) state, inverse susceptibility (χ
-1

 = 

(M/H)
-1

) as deduced from magnetization data in figure 5.2(a), is shown in figure 5.2(b). 

The χ
-1

(T) in PM regime shows linear behavior close to Tc for all the samples which 

implies Curie-Weiss (CW) behavior is followed in PM state. The χ
-1

(T), however, shows 

sharp downturn close to Tc in higher doped samples which are analyzed in terms of 

Griffiths phase behavior (discussed later). The χ
-1

(T) data have been analyzed with 

modified Curie-Weiss (CW) law as following, 

𝜒 (𝑇) =  𝜒0 + 
𝐶

𝑇− 𝜃𝑃
                                               (5.1) 

where 𝜒0 is the temperature independent susceptibility, C is the Curie constant and θP is 

Curie temperature. Figure 5.2(b) shows χ
-1

(T) data have been fitted with eq. (5.1) in high 

temperature regime down to 200 K indicating reasonably good fitting. The fitting yields 

𝜒0 = 2.56 × 10
-4

 emu mole
-1

Oe
-1

, C = 0.88 emu K mole
-1

 Oe
-1

 and θP = 160 K for 
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SrRuO3. The positive sign of θp is showing that the interaction between Ru ions is of FM 

type [1, 11]. Using the above value of Curie constant, we have calculated the effective 

PM moment (μeff) which is 2.65 μB/f.u. for SrRuO3 which closely matches with the 

reported values [2, 12-14]. The obtained value is also close to the theoretically calculated 

value (for spin-only 𝑔 √𝑆(𝑆 + 1) μB) of 2.83 μB/f.u for SrRuO3 with S = 1. The inset of 

figure 5.2(b) shows the variation of θP (left axis) and μeff (right axis) with x. The θP 

initially decreases till x = 0.1 but then shows slight increase for x = 0.2. While θP remains 

positive throughout the series but this nonmonotonic behavior may be related to change 

in Ru
+4

/Ru
+5

 ratio with x. The μeff, on the other hand, decreases linearly till x = 0.1 and 

then shows a steep decrease. As discussed, doped Ga
+3

 (S = 0) converts Ru
+4

 (S = 1) to 

Ru
+5

 (S = 3/2), therefore, overall μeff of the sample can be expressed as, 𝜇𝑒𝑓𝑓 =

𝑔√[(1 − 2𝑥)(𝜇𝑒𝑓𝑓
𝑆=1)

2
+ 𝑠 (𝜇𝑒𝑓𝑓

𝑆= 3 2⁄
)

2

+ 𝑥(𝜇𝑒𝑓𝑓
𝑆=0)

2
]  μB. The calculation shows overall μeff 

continuously decreases which agrees with our experimental values of μeff.  

5.3.3 Thermal Demagnetization study 

The thermal demagnetization of FM materials at low temperature is of particular interest. 

Usually, for exchange interaction driven FM systems, the thermal demagnetization is 

explained by Bloch's spin-wave (SW) analysis which is expressed in following 

(neglecting higher order terms) [15], 

𝑀(𝑇) = 𝑀(0)[1 − 𝐵𝑇3 2⁄ ]                                           (5.2) 

where M(0) is the zero temperature magnetization and T
3/2

 term comes from long 

wavelength q
2
 harmonic term [16]. Using the spin-wave coefficient ‘B’, spin-wave 

stiffness constant D can be calculated as; 

𝐷 =  
𝑘𝐵

4𝜋
[

𝜁(3/2)𝑔 𝜇𝐵

𝑀(0)𝜌𝐵
]

2 3⁄

                                                 (5.3) 

where kB, g, μB and ρ are the Boltzmann constant, Lande g-factor, Bohr magneton and 

density of material respectively and ζ(3/2) = 2.612. Similarly, Stoner single-particle (SP) 

excitations have been used to understand the low temperature demagnetization of 

itinerant FM where the origin of FM is associated with the splitting of the band into spin-
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up and spin-down sub-bands separated by exchange energy [17]. The energy difference 

between the two sub-bands is proportional to spontaneous magnetization (Ms). The 

generalized form of Stoner's single-particle excitations is given below,  

                                 𝑀(𝑇) = 𝑀(0) [𝐴𝑇𝑛 𝑒
(−

∆

𝑘𝐵𝑇
)
]                                          (5.4) 

where ‘A’ is the single-particle excitation coefficient, and Δ is the energy gap between the 

top of full sub-band and Fermi level. The itinerant FM can be divided into two categories 

based on n and Δ. For example, n = 2 and Δ = 0 gives a weak-type itinerant FM where 

both the sub-bands are partially filled and the Fermi level stays within both the sub-

bands. On the other hand, a strong-type itinerant FM is realized for n = 3/2 and Δ ≠ 0 

where one sub-band is partially filled and another one is fully filled. As the spin-

polarization of SrRuO3 is reported less than 100%, therefore a weak-type itinerant FM is 

expected in this material with following temperature dependence,  

                                 𝑀(𝑇) = 𝑀(0)[𝐴𝑇2]                                            (5.5) 

We have tried to fit the low temperature M(T) data, using both spin-wave (SW) and 

single-particle (SP) model separately has shown in insets of figure 5.3. However, the 

thermal demagnetization data can be better fitted using combination of both the SW and 

SP model which takes account both the localized as well as an itinerant model of 

magnetism with eq. (5.6) as given below [18, 19], 

                       𝑀(𝑇) = 𝑀(0)[1 − 𝐵𝑇3 2⁄ −  𝐴𝑇2]                            (5.6) 

Our recent study has shown low temperature thermal demagnetization in SrRu1-xTixO3 

can be better explained taking account of both SW and SP model which is also in line 

with a recent theoretical calculation which suggests a coexistence of localized and 

itinerant magnetism in SrRuO3 [5]. Figure 5.3 shows the temperature dependent 

magnetization data in low temperature FM phase and the solid lines are due to the best 

fitting of M(T) data up to ~ 65 K where the fitting of M(T) data is shown with only spin-

wave model [Eq. (5.2), upper inset], single-particle model [Eq. (5.5), lower inset] and 

combined model [Eq. (5.6), main panel] for SrRuO3. As evident in the figure, the eq. 

(5.6) gives better fitting in wide temperature range which is also validated by higher χ
2
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value. Here, it can be mentioned that we have previously shown that low temperature 

demagnetization in SrRuO3 can be explained counting contribution from both spin-wave 

and single-particle model. The fitting in figure 5.3 gives fitted parameters of constants M 

(0), B and A to be 0.463 μB/f.u., 9.0 × 10
-5

 K
-3/2

 and 1.17 × 10
-5

 K
-2

, respectively for 

SrRuO3 [20]. The observation shows that the spin-wave excitations give the dominant 

contribution to the thermal demagnetization effect in SrRuO3. The spin-wave stiffness 

constant D has been calculated using the fitted parameter B from Eq. (5.3) and we obtain 

D = 264.9 meV Å
2
 for SrRuO3.  

 

Figure 5.3 The spin-wave and single particle combined fitting of SrRuO3 and the upper 

inset shows only spin wave filling while lower inset shows only single particle fitting of 

SrRuO3. 

The magnetic exchange coupling constant (J) between nearest-neighbor magnetic atoms 

has also been calculated using the following equation [21] 

                                        𝐽 =  
𝑘𝐵

2𝑆
 [

0.0587

𝐵𝑆
]

2 3⁄

                                               (5.7) 
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where S (=1) is the localized atomic spin and for SrRuO3. The value of J comes out to be 

37.6 kB. For the doped materials in SrRu1-xGaxO3 series, we find similar dual model is 

required to understand the low temperature demagnetization effect. According to band 

magnetism model, if the spontaneous moment Ms decreases, then the exchange splitting 

will also be decreased by Δ E = IMs /NμB, where N is the number of spins per unit volume 

and I is the Stoner parameter of spin-up and spin-down ‘d’ sub-bands. In present series, 

the Ms decreases with Ga doping, therefore, it is believed that Fermi level EF lies within 

the d↓ and d↑ sub-bands for all the samples, which suggests both spin-wave, as well as 

single-particle models, would be required to explain the thermal demagnetization effect 

[22].  

The calculated D and J have been shown in Table 5.2 for present SrRu1-xGaxO3 series. 

The SW stiffness constant D decrease till x ~ 0.1 and then it increases for x = 0.2. Here, it 

can be mentioned that we find an increasing D value in other non-magnetic Ti
4+

 doped 

systems SrRu1-xTixO3 where the opposite evolution of D in both series is believed it arise 

due to change of Ru
4+

 ionic state on Ga doped series where in Ti doped series the Ru
4+

 

charge state does not alter with doping. However, for Ga doping with x = 0.2, the D 

shows an increase which may be due to an interplay between site dilution caused by Ga
3+

 

doping and changing ionic state of Ru from Ru
4+

 to Ru
5+

.   

 

Table 5.2 The characteristic random critical temperature 

Tc
R(K), the inverse susceptibility exponent λ, Griffiths temperature (TG) and the range of 

Griffiths temperature defined as = [(TG - Tc)/Tc] × 100 of SrRu1-xGaxO3 series by dc 

magnetization. 

 

Ti(x) 0.0 0.05 0.1 0.2 

Tc (K) 161 146 111 133 

Tc (K)   169 173 

𝑻𝒄
𝑹(𝑲)   134 144.7 

λPM   0.004 0.002 

λGP   0.846 0.944 
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GP(%Tc)   52 30 

Mr(μB/f.u) 0.69 0.61 0.55 0.38 

qc/qs 1.47 1.63 1.81 1.82 

D (meVÅ
2
) 264.9 206.6 179.2 327.0 

J (kBK) 37.6 28.9 23.1 28.2 

 

5.3.4 Critical exponent behavior 

The nature of magnetic interaction in magnetic materials is usually characterized by 

universality which is associated with different values of critical exponents [23]. These 

universality classes do not depend on microscopic details of materials; rather those are 

defined by lattice dimension (d) and spin dimension (n). The temperature dependent 

magnetization in vicinity of Tc obeys following equation, 

                                     𝑀(𝑇) = 𝑀0 (𝑇𝑐 − 𝑇)𝛽                                                   (5.8) 

where β is the critical exponent and M0 is the magnetization at zero K. The M (T) data 

have been fitted with Eq. (5.8) close to Tc.  

In the fitting, the M0, Tc and β have been kept as free parameters and have been 

determined from fitting in figure 5.4. The obtained values of M0, Tc and β for SrRuO3 are 

309.57 emu mol
-1

, 162 K and 0.48(2), respectively, which implies a mean-field type 

behavior in SrRuO3 [24]. This behavior is consistent with other reported studies [25, 26]. 

The values of β as a function of Ga doping are shown in inset of figure 5.4. It is clear in 

the figure that the β increases monotonically with Ga, reaching the value ~ 0.696 for x = 

0.2 in SrRu1-xGaxO3 series. The similar behavior has also obtained in nonmagnetic Ti 

doping at Ru site in SrRu1-xTixO3 series. This increase in value of β with Ga substitution 

is probably caused by formation of FM clusters across Tc as explained in case of Ti 

substitution in SrRuO3 [5].          
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Figure 5.4 The critical exponent (β) fitting close to Tc of SrRu1-xGaxO3 series and the 

inset shows a variation of β by Ga doping of SrRu1-xGaxO3 series. 

5.3.5 Griffiths Phase behavior 

The Griffiths phase (GP) like behavior originates from local disorder present in 

crystallographic structure and magnetic interactions. The GP behavior is mainly 

characterized by formation ferromagnetic clusters at temperatures higher than the Tc. The 

inverse magnetic susceptibility (χ
-1

) plotted as a function of temperature shows a sudden 

downturn in the case of GP [27]. Figure 5.5(a) shows inverse susceptibility (χ
-1

) with the 

variation of temperature for SrRu1-xGaxO3 series. The χ
-1

(T) data for higher doped 

samples show a downturn just above Tc which implies a signature of Griffiths phase (GP) 

like behavior. The temperature where χ
-1

(T) data show an onset of downturn is termed as 

Griffiths temperature (TG) and the temperature range between TG and Tc is called GP 

regime where the system neither exhibits ideal FM order nor PM behavior, rather in this 
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regime there exists ferromagnetically ordered finite-size clusters embedded in PM 

background [28]. Due to the presence of clusters, the magnetization shows nonanalytic 

behavior, so the susceptibility diverges which is reflected in a sharp downturn in χ
-1 

[28, 

29]. The sudden and sharp downfall of χ
−1

(T) above Tc in the GP regime is characterized 

by the following relation [30]: 

                                       𝜒−1 =  (𝑇 − 𝑇𝑐
𝑅)1−𝜆                                                 (5.9) 

where 𝑇𝑐
𝑅 is the random critical temperature where the magnetic susceptibility diverges 

which generally lies between the Tc and (TG).  

 

Figure 5.5 (a) The χ
-1

 with the variation of temperature of SrRu1-xGaxO3 series in PM 

state close to phase transition (b) The log10 - log10 scale fitting of Eq. (5.9) of SrRu1-

xGaxO3 series with x = 0.1 and 0.2. This plot of x = 0.2 samples has shifted upward by +1 

for clarity. 

           The choice of proper 𝑇𝑐
𝑅 is very important for the correct evaluation of exponent λ.  

This power law behavior appears a modified form of the CW equation where the finite λ 

arises due to FM cluster formation. The λ value lies in the range of 0 to 1. In the PM 

region the value of λ is realized to be 0, hence the eq. (5.9) reduces to the standard CW 

equation. In the GP regime the χ
-1

 follows the modified CW behavior i.e., eq. (5.9) with 
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non-zero value of λ. Figure 5.5(b) shows semi-log fitting of eq. (5.9) both in 

paramagnetic as well as in GP regime for x = 0.1 and 0.2 samples of SrRu1-xGaxO3 series. 

The straight line fitting in figure 5.5(b) confirms GP like behavior in present series as 

similar to previous Ti doped samples. The obtained values of 𝑇𝑐
𝑅, λGP and λPM of doped 

samples are given in table 5.2. The high value of λ in GP phase indicates the stronger 

behavior of GP in these materials. The increase of λGP indicates the sizes of FM clusters 

decreases with Ga doping.   

5.3.6 Isothermal Magnetization study 

Figure 5.6(a) shows the field dependent isothermal magnetization M (H) data collected at 

5 K for SrRu1-xGaxO3 series. The data have been collected with a field cycling of ± 70 

kOe. The parent SrRuO3 shows large hysteresis with coercive field (Hc) ~ 4800 Oe [31]. 

Even at high magnetic field, SrRuO3 does not exhibit sign of saturation which is due to 

itinerant nature of magnetism [1]. At 70 kOe, we obtain magnetic moment μH = 1.25 

μB/f.u. which is less than the calculated value (gSμB = 2 μB/f.u. with S = 1), g is the Lande 

g-factor. The non-saturation nature of M(H) data till an applied field of 70 kOe is 

interesting. The variation of remnant magnetization (Mr) has given in Table 5.2. The 

lower inset of figure 5.6(a) shows variation of Hc with Ga doping for SrRu1-xGaxO3 

series. The Hc initially decreases up to x ~ 0.1 and after that Hc increases with Ga doping. 

This behavior again appears connected to the competition between site dilution effect 

caused by nonmagnetic Ga
3+

 and mixed ionic states of Ru
4+

 and Ru
5+

. The inset of figure 

5.6(b) shows the magnetic moment (μH) value experimentally found at the highest 

applied field of 70 kOe by Ga substitution. Both the observed and calculated (not shown) 

values of μH decrease with Ga doping in SrRu1-xGaxO3 series, where the agreement 

between the values are satisfactory.  

The nature of the magnetic state in SrRuO3 and its evolution with Ga substitution has 

been checked with Arrott plot which is above of plotting the magnetic isotherm M(H) 

data in the form of M
2
 vs H/M [32]. Figure 5.6(b) shows Arrott plot for SrRu1-xGaxO3 

series with varying Ga doping concentration. The Arrott plot is constructed using M(H) 

data from figure 5.6(a).  



CHAPTER ‒ 5  

Effects of Site dilution and Ru-charge modulation on physical properties in SrRu1-xGaxO3   

 
 
 

106 
 

 

Figure 5.6 (a) The magnetic field dependent iso-thermal magnetization at 5 K is shown 

for SrRu1-xGaxO3 series with x = 0.0, 0.05, 0.1 and 0.2. The inset shows coercive field 

(Hc) by Ga doping variation in SrRu1-xGaxO3 series (b) The Arrott plot (M
2
 vs H/M) of 

magnetization M (H) data at 5 K for SrRu1-xGaxO3 series and inset shows the saturation 

magnetization (μH) at 7 T and spontaneous magnetization (Ms) by Ga doping in SrRu1-

xGaxO3 series. 
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The significance of the Arrott plot is that positive intercept on M
2
 axis due to straight line 

fitting in high field regime gives spontaneous magnetization (Ms) which is the signature 

of ferromagnetic nature. Figure 5.6(b) shows the Arrott plot forms non-linear behavior 

with concave nature. However, the straight lines fitted in high field regime give positive 

intercept for all the samples. Considering that intercept presents Ms in the Arrott plot, we 

obtain Ms = 0.846 μB/f.u. for SrRuO3. With Ga doping, Ms decreases in SrRu1-xGaxO3 

series which is in agreement with dilution of magnetic lattice with Ga substitution and 

has shown in the inset of figure 5.6(b).  

Further, the Rhodes-Wohlfarth ratio has been used to understand the itinerant character 

of magnetism in present series. This ratio is to calculate qc/qs [33]. The qc characterizes 

the number of carriers per magnetic atom and is derived from the effective magnetic 

moment in paramagnetic state, μeff = g √𝑆 (𝑆 + 1) in which S = qc/2, g is the Lande 

factor and qs represents μH which is the saturated ferromagnetic moment per magnetic 

atom. It is argued that for qc/qs > 1, the nature of magnetic interaction would be of 

itinerant type and the qc/qs ~ 1 condition implies locathe lized nature of magnetic state 

in a material. For SrRuO3, we obtain qc = 1.82 and qs = 1.25, therefore the qc/qs ratio 

becomes 1.46 which favors itinerant magnetic nature. Table 5.2 shows the qc/qs ratio 

increases with Ga doping which again implies that the itinerant ferromagnetic character 

increases with progressive doping of Ga.  

5.3.7 Electrical Resistivity study 

Figure 5.7 (a) shows the temperature dependent electrical resistivity ρ(T) of SrRu1-xGaxO3 

series with x = 0.0, 0.05, 0.1 and 0.2, the data have been shown in semi-log scale. The 

SrRuO3 shows metallic behavior with very low resistance value in whole temperature 

range [34]. The figure 5.7(a) shows a kink in ρ(T) around the magnetic transition 

temperature Tc. Below Tc, ρ(T) decreases with a faster rate due to reduced spin disorder 

effect where above Tc, the ρ(T) increases linearly with variation of temperature. The Ga 

doping in present series induces insulating nature for x = 0.1 material while the ρ(T) 
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increases further for x = 0.2 in SrRu1-xGaxO3 series. This indicates metal to insulator 

transition (MIT) takes place for x between 0.05 and 0.1.  

 

Figure 5.7 (a) The temperature dependent variation in electrical resistivity ρ(T) as 

function of temperature from temperature range of 5 K to 300 K in logarithmic form of 

SrRu1-xGaxO3 series with x = 0.0, 0.05, 0.1 and 0.2. (b) The linear fitting in FL form in the 

FM region just below Tc for x = 0.0 and x = 0.05 of SrRu1-xGaxO3 series.  (c) The ρ(T) 

fitting in the high temperature range in the form of Mott-variable range hopping (VRH) 

of SrRu1-xGaxO3 series with x = 0.0, 0.05 (d) with x = 0.1 and 0.2. 

              Here, it can be mentioned that similar insulating behavior has also been observed 

with Ti
4+

 substitution in SrRu1-xTixO3 series where ρ(T) increases and shows MIT around 

x = 0.4 [35]. This shows Ga
3+

 has stronger influence on the electron transport behavior in 
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SrRuO3 inducing insulating behavior at lower concentration of doping. In SrRu1-xTixO3 

and SrRu1-xGaxO3 series, both dopant, Ga
3+

 (0.62 Å) and Ti
4+

 (0.605 Å) has similar ionic 

radii with Ru
4+

 (0.62 Å) and they act for site dilution. However, the Ga
3+

 doping 

generates Ru
5+

 along with site dilution. This strong influence Ga
3+

of electron transport 

behavior is quite interesting. Plotting of resistivity as a function of T
2
 of figure 5.7(b) 

shows linear fitting.  

It is clear in figure that ρ verses T
2
 show plotting of resistivity as a function of T

2
, a linear 

behavior below Tc which extends down to 55 K for SrRuO3. This suggests a FL type 

behavior in FM state below Tc in SrRuO3 which is in agreement with another study [36, 

37]. With Ga doping for x = 0.05, similar ρ verses T
2
 following is observed, however, we 

find FL behavior is observed in extended temperature range from Tc to 20 K. 

Table 5.3 Table shows the values of coefficient of modified Mott VRH behavior of 

SrRu1-xGaxO3 series. 

Quantity/Ti (x) x = 0.0 x = 0.05 x = 0.1 x = 0.2 

ρ0 (mΩcm K
-1/2

) 0.037 0.035 0.031 0.003 

TM (K) 466 625 15345 243478 

 

The ρ(T) of SrRuO3 shows almost linearly increasing behavior with temperature in the 

PM region. In present series ρ(T) shows both metallic (for low doped sample) as well as 

insulating (for high doped samples). In insulating state behavior in high temperature PM 

region decreases with temperature and follows thermally activated charge transport 

phenomenon. Generally, charge transport mechanism in the insulating region follows the 

Mott’s variable range hopping (VRH) which can be written for the 3D case as [38-41],                         

                                            𝜌(𝑇) = 𝜌0𝑒𝑥𝑝 [
𝑇𝑀

𝑇
]

1 4⁄

                                                   (5.10) 

     where ρ0 and TM are constants. This formula would then be valid for higher doped 

insulating samples of SrRu1-xGaxO3 series. The Mott formula [eq. (5.10) Greaves have 

further developed] for materials with the disordered state in which √𝑇 term has been 

included as prefactor and can be written as [42],  
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                                            𝜌(𝑇) = 𝜌0  √𝑇 𝑒𝑥𝑝 [
𝑇𝑀

𝑇
]

1 4⁄

                                          (5.11) 

The ρ0 is due to an electron-phonon interaction and has following form of Eq. (5.12)   

                                                      𝜌0 =  
1

3𝜈𝑝ℎ 𝑒2  [
8𝜋𝛼𝑘𝐵

𝑁(𝐸𝐹)
]

1 2⁄
                                              (5.12) 

where νph (~10
13 

s
-1

) is an optical phonon frequency, α = 1/ξ is an inverse localization 

length of the localized states, kB is the Boltzmann constant, N(EF) is the DOS and e is the 

electronic charge. The TM term of Mott eq. (5.11) measures the degree of disorder present 

in the system and can be written as 

                                                           𝑇𝑀 =  𝜆 [
𝛼3

𝑁(𝐸𝐹) 𝑘𝐵
]                                                   (5.13) 

Where λ is constant and has value 19.4 for disordered state. The present experimental 

data are fitted with Eq. (5.11) for all the samples of the present series. Figure 5.7(c) and 

(d) show the fitting of ρ (T) data following Eq. (5.11) for x = 0.0, 0.05 and x = 0.1, 0.2 

respectively in high temperature region. It can be noted that single equation explains the 

charge conduction mechanism for both metallic and insulating samples. The validity of 

equation has been previously showing for SrRuO3. The parameters ρ0 and TM estimates 

from fitting in figures 5.7(c) and 5.7(d) are given in Table 5.3, while ρ0 does not show 

large variation with Ga but the TM, shows a large increase with Ga doping which signifies 

disorder in system, this probably arises due to introduction of Ga in system which acts for 

site disorder. 

5.3.8 Magnetoresistance study 

Figure 5.8 (a) shows temperature dependent resistivity ρ(T) of SrRuO3, recorded in the 

presence of 0 T and 8 T magnetic field, which shows metallic behavior throughout the 

temperature range [43]. However, ρ(T) in the 8 T field is less than ρ(T) in the 0 T field, 

indicating the presence of magnetoresistance (MR) in SrRuO3 [43]. MR is defined as the 

percentage change in ρ(T) in the presence of magnetic field as given by Eq. (5.14)   

                                                     𝑀𝑅% =  [
𝜌(8 𝑇)− 𝜌(0 𝑇)

𝜌(0 𝑇)
]  × 100                                   (5.14) 
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 where ρ (8T) and ρ (0T) are the resistivities recorded with 8 T and 0 T applied magnetic 

field respectively.  

 

Figure 5.8 (a) The temperature dependent variation in electrical resistivity ρ (T) as 

function of temperature from temperature range of 5 K to 300 K in zero and 8 T applied 

magnetic field of SrRuO3 (b) The MR% as function of temperature range of 5 K to 300 K 

of x = 0.0 and x = 0.1 (c) x = 0.2 of SrRu1-xGaxO3 series. (d) The MR% at 5 K of SrRu1-

xGaxO3 series with x = 0.0, 0.1 and 0.2. 
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            Figure 5.8(b) shows temperature dependent MR of SrRuO3 and SrRu1-xGaxO3 (x 

= 0.1) calculated from ρ (T) data (as shown in figure 5.8a for SrRuO3), showing negative 

MR throughout the temperature range. SrRuO3 shows minimum MR of -3.2% at Tc and 

below Tc, MR increases and other minima of -2.1% has been observed at 40 K. However, 

SrRu1-xGaxO3 (x = 0.1) shows an increase in MR which is prominent at low temperature.  

Figure 5.8(c) shows MR of 20% Ga concentration with MR of -40% at 5K, which 

indicates with increases in Ga doping concentration MR increases. Also, 20% Ga doped 

sample is insulating throughout the temperature range, and in insulators, the effect of 

magnetic field on charge carriers is high. Thus magnetic field polarizes electron spin and 

increases the conductivity. 

Further, to observe the MR in the presence of different magnetic field, isothermal 

magnetization at 5 K has been done with field sweeping ± 8 T for x = 0.0, 0.1 and 0.2 of 

Ga doping concentration as shown in figure 5.8(d), indicating MR throughout the applied 

field. SrRuO3 does not show much change in MR, however, with the increase in Ga 

doping concentration MR increases sharply and becomes 20% at the 8 T field. The 

temperature dependent and field dependent MR shows conductivity increases in the 

presence of magnetic field. 

5.4 Conclusion 

The polycrystalline samples of SrRu1-xGaxO3 series with compositions (x = 0.0, 0.05, 0.1 

and 0.2) have been prepared by the solid-state reaction method. All samples show single 

phase orthorhombic structure of Pbnm space group. The lattice parameters decrease by 

Ga substitution due to lower ionic radii of Ru
5+

 which is generated through of Ru
4+

 

charge state of by Ga
3+

 doping. Both the dc magnetization decreases and the bifurcation 

between MZFC and MFC magnetization decreases with Ga
3+

 substitution. The analysis of 

thermal demagnetization at low temperature shows coexistence of both itinerant and 

localized model of magnetization. The magnetic critical exponent (β) of SrRuO3 close to 

Tc indicates a mean field type behavior where the value of β increases with Ga 

substitution. In high temperature region, χ
-1 

follows Curie-Weiss behavior and both the 

μeff and θp decreases with Ga doping, a GP like behavior is observed at higher doping 
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concentration. A transition from metallic to insulating state is observed between x = 0.05 

to 0.1, while the charge transport behavior in high temperature PM region is explained by 

modified Mott VRH model but in FM state below Tc, the charge transport mechanism 

mainly follow FL behavior where the temperature range for FL behavior increases with 

Ga doping. 
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Chapter 6 

 

 

Site dilution effect on Electrical Transport Behavior in 

SrRu1-xTixO3 
 

In this chapter, we discuss transport behavior study in terms of electrical 

resistivity (presence of zero field and in field) and specific heat study of SrRu1-xTixO3 

series (x ≤ 0.7). The Ti
4+

 substitution has changed the electron correlation effect and as 

we have already discussed the significant change of electron correlation (U) and density 

of states (DOS) which effect also present in transport behavior in increasing and 

decreasing order respectively. The transport behavior has studied in terms of Fermi 

liquid, non-Fermi liquid, Kondo and modified Mott variable range hopping (VRH) in 

absence and presence of magnetic field. The specific heat (Cp) study also shows strong 

correlation effect at low temperature.  

 

6.1 Introduction 

It has been observed that SrRuO3 exhibits metallic behavior with temperature as well as 

range of 1000 K [1]. However, the ρ(T) has direct correlation with magnetic properties in 

this material for instance in paramagnetic (PM) high temperature region without any spin 

correlation, the ρ(T) shows almost linear behavior with temperature as high as 1000 K. 

However, in low temperature ferromagnetic (FM) state below ~ 160 K, ρ(T) shows a 

change in slope across Tc and its value decreases with faster rate with decreasing 
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temperature. This clearly implies that a FM type spin correlation influences the electronic 

transport mechanism. The magnetic nature in SrRuO3 is mostly believed to be of itinerant 

type [2-8]. However, recently a coexistence of both itinerant and localized model of 

magnetism has been shown to be present in this material [9]. In SrRu1-xTixO3 series, we 

use nonmagnetic Ti
+4

 (3d
0
) substitution method which has been doped to dilute the 

magnetic Ru-O-Ru channel and also to tune the electronic properties through changing 

the electron number and electron correlation. By following Ti
+4

, one can expect an 

increase in U and decrease of electrons of the SrRuO3 system by 3d
0
 non-magnetic 

character. The change in U and N(єF) will affect the magnetic nature of itinerant FM. The 

photo emission spectroscopy (PES) study of SrRuO3 shows that the existence of coherent 

(itinerant) peak with the presence of incoherent (localized) peak at Fermi level (EF), 

which shows that U cannot be ignored in the present system. The same study (PES) by Ti 

substitution shows that the ratio of incoherent to coherent peak increases at EF while the 

density of states (DOS) decreases [10, 11]. The band structure study shows that the U 

increases by Ti doping in SrRu1-xTixO3 series [12]. On the other way, by following the 

localized model the dilution will effect on Ru-O-Ru bond so by this transition 

temperature (Tc) should modify. 

The motivation of present chapter in the thesis is to understand the evolution of transport 

behavior by Ti substitution. Further, to understand the behavior of charge transport in the 

presence of magnetic field, the ρ(T) has been measured in the presence of magnetic field 

both in the presence of temperature as well as various selected temperatures. The charge 

transfer mechanism in SrRuO3 has been investigated in detail in different magnetic 

regions in terms of modified Mott variable range hopping (VRH), Fermi liquid, non-

Fermi liquid (NFL) and Kondo behavior and the influence of Ti substitution on these 

phenomena have been studied in present SrRu1-xTixO3 series. We have further use 

specific heat Cp(T) measurement to understand the thermodynamic behavior in this 

material as well as establish a correlation with the electronic transport behavior. 
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6.2 Experimental Details 

The doped and undoped polycrystalline samples of SrRu1-xTixO3 series with x = 0.0, 0.1, 

0.2, 0.3, 0.4, 0.5 and 0.7 have been prepared by using solid-state reaction method and 

details of samples preparation have been discussed elsewhere [13]. The dc electrical 

resistivity ρ(T) and magnetoresistance (MR) data were measured by the home-built setup 

of Oxford superconducting magnet using the four probe technique, in the temperature 

range 5 K to 300 K and at 80 kOe applied magnetic field. The specific heat Cp(T) 

measurement has been measured by semi adiabatic method.  

6.3 Results and Discussions 

6.3.1 Electrical Resistivity Study 

Figure 6.1 shows temperature dependent electrical resistivity ρ (T) data (right axis) and 

magnetization M(T) data in the temperature range 5 K to 300 K (left axis) are measured 

as field cool (FC) and zero field cool (ZFC) protocol in the presence of 100 Oe magnetic 

fields. The M(T) shows ferromagnetic (FM) to paramagnetic (PM) second-order phase 

transition at transition temperature (Tc ~ 163 K) indicates by arrow and also vertical 

dotted line (chapter 3). The right axis of Figure 6.1 shows temperature dependent 

electrical resistivity ρ (T) of SrRuO3 in zero magnetic field and in the presence of 8 T of 

the magnetic field. The ρ (T) of SrRuO3 shows metallic behavior throughout the 

temperature range [1]. Interestingly, the ρ (T) shows slope change around Tc which 

implies a close correlation between magnetism and transport behavior in SrRuO3. Above 

Tc in PM region, the ρ (T) increases linearly and does not show saturation even reaching 

the Ioffe-Regel limit, which is an indication of bad metallic nature. Below Tc in FM 

region, the ρ (T) decreases sharply which is to attribute spin disorder effect. Further, a 

minima in ρ (T)  (indicate by circle region) has been observed around 15 K (TK), where ρ 

(T) increases as the temperature is lowered indicating a Kondo like behavior (will discuss 

later). The ρ (T) does not show any major change in magnitude from 5 K (1.21 mΩ-cm) 

to 300 K (1.97 mΩ-cm) at zero magnetic field. By applying 8T of the magnetic field, ρ 

(T) of SrRuO3 decreases and the kink around Tc is suppressed (shown in Figure 6.1). The 
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magnetoresistance (MR) has been calculated from zero field and high field ρ (T) curve 

using following relation 𝑀𝑅 =  
𝜌 (8𝑇)− 𝜌(0𝑇)

𝜌(0𝑇)
. The inset of Figure 6.1 shows negative MR 

dip around Tc and at low temperature (detail will discuss later). 

 

Figure 6.1 The left axis shows temperature dependent dc magnetization of SrRuO3 in the form of 

ZFC and FC from 5 K to 300 K and the right axis shows temperature dependent electrical 

resistivity ρ (T) from 5 K to 300 K at 0 T and 8 T of the magnetic field and the inset shows 

magnetoresistance (MR) of SrRuO3 from 5 K to 300 K. 

 

          The ρ (T) data of SrRu1-xTixO3 series with x = 0.0, 0.1, 0.2, 0.3, 0.4 and x = 0.5, 0.7 

are shown in Figure 6.2 (a) and Figure 6.2 (b) respectively. It is clear from Figure 6.2 (a) 

that with an increase in the percentage of Ti doping in SrRu1-xTixO3 series, the ρ(T) 

increases and near about identical behavior of SrRuO3 is observed till x ~ 0.4. The 

materials till x ~ 0.3 show a metallic behavior. However, figure 6.2 (a) show temperature 

driven metal to insulator transition (MIT) is observed around ~74 K (TMIT) for x = 0.4 

sample. The insulating behavior of SrRu1-xTixO3 series increases as the Ti doping 
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percentage increases for x = 0.5 and 0.7, as shown in Figure 6.2. It may be noted that for 

higher doped samples the increases magnitude of resistivity probably arises due to the 

less number of Ru–O–Ru type conducting paths in SrRu1-xTixO3 series as Ti
4+

 acts Ru 

site dilution. The magnitude of ρ (T) at low temperature (5K) of SrRuO3 and SrRu1-

xTixO3 (x = 0.7) is 1.21 mΩ-cm and 62.88 mΩ-cm, respectively indicating a substantial 

change towards the insulating behavior. The ρ (T) does not saturate at high temperature 

for metallic samples (x = 0.0, 0.1, 0.2, 0.3 and 0.4) and the derivative dρ/dT (not shown 

here) remains finite down to the lowest temperatures. The ground state of ρ(T) switches 

from metallic FM with insulating FM with Ti doping which is because of the collective 

effect of hole doping, the electron correlation effect and the disorder effect.  

The residual resistivity ratios (RRR = ρ(300 K)/ρ(5 K)) for SrRuO3 is ~1.62 which 

decreases with Ti doping to 0.2769 for x = 0.7 in zero field. Such low value of RRR is 

typically observed in doped Mott insulators close to a metal-insulator transition which 

exhibit a correlated metal type behavior. 

Here we attempt to bring out the exact functional dependence of ρ (T) in different 

temperature ranges to identify the dominant factors responsible for transport mechanism 

in the specified temperature ranges. In order to study the magnetic contribution, the field 

dependent ρ(T) has been studied in detail as a function of temperature as well as 

composition.  

 

Table 6.1 The table presents the values of ρ0M and TM by the variation of Ti doping. 

Quantity Field 
x = 

0.0 

x = 

0.1 

x = 

0.2 

x = 

0.3 

x = 

0.4 

x = 

0.5 

x = 

0.7 

 

ρ0M (mΩ-cm K
-

1/2
) 

 

 

0 T 

 
0.037 0.071 0.052 0.097 0.076 0.063 0.070 

8 T 

 
0.038 0.077 0.053 0.106 0.086 0.064 0.074 

TM (K) 

0 T 

 
466 122 583 145 646 12642 14561 

8 T 

 
439 078 552 093 426 12458 13449 
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6.3.2 Electrical Transport in PM State 

In this section, we discuss about the charge transport mechanism in high temperature 

paramagnetic (PM) state for SrRu1-xTixO3 series. Figure 6.2 (a) shows ρ(T) in PM state 

continuously increases almost linearly up to room temperature till x = 0.4. On the other 

hand, figure 6.2 (b) shows ρ(T) continuous decrease till room temperature showing an 

insulating behavior [14]. In insulator usually electronic transport occur to thermally 

activated hopping of charge carriers. In most case charge conduction follow Mott VRH 

model which consider hopping of charge carriers in disorder metal, this Mott VRH has 

been further modified by Greaves to include high temperature disorder state [15-18]. 

According to Greaves, the modified Mott VRH was given by [19] 

                                              𝜌 (𝑇) =  𝜌𝑜 √𝑇 exp [(
𝑇𝑀

𝑇
)

1 4⁄

]                                        (6.1) 

Where ρo is the pre-exponential constant and due to the electron-phonon interaction and 

TM is the characteristic Mott temperature coefficient and depends on the density of state 

(DOS) at the Fermi level (EF).  

 

Figure 6.2 (a) The temperature dependent resistivity ρ(T) of SrRu1-xTixO3 series with x = 0.0, 0.1, 

0.2 0.3 and 0.4 from 5 K to 300 K (b) The temperature dependent resistivity of SrRu1-xTixO3 

series with x = 0.5 and 0.7 from 5 K to 300 K. 
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The TM measures the degree of disorder and the relation of ρ0 and TM at Fermi level has 

given below in equation (6.2 and 6.3), 

                                                         𝜌0𝑀 =  
1

3𝜈𝑝ℎ
 [

8𝜋𝛼𝑘𝐵

𝑁(𝐸𝐹)
]

1 2⁄

                                        (6.2) 

and 

                                                            𝑇𝑀 =  
19.4 𝛼3

𝑁(𝐸𝐹) 𝑘𝐵
                                           (6.3) 

Where νph is the optical phonon frequency, kB is the Boltzmann constant, e is the 

electronic charge and (α = 1/ξ) is the inverse localization length of the localized states, 

and ξ is the localization length. The ρ (T) data in high temperature regime have fitted with 

equation (6.1) in figure 6.3 and the obtained fitting parameters such as ρ0 and TM have 

been given in Table 6.1 for present series. The equation fitted above Tc have samples with 

x < 0.4 while the equation can be following in whole temperature range for x = 0.5 and 

0.7.  

 
 

Figure 6.3 The modified form of Mott VRH fitting of resistivity ρ(T) in the high temperature 

range of SrRu1-xTixO3 series with compositions of (a) x = 0.0, 0.1, 0.2, 0.3 and 0.4 (b) 0.5 and 0.7. 
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6.3.3 Electrical Transport in FM state 

Previously we have seen that electronic transport behavior in low temperature 

ferromagnetic (FM) state below Tc for parent compound SrRuO3 follows metallic 

behavior, however, we observed ρ(T) exhibits change in slope below Tc, compared to that 

in high temperature paramagnetic (PM) state. This clearly implies that magnetic ordering 

has a profound influence on the charge conduction mechanism through electron 

scattering. The earlier reports have shown charge conduction in SrRuO3 at low 

temperature follow Fermi liquid (FL) behavior with functional form [20, 21], 

                                           𝜌(𝑇) = 𝜌0 + 𝐴𝐹𝐿𝑇2                                                           (6.4) 

Here ρ0 is the residual resistivity due to impurity scattering and AFL is the FL coefficient. 

The fermi liquid behavior for electron transport has been proposed by Landau which 

considers a dominant electron- electron interactions which effectively gives different 

temperature dependence of resistivity compared to simple metal.  

 
Figure 6.4 The Fermi liquid (FL) behavior fitting of SrRu1-xTixO3 series of x = 0.0, 0.1, 0.2, and 

0.3 with different temperature range below Tc. 
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It is interesting to note that in the isoelectronic doped system, i.e., Sr1-xCaxRuO3, where 

the calcium substitution causes suppression of ferromagnetism in SrRuO3 showing a 

quantum phase transition around x ~ 0.7 [22, 23]. In this series (Sr1-xCaxRuO3) the Fermi 

liquid type behavior has only been observed in ferromagnetic region and composition (x 

≤ 0.7), and the system exhibits a different non-Fermi liquid type behavior for non-

ferromagnetic compositions towards CaRuO3. This clearly shows Fermi-liquid behavior 

in SrRuO3 is deeply connected with the magnetism in this material. Following this, we 

have plotted the resistivity as a function of T
2
 which have been shown in figure 6.4. The 

figure 6.4 clearly shows that the resistivity of SrRuO3 follows a quadric dependence on 

temperature below Tc, however, we observed that T
2
 dependence deviates at low 

temperature which is marked by vertical arrow in figure 6.4. For the doped material in 

SrRu1-xTixO3 series, we also observed similar quadric dependence of temperature, 

however, range of Fermi liquid behavior modifies with Ti substitution. The temperature 

ranges for the validity of the Fermi liquid behavior (equation 6.4) along with the value of 

ρ0 and FL coefficient have been shown in table 6.2 for present SrRu1-xTixO3 series. Table 

6.2 clearly shows the range of FL behavior of SrRuO3 observes till 55 K and below 

which deviation occurs. This behavior also follows of all metallic samples x < 0.4 which 

shows FL range decreases by Ti substitution without change towards Tc. Given that the 

electron correlation is the origin for the Fermi liquid behavior and the Ti substitution in 

present SrRuO3, which modifies the electron correlation (U) as well as the electron 

density with this 3d
0
 character, will have a significant influence on electron transport 

behavior hence on the Fermi liquid behavior.  

Here we mention that in previous studies the Fermi liquid behavior has been observed in 

low temperature region [24], however, in the present study we observed the Fermi liquid 

behavior at high temperature close to Tc for all the samples. The breakdown of the Fermi 

liquid behavior for this series in low temperature remains surprising. To understand the 

transport in low temperature we have tried to plot the resistivity within the prescription of 

non-Fermi liquid behavior which naturally arises in the breakdown of Fermi liquid 

behavior with following temperature dependence. 
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                                                              𝜌(𝑇) = 𝜌0 + 𝐵𝑁𝐹𝐿𝑇3 2⁄                                    (6.5) 

         Here ρ0 is the temperature independent value of residual resistivity from the 

electron-impurity scattering caused by defects and BNFL is the NFL coefficient. The 

appearance of non-Fermi liquid behavior in case of breakdown of Fermi liquid behavior 

is usually understood due to quantum phase transition, 1D transport, etc.  

The switching of Fermi liquid to non-Fermi liquid with doping in Sr1-xCaxRuO3 

series is clear evidence of a quantum phase transition across x = 0.7. The NFL behavior 

has been previously reported in SrRuO3 through optical conductivity/reflectivity 

measurement by Kostic et al. [20], which has been further theoretically explained by 

Laad et al. [21], considering a nearly cubic structure where the peculiar orientation of t2g 

orbitals gives the peculiar structure of hybridization which essentially results in non-

Fermi Liquid behavior. Figure 6.5 present plotting of ρ(T) vs. T
3/2

 which shows a linear 

dependence at low temperature region below after the temperature where the Fermi liquid 

behavior breaks down.  

 
Figure 6.5 The non-Fermi liquid (NFL) fitting of SrRu1-xTixO3 series of x = 0.0, 0.1, 0.2, and 0.3 

with different temperature range below Tc. 
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For parent SrRuO3, we observed non Fermi liquid (NFL) behavior is followed 

down to temperature around 21 K, however, lower range for validity of non-Fermi liquid 

increases towards high temperature for instance, for x = 0.4 sample we observed that non 

Fermi liquid behavior is down to only 100 K (table 6.2). Similarly, we have noted the 

temperature range as well as the coefficients ρ0 and BNFL, in table 6.2 for the whole series. 

However, by applying 8 T of magnetic field, FL behavior changes in NFL behavior 

without changing NFL behavior. 

The observation of Fermi liquid and non-Fermi liquid behavior and their variation with 

temperature and composition in the present series is quite noteworthy. With the present 

data set, it is difficult to understand this evolution in electronic transport behavior and 

may be theoretical investigations need to be involved for this purpose. Nonetheless, based 

on other experimental results we speculate that the change in electron correlation and site 

network through Ti substitution would likely cause this effect.  

Table 6.2 This presents the values of FL, NFL and Kondo coefficients and temperature 

range by the variation of Ti doping. 

Field Property Quantity x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 

0 T FL 

ρ0  

(mΩ cm) 
1.25 1.36 1.92 2.15 3.61 

AFL  

(mΩ cm K
-

2
)×10

-5
 

1.89 3.50 2.83 4.38 1.66 

Range (K) 55< 

T<163 
102<T<163 110<T<163 112<T<163 133<T<163 

0 T NFL 

ρ0  

(mΩ cm) 
1.18 1.31 1.94 2.11 3.20 

BNFL (mΩ 

cm K
-

2
)×10

-4
 

2.98 4.36 2.86 4.96 4.40 

Range (K) 21< 21< T<102 60< T<110 79< T<112 100< 
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T<55 T<133 

8 T NFL 

ρ0  

(mΩ cm) 
1.17 1.25 1.84 1.96 3.20 

BNFL (mΩ 

cm K
-2

) × 

10
-4

 

2.53 4.43 3.50 5.70 4.40 

Range (K) 58< 

T<163 
68< T<163 95< T<163 97< T<163 

134< 

T<163 

8 T NFL 

ρ0  

(mΩ cm) 
1.15 1.24 1.90 2.01 3.15 

BNFL (mΩ 

cm K
-

2
)×10

-4
 

2.97 4.66 2.92 5.20 4.02 

Range (K) 27< 

T<58 
33< T<68 60< T<95 61< T<97 

111< 

T<134 

0 T Kondo 

ρ0 (mΩcm) 1.23 1.38 2.17 2.27  

AKondo (mΩ 

cm) × 10
-2

 
1.19 1.52 3.93 2.96 

 

8 T Kondo 

ρ0  

(mΩ cm) 
1.21 1.34 2.12 2.20 

 

AKondo (mΩ 

cm) ×10
-2

 
1.12 1.50 3.56 2.83 

 

 

6.3.4 Kondo Behavior 

The resistivity data in figure 6.1 for SrRuO3 shows a small upturn in ρ (T) at low 

temperature  below TK ~ 20 K. Usually, this upturn in ρ (T) where resistivity increases 

with decreasing temperature at low temperature is considered as Kondo like behavior. 

The Kondo effect arises due to scattering of conduction electrons with magnetic 

impurities resulting in continuous increase in resistivity at low temperature. In case of 

Kondo behavior resistivity follows logarithmic of temperature dependence with 

following functional form 
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                                                     𝜌(𝑇) = 𝜌0 − 𝐶 ln 𝑇                              (6.6) 

where ρ0 is the Kondo residual resistivity (i.e., sample impurity) and C is the Kondo 

coefficient. Following equation (6.6), we have plotted this Kondo behavior as shown in 

figure 6.6 and it has been observed that the samples show Kondo behavior till Ti doping 

concentration x = 0.3. As we increase the Ti doping level (x ≥ 0.3), ρ(T) shows insulating 

behavior and Kondo effect disappears.  

 
Figure 6.6 The Kondo effect fitting ρ(T) with logarithmic temperature of SrRu1-xTixO3 series with 

x = 0.0, 0.1, 0.2, and 0.3 from 5 K to 21 K.  

6.3.5 Magnetoresistance (MR) 

In order to study the magnetic contribution, temperature dependent magnetoresistance 

(MR) has been evaluated from figure 6.1, for SrRuO3, as shown in the inset of figure 6.1, 

by following the equation (6.7) 
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                         𝑀𝑅% =  
∆𝜌

𝜌(0)
 × 100 =   [

𝜌 (8 𝑇)− 𝜌 (0 𝑇)

𝜌 (0 𝑇)
]  × 100                                (6.7) 

 

where ρ (8 T) is the resistivity recorded in the presence of 8 T of magnetic field and ρ (0) 

is the resistivity recorded in zero magnetic field. 

 

Figure 6.7 (a) The MR at 5 K with variation of H and (b) shows MR at 200 K with variation of 

H
2
 of composition of SrRu1-xTixO3 series (x = 0.0, 0.1, 0.4, 0.5 and 0.7) (c) shows MR at 8T of 

field with variation of composition of SrRu1-xTixO3 series at 5 K and (d) 200 K. 

      Negative MR has been observed throughout the temperature range and maximum 

change in MR of 3.2% has been observed at temperature marked as Tc, below which MR 
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increases and another minima has been observed around 40 K [25] as shown in inset of 

Figure 6.1. Further, we have plotted the isothermal magnetoresistance, in the field range 

0 – 8 T at two different temperatures i.e., 5 K and 200 K, which represent Ferromagnetic 

(FM) and Paramagnetic (PM) regions, respectively for the SrRu1-xTixO3 series. The MR 

data are shown in Figures 6.7(a) and 6.7(b). 

A negative magnetoresistance at both the temperatures (5 K and 200 K) have been 

observed where the MR varies linearly with the applied magnetic field in ferromagnetic 

regime at 5 K. However, in high temperature paramagnetic region at 200 K, MR varies 

quadratically with the applied magnetic field. Figure 6.8 found to be maximum for x = 

0.5 at 5K, of the order of 9%. Figure 6.7(c) shows the MR observed at 8 T magnetic field, 

for different Ti concentration in ferromagnetic region at 5 K. The MR value increases 

non-monotonically with an increase in Ti doping, till x = 0.4, above which a sharp 

increase in MR has been observed. Interestingly, MR does not change much for Ti 

doping concentration x = 0.2 to 0.4, and a flat region in observed in figure 6.7 (c), which 

is related to metal to insulator transition. Figure 6.7 (d) shows MR ratio at 8 T magnetic 

field for different Ti doping concentration at 200 K in the paramagnetic region, as 

evaluated from figure 6.7 (b). It is evident from the data that in PM region MR does not 

have a significant change in magnitude as compared to FM regime. In PM, maximum 

MR of 1% is observed for x = 0.1 and MR value decreases with increase in Ti doping 

concentration to 0.2 % for x = 0.7.  

Further to study the variation of magnetoresistance (MR) with positive and negative filed 

sweeping, the MR has been recorded for SrRu1-xTixO3 series, with magnetic field 

sweeping of ± 8T at 5 K for the whole series of samples. The MR data are shown in 

Figure 6.8 (a)‒(f). Interestingly, we can notice that MR is negative and a hysteresis which 

has been observed for all the samples with field sweeping from 0 T to +8 T to 0 T and to 

-8 T to 0 T and 8 T (indicated by arrow). In this whole cycle, we observed that the 

variation in positive MR, remanent MR, coercive field and hysteresis for all the samples 

of the series. The coercive field and positive MR is symmetric for both positive and 

negative field which indicates hysteresis in MR. The opening of hysteresis decreases with 
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Ti concentration and for x = 0.5 very small hysteresis is obtained. However, with further 

increasing the doping concentration, the opening of hysteresis increases for x = 0.7 as 

shown in figure 6.8 (f).  

 

Figure 6.8 The MR at 5 K of SrRu1-xTixO3 series with (a) x = 0.0, (b) x = 0.1, (c) x = 0.3, (d) x = 

0.4, (e) x = 0.5 and (f) x = 0.7. 
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Figure 6.9 The MR at 5 K, 20 K and 40 K of SrRu1-xTixO3 series with (a) x = 0.0, (b) x = 0.1, (c) 

x = 0.3, (d) x = 0.4, (e) x = 0.5 and (f) x = 0.7. 
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We have observed a maximum MR at 8 T for x = 0.5 as shown in figure 6.7 (c). The 

maximum MR at x = 0.5 may be related to the MIT in this series around x = 0.4 (Figure 

6.2). For SrRuO3, we observe positive MR of amount ~ 0.05% at 0.5977 T which shows 

symmetric nature and remanent negative MR at zero field is around 0.1553% with large 

area of hysteresis. By Ti doping, the positive value of MR increases and maximum 

positive MR value is 0.33% at 0.88 T for x = 0.7. The remanant MR decreases with Ti 

doping and x = 0.5 and 0.7; the remanent MR become invisible. The cohesive field 

appears below 1 T. 

           To study the evolution of MR at different temperature has been recorded for 

SrRu1-xTixO3 series, at 5 K, 20 K and 40 K as shown in figure 6.9 (a‒f). In all the 

samples, we observed that remnant MR and coercive field decreases with increasing 

temperature, however, this decrement is very small for x = 0.0 ‒ 0.3 and prominent 

decrease is observed for x = 0.4. MR behavior with temperature is intriguing. 

 

6.3.6 Specific Heat 

The specific heat is widely used experimental tool to understand the thermoelectric 

properties in a material, particularly across the phase transition. In figure 6.10 (a) we 

have presented the temperature dependence specific heat for two representative samples 

with x = 0 and 0.2. It is clear in figure 6.10, that at low temperature Cp(T) shows 

saturation till around 20 K however above this temperature Cp(T) increases almost 

linearly. Interestingly, for x = 0 parent compound Cp(T) exhibits a jump around Tc which 

is shown as a magnified view in upper inset of figure 6.10 (a). For doped x = 0.2 

compounds, Cp(T) does not exhibit any jump across Tc  however, the data show a change 

in a slope across Tc. This implies with Ti substitution magnetic phase transition has been 

broadened. Similar signature of broadening of magnetic transition has also been observed 

in temperature dependence magnetization data which has been shown in lower inset of 

figure 6.10 (a). Here it can be mentioned that similar broadening in Cp data has been 

observed in other doped material in present SrRu1-xTixO3 series. The specific heat has 
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mainly two contributions namely, electronic and lattice contribution. The temperature 

dependence specific heat can be expressed with the following functional form.        

 

Figure 6.10 (a) The temperature dependent specific heat Cp(T) of SrRu1-xTixO3 series with x = 0.0 

and 0.2, and the upper and lower inset shows zoomed view of Cp (T) and M(T). (b) The straight 

line fitting of Cp(T) in the form of equation (6.9) for x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.7 of SrRu1-

xTixO3 series. For clarity, the Cp (T)/T data has been shifted by the rate of amount 0.02 upside for 

x = 0.1, 0.2, 0.3, 0.4, and 0.7 of SrRu1-xTixO3 series.                       
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                                         𝐶𝑝 =  𝛾𝑇 +  𝛽 𝑇3                                                  (6.8) 

where γ and β are the electronic (Ce) and lattice coefficients (phonon contribution, Cl) 

respectively.  

To identify the individual contribution of electronic and lattice part, the specific heat data 

has been plotted as C/T verses T
2
, as following 

                                𝐶𝑝/𝑇 =  𝛾 +  𝛽 𝑇2                                                    (6.9) 

The Cp(T) data has been plotted following equation 6.8 as shown in figure 6.10 (b). From 

the straight line fitting, the intercept and slope will give gamma and beta respectively. 

The fitting of equation 6.9, gives γ = 30 mJ mol
-1 

K
-2

 and β = 0.138 mJ mol
-1 

K
-4

 for 

parent compound SrRuO3, where the values closely match with the reported value for this 

material [22]. This high value of γ also suggests that there is strong electronic correlation 

in SrRuO3. The γ and β provides vital information of material for instance; the electronic 

coefficient gamma is directly related to density of states (DOS) following 

                                     𝛾 =
1

3
 𝜋2𝑘𝐵

2  𝑁𝐷(𝐸𝐹)                                              (6.10) 

Similarly, the lattice contribution β gives Debye temperature (ΘD) of material following 

equation 6.11  

                                  𝛩𝐷 =  [
12 𝜋4 𝑛 𝑅

5 𝛽
]

1 3⁄

                                                      (6.11) 

where R = 8.314 J K
−1

 mol
−1

 is the universal molar gas constant and n = 5 (for SrRuO3) is 

the number of atoms per formula unit (f.u.). 

The γ estimated using equation 6.10 has been shown in figure 6.11 (a), which shows γ 

continuously decreases with progressive doping of Ti. This implies that corresponding 

DOS also decreases as we dope Ti in SrRuO3. The decrease in DOS is also reflected in an 

increase in resistivity with x in SrRu1-xTixO3 series as shown in figure 6.2 a similar 

decrease of DOS with Ti doping has also been shown using XPS measurements [26]. 

Decreasing γ implies that DOS decreases with x. Using equation 6.11 we have calculated 

Debye temperature (ΘD) from estimated 413 K.  
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Figure 6.11 The electronic specific heat coefficient (γ) on left axis and right axis shows Debye 

temperature (ΘD) with the variation of Ti substitution in SrRu1-xTixO3 series (b) The Kadowaki-

Woods ratio with the variation of Ti substitution in SrRu1-xTixO3 series. 
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6.3.7 Kadowaki Woods Ratio (KWR) 

The Kadowaki-Woods ratio (KWR = RKW = A/γ
2
) is the comparison of Fermi liquid (FL) 

coefficient (A) and specific heat electronic coefficient (γ). This ratio has found to be 

constant or near in constant range for any transition metal compounds and or heavy 

fermion compounds [27]. Here for SrRuO3, we found the FL coefficient at 0 T of 

magnetic field 1.89 × 10
-5

 mΩ cm K
-2

 and electronic coefficient is γ = 30 mJ mol
-1

 K
-2

 so 

the KWR would be 2 × 10
-5

 μΩ cm mol
2
 K

2
 m

-2
J

-2
 which is good agreement for other d 

electron system [28, 29]. The comparison of value KW ratio of SrRuO3 to the heavy-

fermions (f electron) system we found that SrRuO3 is two times larger than f electron 

system which shows strong electron correlation effect present in the system.  

  Figure 6.11 (b) shows the variation of KW ratio with Ti doping which shows almost 

linear increasing behavior also reveals that electron correlation effect increases. However 

here we point out that the FL coefficient does not show at low temperature, but as the 

temperature increase, this behavior comes so in this condition the validity of KWR 

analysis is questionable.  

6.4 Conclusion 

The SrRuO3 shows metallic behavior throughout the temperature range and shows 

correlation with magnetization at Tc. The electrical resistivity of SrRu1-xTixO3 series 

increases by Ti substitution and around x = 0.4 shows MIT and further insulating 

behavior increases by higher Ti substitution up to x = 0.7. The electrical resistivity in PM 

disorder state shows linear fitting with modified equation of Mott VRH for all series of 

samples. In FM metallic region, the FL and NFL behavior has observed in different 

temperature range. At low temperature, Kondo like behavior found for up to x < 0.4. The 

MR shows linear increasing behavior with increasing field in FM region while in PM 

region shows linear behavior in terms of quadratic field. The low temperature MR shows 

hysteresis which decreases by Ti substitution. Similar to magnetization, the electronic 

specific heat shows broadening of peak at Tc by Ti substitution. The DOS and Debye 

temperature shows decreasing and increasing value by Ti substitution respectively. The 

KWR shows electron correlation effect increases by Ti substitution. 
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Chapter 7 

 

 

Conclusion and future plan 
 

The 4d based Ru has central behavior of electron correlation effect (U) and spin 

orbit coupling effect (SOC). By considering the above effect, we choose SrRuO3 which 

shows itinerant ferromagnetic nature at Tc and is the rare example of 4d based oxides 

with highest ordered moment. The main intension of this thesis is to figure out the 

innovative physics of magnetic and transport behavior in SrRuO3 by non-magnetic 

substitution. Here we sum up the whole thesis work, result and future scope. 

 

7.1  Conclusions  

In the whole conclusions of this thesis work is understand the nature of 

magnetism of SrRuO3 by the non-magnetic substitution of Ti
4+

(3d
0
) and Ga

3+
(3d

10
) by 

studying the magnetic and transport behavior. The whole results of the thesis contained in 

chapter from 3 to 6 have the amplifying the knowledge of present explanation of 

magnetic and electrical transport study of the infinite layered ruthenates. 

SrRuO3 has good metallic conductivity, chemical stability and easy epitaxial 

growth on various perovskite structures which attract for multilayer device application 

and technological application. After the discovery of superconductivity in ruthenium 

based layer perovskite structure Sr2RuO4, the study of SrRuO3 has come in interest. 

SrRuO3 is the end member of ruthenium based ruddlesden popper series (Srn+1RunO3n+1, 
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where n is the number of corner sharing of RuO6 octahedra layers which is separated by 

Sr‒O layers) series of infinite layer. Due to extended nature of 4d than 3d it shows more 

hybridization and because of large crystal field effect come in low spin state (𝑡2𝑔
4 ) which 

gives the effective spin S = 1. The low temperature ordered moment observed 1.4 μB/ f.u 

which is less than theoretical calculated value of 2 μB  by μH = gSμB, where S = 1, which 

has considered due to itinerant ferromagnetic (FM) nature. 

Chapter 3 shows polycrystalline samples of SrRu1-xTixO3 series with x up to 0.7 

have been prepared to understand the effect of site dilution on structural and magnetic 

properties. The parent material SrRuO3 crystallizes in orthorhombic-Pbnm structure 

having GdFeO3 type crystallographic distortion where RuO6 octahedra exhibit both tilt 

and rotation. With progressive Ti substitution, structural symmetry is retained though 

evolution of structural parameters has been observed. Magnetic moment and Curie 

temperature (θp) are observed to decrease with this dilution work. However, long-range 

magnetic ordering temperature Tc remains unchanged which is understood from the 

opposite tuning of electron correlation effect and DOS with Ti substitution within model 

of itinerant magnetism. The estimated critical exponent β (0.48) shows nature of 

magnetism in SrRuO3 is of mean-field type, and an increase of β with x has been ascribed 

to development of FM clusters with Ti substitution. Interestingly, similar to isovalent 

doped Sr1-xCaxRuO3, these materials exhibit Griffiths phase like behavior in higher doped 

samples which is again believed to arise from clustering effect above Tc and represents 

the local moment picture of magnetism in SrRuO3. Analysis of low temperature thermal 

demagnetization data is in favor of dual presence of itinerant and local moment in 

SrRuO3 in conformity with recent theoretical calculation. 

Chapter 4 studied the critical behavior in perovskite based SrRu1-xTixO3 as a 

function of Ti substitution using the standard methods such as modified Arrott plot, 

Kouvel-Fisher plot and critical isotherm analysis. We have estimated critical exponents β, 

γ, and δ where β increases and both γ and δ decreases with Ti substitution. The transition 

temperature Tc, however, remains almost unchanged with site dilution by Ti doping. The 

estimated exponents do not match with the values of any universality classes known for 
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spin interaction models. Nonetheless, the exponents nicely obey the Widom relation as 

well as scaling behavior which attests to the fact that estimated exponents and Tc are 

consistent and accurate. The evolution of exponents of similar nature has been observed 

in isoelectronic doped Sr1-xCaxRuO3. This specific change of exponents is likely caused 

by disorders arising from magnetic clusters which originate due to site dilution with Ti 

substitution. The evolution of the Griffiths phase like behavior in present series as 

evidenced in our earlier study substantiates the formation of magnetic clusters and its 

influences on the magnetic behavior. 

       Chapter 5 discuss the polycrystalline samples of SrRu1-xGaxO3 series with 

compositions (x = 0.0, 0.05, 0.1 and 0.2) have been prepared by the solid-state reaction 

method. All samples show single phase orthorhombic structure of Pbnm space group. The 

lattice parameters decrease by Ga substitution due to lower ionic radii of Ru
5+

 which is 

generated through of Ru
4+

 charge state of by Ga
3+

 doping. Both the dc magnetization 

decreases and the bifurcation between MZFC and MFC magnetization decreases with Ga
3+

 

substitution. The analysis of thermal demagnetization at low temperature shows 

coexistence of both itinerant and localized model of magnetization. The magnetic critical 

exponent (β) of SrRuO3 close to Tc indicates a mean field type behavior where the value 

of β increases with Ga substitution. In high temperature region, χ
-1 

follows Curie-Weiss 

behavior and both the μeff and θp decreases with Ga doping, a GP like behavior is 

observed at higher doping concentration. A transition from metallic to insulating state is 

observed between x = 0.05 to 0.1, while the charge transport behavior in high temperature 

PM region is explained by modified Mott VRH model but in FM state below Tc, the 

charge transport mechanism mainly follow FL behavior where the temperature range for 

FL behavior increases with Ga doping. 

Chapter 6 present the metallic behavior of SrRuO3 throughout the temperature 

range and shows correlation with magnetization at Tc. The electrical resistivity of SrRu1-

xTixO3 series increases by Ti substitution and around x = 0.4 shows MIT and further 

insulating behavior increases by higher Ti substitution upto x = 0.7. The electrical 

resistivity in PM disorder state shows linear fitting with modified equation of Mott VRH 
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for all series of samples. In FM metallic region, the FL and NFL behavior has observed in 

different temperature range. At low temperature, Kondo like behavior found for upto x < 

0.4. The MR shows linear increasing behavior with increasing field in FM region while in 

PM region shows linear behavior in terms of quadratic field. The low temperature MR 

shows hysteresis which decreases by Ti substitution. Similar to magnetization, the 

electronic specific heat shows broadening of peak at Tc by Ti substitution. The DOS and 

Debye temperature shows decreasing and increasing value by Ti substitution 

respectively. The KWR shows electron correlation effect increases by Ti substitution. 

 

7.2 Future plan 

In the past few decades, the ruthenium based oxides have been studied and 

explored for their intermediate effect of electron correlation and spin-orbit coupling in 

many exotic properties such as p-wave superconductivity, colossal magnetoresistance, 

FM-PM phase transition, AFM insulator, anomalous Hall Effect and more have been 

observed in ruthenates. However, various theoretical predictions have already been seen 

with the comparable results of experimental studies. The recent theoretical prediction 

shows that Weyl fermions play a vital role in temperature dependent spin wave behavior 

in SrRuO3. Our magnetic and transport behavior results also match with the theoretical 

predictions and experimental results. 

  However, many other predictions are yet to be observed and the research is on 

way so we can say that the understanding of ruthenates has to go beyond the limits. For 

further understanding of physical properties and understanding physics in ruthenates 

detailed experimental studies are needed such as neutron diffraction, muon spin rotation 

(μSR), ac susceptibility. Following the above direction, we are aim to study the 

ruthenates further and other related phases by using local probing methods. We will also 

study the effect of other nonmagnetic dopants like Al
3+

/Zr
4+ 

to understand the physical 

properties in SrRuO3. Similar effect will also be taken to trivalent or monovalent 

substitution at Sr
2+

 site to manipulate the Ru valence state. Further, isoelectronic divalent 



CHAPTER ‒ 7  

Conclusions and the way to forward 

 
 
 
 

145 
 

(Ca
2+

 or Ba
2+

) substitution can also be employed to observe the effect on the physical 

properties of ruthenates. Magnetic anisotropic is intrinsic property since it depends on 

crystal structure and its understanding is quite important since it will provide vital 

information about physical properties like magnetization, specific heat etc. To understand 

the anisotropic behavior of physical properties, single crystal is required so we are 

planning to grow single crystals. Further to understand how the physical properties can 

evolve with reducing dimension, thin films will be grown and nanoparticles will be 

prepared. Efforts will also be taken to grow the multilayer hetrostructures of ARuO3 and 

other ferromagnet or superconducting materials. Further, to explore our understanding 

and observe the variation between 3d to 5d, we will also the study the Ru based double 

perovskite (DP, A2BB’O6), where B and B’ both are different TM and good point is that 

B and B’ can be selectively choose. With this belief that this thesis work has significant 

contribution to the understanding in the physics of ruthenates, we conclude with an aim 

to understand and excel the physics of ruthenates in future. 
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