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7.1 Introduction 

The technology of the next generation spintronic devices are progressively predicated upon 

discovering new multifunctional materials that respond to multiple external stimuli. Such 

multifunctional properties of strongly correlated oxide systems typically emanate from the 

existence of coupled microscopic degrees of freedom viz., spin, phonon, and polarization etc,. 

Hence, the search for such materials has got invigorated interest in recent past so that their 

novel properties can be harnessed to fabricate innovative practical applications such as 

memory devices, spin-filters, spin switching, and capacitive devices etc [1-5]. Among such 

emerging multifunctional materials, a great deal of research attention have been bestowed on 

the class of double perovskites (DP) A2BB
Ꞌ
O6 (A= Rare earth ions or alkaline ions; B/B

Ꞌ
= 

transition metal ions) owing to their wide range of exotic properties including near room 

temperature ferromagnetic ordering, colossal magneto-resistance, giant magneto-dielectric 

coupling, magnetocaloric effects, Griffiths phase, giant exchange bias, spin glass, spin-

phonon coupling, metamagnetic transition etc [6-12]. Apart from their far reaching 

technological prospects, the DPs offered a fascinating playground for the basic solid state 

research towards the understanding of the competing interplay of the magnetic, electric and 

phononic order parameters [12-14]. In its ordered structure, the two sub-lattices consisting of 

BO6 and B
Ꞌ
O6 octahedrons form a rock-salt type ordering [15-16]. The novel and 

unconventional ground states of such DPs are mainly established by the B-site cationic 

ordering and their nominal valence states. Most of the Co/Ni/Mn based ordered DPs exhibit 

ferromagnetic (FM) insulating ground state which is best understood by the 180
0
 positive 

super-exchange interactions among B
2+

/B
Ꞌ4+

 ions via adjacent oxygen ions following 

Goodenough-Kanamori rules [16-17]. As a matter of fact, though a perfectly ordered 

structure offers a desirable platform for studying its properties theoretically but is extremely 
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difficult to synthesize. The disorders in the form of anti-site disorder (ASD) i.e. site exchange 

between B/B
Ꞌ
 ions inevitably creeps into the structure while sample preparation. Additionally, 

introduction of B
3+

/B
Ꞌ3+

 ions as a disorder leads to competing anti-ferromagnetic (AFM) 

interactions in the system [18-19]. It has been observed that such anti-site disorder has 

profound effects on the physical properties of DPs, especially the magnetic properties and can 

lead to fascinating phenomena viz., Griffiths phase, exchange bias, low temperature spin-

glass states, room temperature giant magneto-dielectricity etc [8, 10, 11]. However, despite of 

rigorous theoretical and experimental investigations via magnetic, neutron, NMR, X-ray 

absorption/emission spectroscopy etc studies on such DPs, a complete understanding of the 

electronic structure and the impacts of the B-site cationic ordering on its properties is far 

from being well-understood and still remained as an open challenge [19]. 

 The spin-glass (SG) state in a system is a manifestation of the spin frustration due to 

the existence of competing magnetic interactions leading to the macroscopically degenerate 

multi-valley ground states [20-22]. In a SG state, the competing spins conflict with each other 

and cannot attain a long range magnetic ordering, rather freeze in a random non-collinear 

fashion thus leading to a nonergodic state characterized by aging effect, thermo-magnetic 

irreversibility, slow spin dynamics etc. Unlike the typical spin glass states, recently glassy 

spin dynamics have been observed in some systems where the entity responsible for such 

frustrated non-equilibrium state is not really the atomic spins; instead it is the spin-cluster. 

Such states are known as the cluster glass (CG) state [23-25]. As a matter of fact, in SG 

states, the competing FM/AFM interactions tend to have equivalent strengths on lowering the 

temperature while the CG state evolves if one of the competing interactions (AFM or FM) is 

weaker relative to the other. However, the existence of the static-disorders in the system is 

often seen to be responsible for anticipating the short range magnetic ordering such as SG or 

CG states at lower temperatures in addition to the existing higher temperature long range 
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magnetic ordering, known as re-entrant spin glass (RSG) or cluster glass (RCG) states [26-

28]. This particular dynamic magnetic property recently has attracted immense research 

interest world-wide and remained at the forefront of research. This special phase is realized 

by the co-existence of the long range order parameter even in the glassy state in the lower 

temperature. Eventually, as compared to the large number of systems exhibiting SG states, 

fewer systems are reported to show RSG or RCG states. The different theoretical and 

experimental investigations showed different possible mechanisms are associated to the 

observed glassiness viz., site disorder, geometrical spin frustration, spin-orbit interaction, 

octahedral tilting etc [8, 28-31]. However, the exact origin is still an open challenge and 

requires more efforts for a complete understanding. Apart from its intriguing rich physics, it 

helped envisaging many real world practical applications viz., protein folding, memory 

applications, neutral networks etc [22,32,33]. 

 On the other hand, when a system possesses multiple magnetic phases, an exchange 

bias can be induced exhibiting a shift along the field axis of the M(H) (hysteresis loop) curves 

[34-37]. This happens due to the formation of the FM unidirectional exchange anisotropy at 

the interface of the two different magnetic phases. Since its discovery, it has received 

tremendous research attention due its scopes for the real life applicability in spin-valves, read 

heads and ultra-high density magnetic memory devices etc [37,38]. 

 Eventually, in literature, the existing reports available on the partially disordered DP 

Pr2CoMnO6 system revealed its dc magnetic properties and exhibition of strong spin-phonon 

coupling [39]. However, an extensive study of this system by ac susceptibility measurements 

deciphering its low temperature spin dynamics is hitherto unreported. Again, to date, no 

comprehensive reports are available describing its electronic structure. Moreover, hole 

doping in the manganite perovskites has received tremendous research attention since the 

discovery of the colossal magnetoresistance in such materials [40]. The underlying physics of 



Chapter 7                          Probing the Griffiths like...    
 

180 | P a g e  
 

such systems involves the phase separation due to the intrinsic competition of spins, lattice, 

orbital or charge orders leading to the inhomogeneous magnetic and electronic ground states 

[41]. Understanding the above facts, we got motivated to carry out an extensive study on hole 

(Sr
2+

) doped DP Pr1.5Sr0.5CoMnO6 system via detailed dc and ac magnetization, transport, X-

ray photoemission spectroscopy (XPS) and X-ray photo absorption spectroscopy (XAS) 

studies. The possible impacts of the inherent B-site disorder and as well as the heterovalent 

ion (Sr
2+

) substitution on its electronic structure and physical properties have been thoroughly 

discussed in this chapter. 

 

7.2 Experimental 

7.2.1 Synthesis procedures: 

The polycrystalline samples of Pr2-xSrxCoMnO6 (x=0.0, 0.3 and 0.5) were prepared by 

standard solid state reaction route. The flow chart of its preparation steps is shown in below:  

 

 

Figure. 7.1: Flow chart of the sample preparation steps by solid state reaction route. 
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The highly pure (>99.99%) oxide precursor powders of Pr6O11, SrCoO3, CoO and Mn2O3 

were taken in proper stoichiometric ratio followed by intimate grinding for an hour. Initial 

heat treatment of this powder was done at 950
0
 C for 24 hours in air. After regrinding, the 

powder was subjected to several heating cycles at 1150
0
C with reheating and intermittent 

grindings for several days. Finally, the powder thus obtained was pelletized and sintered at 

1250
0 

C for 36 hours followed by a slow cooling to room temperature. 

7.2.2 Characterizations: 

X-ray diffraction measurements at 300 K were carried out using Rigaku Miniflex II X-ray 

diffractometer. The Rietveld refinements of the X-ray diffractograms (XRD) of the samples 

confirmed that all the three samples crystallized in single phase monoclinic structure with 

P21/n symmetry (not shown). The superconducting quantum interference device (SQUID) 

based magnetic property measurement system (Quantum Design-MPMS) was employed for 

magnetization measurements. The XAS measurements were performed at the BL14 beamline 

of Hiroshima Synchrotron Radiation Centre, Hiroshima University, Japan. The total electron 

yield (TEY) mode has been used as it requires relatively easy experimental setup and gives 

high signal to noise ratio. The XPS data was recorded by an Omicron multi-probe surface 

science system which is well-equipped with a hemispherical electron energy analyzer (EA 

125) along with a monochromatic X-ray source Al-Kα line with photon energy 1486.70 eV. 

The average base pressure was maintained at a value of ~2.8×10
-11 

Torr. The total energy 

resolution as calculated from the width of Fermi edge was about 0.25eV. 
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7.3 Results and discussions 

7.3.1 X-ray photoemission spectroscopy study: 

To understand the magnetic and transport properties of the present systems, it is necessary to 

have a prior knowledge of its electronic structures. In order to do so, we have performed X-

ray photoemission spectroscopy (XPS) study of systems x=0.0 (PCM) and 0.5 (PCMS25). In 

XPS study of a system containing open-shell ions, the coupling between the open-shell and a 

core electron vacancy produces the multiplet structure. Apart from the features of the main 

photoelectron lines of XPS, the pertaining satellite peaks, relative intensities of the core level 

peaks and chemical shifts are helpful to precisely determine the ligand co-ordinations and 

nominal charge states etc [42]. All peak positions and doublet separations of the recorded 

data have been assigned from the National Institute of Standards and Technology (NIST) 

XPS database. Survey scan confirms the presence of Pr, Co, Mn and O in both the samples, 

while Sr is present only in PCMS25 sample (Fig. 7.2 (a)). However, no trace of any other 

impurity elements except C was detected from the spectrum. The presence of C1s peak is 

related to the adventitious molecules which got absorbed at the surface from the air. Core-

level XPS of Pr3d region of both pure (PCM) (upper panel) and 25 %Sr doped (PCMS25) 

(lower panel) show spin-orbit split peaks Pr3d3/2 and Pr3d5/2 around 953 eV and 933 eV 

respectively, with doublet separation of 20.4 eV (Fig. 7.2(b)). Two additional exchange 

splitting features positioned around ~4.8 eV below the main Pr3d peaks can also be observed 

which are originated from the coupling of Pr4f and Pr3d hole states [42,43]. Moreover, a 

shoulder above the Pr3d3/2 peak marked as ―t‖ is also observed which is seemingly 

associated to the multiplet effect. All these features suggest for the trivalent oxidation states 

of the Pr ions [42,43]. 
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Figure. 7.2: (a) XPS survey scan of PCM (top) and PCMS25 (bottom). (b), (c), (e) and (f) 

are depicting core level Pr3d, O1s, Mn2p, Co2p XPS spectra for PCM (top panel) and 

PCMS25 (bottom panel) respectively. (d) represents Sr3d core level XPS of PCMS25. (g) 

show VB spectra at 300 K for PCM (top) and PCMS25 (bottom). 

 

 

Core-level XPS of Mn2p region of PCM and PCMS25 samples are shown in Fig. 

7.2(e). For both the samples, the spin-orbit splitting (∆E) of the peaks Mn2p1/2 and Mn2p3/2 

are found to be around ~11.7 eV. In fact, ∆E for Mn2p XPS spectra in MnO2 is around ~11.8 

eV [44]. The reduced value of ∆E~11.7 eV for the present samples suggests that valence 

state of Mn in both systems is slightly smaller than +4, which is possibly due to the presence 

of fractional Mn
3+

 ions. The analysis by deconvolution of the Mn2p XPS spectra yielded that 

Sr
2+

 ion substitution slightly increased the concentration of Mn
4+

 as compared to the pure 

sample. This little increase in Mn
4+

 concentration was expected as after heterovalent Sr
2+

 ion 
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(hole) substitution, the system would essentially try to maintain the charge neutrality by 

causing an effective increase in the Co/Mn ions oxidation states.  

The XPS study of the compounds containing Co is particularly important since its 

spectra contain shake-up satellite peaks (due to poorly screened states) along with the main 

photoelectron lines (well screened states) which are highly sensitive to oxidation states and 

ligand co-ordination etc [42,45,46]. In Fig. 7.2(f), the core-level Co2p XPS spectra of PCM 

(top) and PCMS25 (bottom) comprising of spin-orbit split Co2p1/2 and Co2p3/2 peaks are 

shown. Eventually, the Co2p doublet separation (∆E) for PCM is found to be ~15.7 eV while 

for PCMS25 it comes down to 15.4 eV. In fact, Co2p doublet separation in CoO (divalent 

Co) and Co3O4 (mixed +2 and +3 states) are reported to be ~15.9 eV and 15.3 eV 

respectively [42,46]. This suggests that for both the PCM and PCMS25 samples, the Co 

cations exist in mixed valence +2/+3 states.  However, the observed decrease in doublet 

separation results from the increased oxidation states of Co due to Sr doping. Moreover, it is 

pertinent to note that two intense charge transfer satellite features are observed above the 

main Co2p peaks in PCM which are relatively weak in PCMS25. Such satellite features 

nearly ~7 eV above Co2p main peaks are typically observed in CoO and thus used as a 

hallmark feature for Co
2+

 ions [42,45,46]. In contrast, these are nearly absent or very weak 

in Co2p XPS spectra of Co2O3 or LiCoO2 where Co ions exist in +3 states. Whereas for 

Co3O4, the Co2p XPS spectra exhibits weaker satellites due to presence of mixed Co
2+

/Co
3+

 

valance states [45,46]. Hence, again the reduced satellite intensity for Sr doped sample 

clearly suggests for increased Co
3+

 ions relative to that in pure sample [42]. The 

deconvolution analysis of the respective Co2p XPS spectra of PCM and PCMS25 also 

yielded significant increase in the Co
3+

 concentration due to Sr doping.    

O1s core-level XPS of both systems are shown in Fig. 7.2(c). Peak around ~529 eV 

is the representative peak of O
2-

 ions of lattice oxygen [42] and while the peak around ~531 
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eV~532 eV is attributed fewer electron rich oxygen species (viz., O2
2− , O2

− or O−) due to the 

adsorption of oxygen at the surface [42]. Figure. 7.2(d) depicts Sr3d XPS spectrum for 

PCMS25 system. The peak positions and the doublet separation of ~1.8 eV between spin-

orbit split peaks Sr3d3/2 (~133.2 eV) and Sr3d5/2 (~131.4 eV) indicate +2 oxidation states for 

Sr [47]. 

 Figure. 7.2(g) shows the valence band (VB) spectra recorded at 300 K for both the 

PCM and PCMS25 samples. Apparently, below the Fermi level (EF), both the spectra are 

showing similar patterns consisting of two main intense features denoted as A and B which 

are positioned at ~2 eV and 5.7 eV respectively. The VB spectra for both the samples showed 

weak spectral weight across the EF, thus indicating insulating nature of the samples. 

However, for the PCMS25 sample, weak but finite states can still be visible near EF which 

predicts relatively enhanced conductivity in it. Eventually, both the VB spectra are mainly 

composed of hybridized states of Pr4f, Co3d, Mn3d and O2p orbitals [42,48]. As a matter of 

fact, the occupied spectral feature immediately below EF (0-1 eV) can mainly be ascribed to 

the hybridization of the extended Co3d (eg) and Mn3d (eg) states [42,48]. The contribution to 

the most intense feature A is predominantly coming from the Pr4f, Co3d (t2g), Mn3d (t2g) 

states hybridized with O2p states while the significant proportion being from Pr4f states [42]. 

On the other hand, the next feature B can be attributed mainly to the hybridization of the 

extended Co3d (t2g) and Mn3d (t2g) states with ligand O2p states (other minor contribution 

being from O2p-Co/Mn 4sp and O2p-Pr 5sd oxygen bonding states.). However, the decreased 

relative intensity of A for PCMS25 sample is seemingly associated to the decreased Pr4f 

states (due to Sr substitution). 
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7.3.2 X-ray absorption spectroscopy study: 

 In X-ray absorption spectroscopy (XAS) study, an electron situated in the core level 

gets excited by the incident X-ray photon to an unoccupied conduction level following the 

intra-atomic dipole selection rule. Thus, it has capability to precisely probe the oxidation 

states of the constituent elements of a compound. Hence we have performed the XAS 

measurements on PCMS25 to further confirm the XPS results of the B-site oxidation states 

(i.e. Co and Mn). The recorded XAS spectrum at Mn-L3 edge shows two feature peaks 

around 641.6 eV and 643.8 eV (Fig. 7.3(a)). The line shape and the position of the observed 

Mn- L3 peak showed a close match with that of earlier reported spectra for MnO2 while it is 

significantly different from the spectra of  MnO and Mn2O3 [49]. Eventually, the observed 

spectra is quite similar to that of CaMnO3-δ system, where they observed similar two features 

around ~642 eV and ~645 eV [50]. It is reported that 642 eV peak is associated to the 

trivalent Mn ions (minor) arising due to the oxygen deficiency whereas 645 eV peak is 

related to the tetravalent Mn ions (major) [50]. Hence it suggests that Mn cations in 

PCMS25 exist mostly in Mn
+4 

state, but there also exist some trace of Mn
3+

 cations. On the 

other hand, the XAS Co-L3 edge of PCMS25 shows three features at 777.8 eV, 779.5 eV and 

780.5 eV (Fig. 7.3(b)). The feature at 780.5 eV corresponds to Co
3+

 state while features at 

777.8 eV and 779.5 eV correspond to Co
2+

 state [42, 51]. 
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Figure. 7.3: (a) and (b) depict XAS (300 K) at Co_L3 and Mn_L3 edges for PCMS25 

system. 

 

7.3.3 Electrical resistivity study: 

Figure. 7.4 represents the electrical resistivity (ρ) variation with temperature for PCM and 

PCMS25. For both the curves, the resistivity shows monotonous increase with decreasing 

temperature, thus exhibiting an insulating nature of the samples. However, as evident from 

the figure, Sr substitution caused a dramatic drop in the resistivity. This can be presumably 

attributed to the enhanced carrier concentration due to the effective increase in the mean 

oxidation states of the B-site ions (i.e. Co/Mn) by Sr doping. As a matter of fact, the 

resistivity behaviour of many double perovskites systems is often observed to follow the 3D 

Mott variable range hopping (VRH) mechanism (of the form:𝜌 = 𝜌0exp  
𝑇0

𝑇
 

1/4

, where ρ0 

represents the pre-factor and T0 is related to the characteristic hopping temperature associated 

to the electron hopping probability) in which the most frequent hopping does not occur to the 

nearest neighbour unlike simple thermally activated process [52]. Eventually, the resistivity 

curves for both the PCM and PCMS25 systems were satisfactorily fitted with the VRH law in 

the entire temperature range (Fig. 7.4). The best fit yielded values of the constant T0 to be 

643.8 eV

635 640 645 650

PCMS25

Mn-L
3
 edge

Photon Energy (eV)

X
A

S
 I

n
te

n
si

ty
 (

a
.u

.)

772 774 776 778 780 782

X
A

S
 I

n
te

n
si

ty
 (

a
.u

.)

PCMS25

779.5 eV

780.5 eV

Co-L
3
 edge

Photon Energy (eV)

777.8 eV
(b)(a) 641.6 eV



Chapter 7                          Probing the Griffiths like...    
 

188 | P a g e  
 

~1.59×10
8
 K and 6.43×10

6 
K for PCM and PCMS25 respectively. T0 is related to the density 

of the localized states N(EF) as T0= 
24

𝜋𝐾𝐵𝑁 𝐸𝐹 𝜉3 ; here ξ is the decay length of the localized 

wave function [52]. The estimated the values of N(EF) (taking ξ~0.38 which is the mean 

distance between the neighbouring Co/Mn atoms) are found to be~1.12×10
19

/eV-cm
3
 and 

~2.72×10
20

/eV-cm
3
 for PCM and PCMS25 respectively. The obtained values of N(EF) are 

consistent with other similar oxide semiconductors [52]. 

 

Figure. 7.4: Resistivity (ρ) vs temperature (T) plots for PCM and PCMS25 systems along 

with their VRH fits. 

 

 

7.3.4 Magnetization study: 

Figure. 7.5 (a) illustrates the temperature (T) variation of dc magnetization (M) of PCMS25 
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applied magnetic field of 100 Oe. The magnetization exhibits a sharp jump around TC ~153 K 
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top of Fig. 7.5a). Moreover, the observation of the large thermo-magnetic irreversibility 

between the ZFC and FC arms clearly indicates towards the existence spin frustrations owing 

to the different competing spin interactions. Moreover, another broad anomaly near ~35 K is 

also observed in the ―dM/dT Vs T‖ curve, thus suggesting for the existence of a secondary 

magnetic phase at lower temperatures. Furthermore, to estimate the effective paramagnetic 

moment (𝜇𝑒𝑓𝑓 ) and the Curie-Weiss temperature (θCW), standard Curie-Weiss (CW) 

model: 𝜒−1 =
𝐻

𝑀
=

3𝐾𝐵

𝜇𝑒𝑓𝑓
2 (𝑇 − 𝜃𝐶𝑊), has been employed to fit the ―temperature (T) variation of 

inverse susceptibility (χ
-1

) curve‖ in the elevated temperature range  (inset bottom of Fig. 

7.5a). The fit yielded 𝜇𝑒𝑓𝑓~7.78 μB and 𝜃𝐶𝑊  ~ +113 K. The positive value of θCW indicates 

towards the predominant ferromagnetic interactions in the system. Moreover, the large 

difference between the ordering temperature (TC) and θCW suggests for the spin frustration 

present in the system. The value of the frustration parameter f=𝜃𝐶/𝑇𝐶~0.73 implies the 

magnetic frustration arising from disorder unlike the geometrically frustrated systems. 

However, the theoretical spin-only moment of the system has been estimated to be ~7.54 μB 

(taking high spin states of the individual ions). The larger value of experimental 𝜇𝑒𝑓𝑓  than the 

theoretically calculated one is seemingly associated to the short range FM interactions well 

above TC [53,54]. Eventually, the observed down turn behaviour of χ
-1

 above TC along with 

the larger value of the experimental 𝜇𝑒𝑓𝑓  (than theoretically expected) is typically observed in 

a system exhibiting Griffiths phase (GP) [10,54-59]. We have further studied the temperature 

variation of χ
-1

 at different applied fields to investigate the GP (Fig. 7.5b). It is evident from 

the figure that the χ
-1

 curves at lower fields are showing clear down turn behaviour at 

temperatures >TC. This behaviour is typically considered as a hallmark feature of GP as in 

this regime, the magnetization fails to behave like an analytical function of magnetic fields 

thus deviating from CW law [58,59]. This basically emanates from nucleation of small but 
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finite sized correlated clusters having short range magnetic ordering embedded in the global 

paramagnetic matrix above TC. Therefore, the GP is a special and peculiar magnetic phase 

where the system neither behaves like a paramagnet nor shows long range ordering. 

Moreover, it can be also observed from the figure that the down-turn deviation gets softened 

with increasing magnetic fields and yields CW like behaviour which is also an important 

characteristic of GP. The higher fields eventually raise the background PM moments and 

consequently the FM cluster contribution gets masked by it, thus obliterating the down-turn 

feature. The Griffiths phase temperature (TG) (referring to the highest temperature at which 

short range spin correlations exist and above which the system enters in a perfectly PM 

region) has been identified to be ~163 K as the down-turn deviation from CW law 

commences below this temperature (Inset top of Fig. 7.5b) [54-59]. In the GP regime i.e. 

TC<T<TG (shaded region of the inset top of Fig. 7.5b), the susceptibly becomes non-analytic 

function of the magnetic field due to low density FM cluster formation and at lower fields it 

follows the power law with a characteristic non-universal exponent λ describing Griffiths 

singularity [57-59]: 

χ 
-1

 (T) ∝ (T-𝑇𝑐
𝑅)

1-λ
 , (0<λ<1) 

Here, λ is a measure of deviation from CW behaviour and  𝑇𝑐
𝑅  is the reduced long range 

ordering temperature due to random non-magnetic dilution [55-57]. Thus to confirm the GP, 

we have used the above formula for fitting the log10-log10 plot of χ
-1

 Vs (T-𝑇𝑐
𝑅) for our data at 

100 Oe (inset bottom of Fig. 7.5b). Though a choice of  𝑇𝑐
𝑅=ϴCW would lead to λ~0 at PM 

region, however for the present case, due to the co-existence of FM/AFM interactions ϴCW 

lies much below of FM ordering temperature. In such cases, to overcome this confusion, a 

reasonable choice is  𝑇𝑐
𝑅~Tc2 [59]. The obtained λ value of ~0.89 from the linear fit in the GP 

region suggests the presence of GP in the sample. However to elucidate the observed GP, we 

may consider the role of the quenched disorder in the system since it is a key ingredient to 
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bring forth GP by hindering the long range ordering and favouring the nucleation of the short 

range ordered FM clusters [60].  Thus, it is plausible to state that the origin of GP mainly lies 

in the different sources of quenched disorder in the present system PCMS25 such as the 

inherent anti-site disorder at B-sites (ASD) and the A-site disorder due to random substitution 

of the Sr
2+

 ions (different than Pr
3+

 both in size and oxidation states) giving rise to the 

different competing interactions [61-62]. Moreover, presence of Jahn-Teller (J-T) active ions 

causing the static quenched disorder is also reported to raise GP which can also be a possible 

factor contributing towards the observed GP in the present system (as Co
2+

 and Mn
3+

 ions are 

J-T active) [63]. Contradistinctively, Salaman et al have explained the onset of GP in 

perovskite La1-xCaxMnO3 (x→ 0.3) due to the changes in the Mn-O-Mn bond angles by 

smaller ion substitution [57]. Hence, the substitution of significantly larger ion Sr
2+

 may also 

alter the different exchange interactions by making concurrent changes in the Co/Mn-O-

Co/Mn bond angles, thereby enhancing the GP. 

 

 

Figure. 7.5: M(T) ZFC-FC curves at 100 Oe for PCMS25. Inset top shows “dM/dT vs T” 

plot. Inset bottom presents “Curie-Weiss fit to the 1/χ vs T” plot. 
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It is pertinent here to reiterate that the dc magnetization curves showed a sudden slop 

change forming a smeared peak at lower temperatures which might indicate the presence of 

concomitant secondary magnetic phases at lower temperature. On the other hand, ac 

susceptibility measurement is a fine gauge for monitoring the spin dynamics of a system [21]. 

Again, a comprehensive ac susceptibility study of the both pure and 25% Sr doped PCM 

systems is hitherto unreported. Hence we have performed the ac magnetization measurements 

on the present systems to unravel its lower temperature spin dynamics. The Fig. 7.6(a) and 

7.6(b) are demonstrating the temperature variation of real (𝜒′) and imaginary (𝜒′′) parts of ac 

susceptibility data for PCM system. Two clear peaks suggesting two magnetic transitions can 

be observed at Tc1~165 K and Tc2~140 K in both the 𝜒′ and 𝜒′′ curves. These two transitions 

at the same temperatures have been concomitantly observed in the temperature dependent dc 

(FC) magnetization study as well which is agreeing well with earlier report (Fig. 7.6c) [39]. 

The first transition Tc1 is associated to the FM transition originated due to the super-exchange 

interactions Co
2+

-O
2-

-Mn
4+

 from the ordered sub-lattice whereas the second transition Tc2 can 

be attributed to the FM transition arising due to the super-exchange interactions Co
3+

-O
2-

-

Mn
4+

 introduced from the intrinsic disorder of the system [49]. Another smeared peak below 

~10 K can also be observed (in 𝜒′) which is seemingly associated to the onset of anti-parallel 

alignment of paramagnetic Pr
3+

 spins by the internal field of  FM component of Co/Mn sub-

lattice [64]. This eventually causes sizeable compensation in the FM moment and thus the 

magnetization drops forming the observed smeared peak. Apart from this, a closer inspection 

in the 𝜒′′ curves at lower temperatures ~38 K interestingly revealed another transition 

showing frequency dependent broad peaks. The peaks are observed to shift towards the 

higher temperature with increase in frequency which is typically observed in oxide systems 

showing short range magnetic interactions. Hence, these dispersive peaks are clearly 

suggesting towards the presence of slow spin relaxation leading to a re-entrant glassy state 
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near this temperature region. To get further insights into the observed glassy state, we have 

estimated the Mydosh parameter (p) from the frequency dispersion of the peaks which is a 

universal tool to distinguish disorder driven SG or CG states from the super-paramagnetic 

states. The parameter p is defined as the relative change in the freezing temperature Tf per 

decade shift in the frequency (f) i.e. 

𝒑 =
∆𝑻𝒇

𝑻𝒇∆𝒍𝒐𝒈𝟏𝟎(𝒇)
 [65]‘ 

For, typical SG or CG systems, p lies between 0.005 and 0.08, while for super-paramagnetic 

system, it is greater than 0.2. The obtained value of p ~ 0.03 for PCM thus confirms the SG 

like state at lower temperatures.  

 

Figure. 7.6: (a) and (b) show ac χ
′
(T) and χ

′′
(T) curves respectively for PCM. Inset of (b) 

presents enlarged view of χ
′′
(T) near SG region. (c) depicts dc FC M(T) curve for PCM. (d) 

demonstrates the dynamic scaling fit of the Tf (τ) data. 
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Furthermore, the dynamics of the spins in SG or CG states slow down below the 

critical temperature Tf, and it usually follows the dynamic scaling law of the form [27]: 

τ = τ0  
𝑇𝑓−𝑇𝐺

𝑇𝐺
 
−𝑧𝜈

 ; 

Where f0 denotes excitation frequency corresponding to the characteristic spin-flip time (𝜏0) 

as f0=
1

𝜏0
 ; TG represents the equivalent SG freezing temperature for the limit of HDC → 0 𝑂𝑒 

and  f→ 0 𝐻𝑧, zν is called as the dynamical critical exponent. Figure. 7.6(d) depicts the plot of  

―log10(τ) as a function of log10[(Tf-TG)/TG)]‖ in its best fit condition which further confirms 

the re-entrant glassy state in PCM. The best fitting yielded TG~30.6 K, τ0~10
-11

 s and 

zν~11.46. For a conventional SG state,  τ0 and zν are typically found to be of ~10
-12

-10
-13

 s 

and 4-12 respectively. Hence, the above analysis suggests that the system enters in a 

conventional re-entrant SG state near ~38 K. However, the value of τ0 is found to be one 

order bigger than the values typically observed in conventional SG state but again it is quite 

smaller than the values ~10
-6

-10
-9

 s usually observed in CG states [23]. Eventually, the 

slightly larger value of τ0 may indicate towards the existence of some FM spin clusters in the 

global SG state [66]. 

 To study how the spin dynamics of PCM gets affected by hole (Sr
2+

) doping, we have 

further performed the ac susceptibility study on PCMS25 (Fig. 7.7a-b). On looking at the 

figure, a few interesting features in the ac 𝜒′ and 𝜒′′ curves can be readily noted: (1) a mere 

absence of the first FM transition peak (i.e. Tc1) is observed. (2) on the contrary, the second 

FM transition peak associated to the disordered sub-lattice (i.e. Tc2) is observed to be present 

at ~153 K. (3) most interestingly, the 𝜒′′ curves revealed emergence of a new broad and 

frequency dispersive glassy peak at ~105 K which was absent in pure PCM system. (4) 

however, the previously observed re-entrant SG peaks are also observed in PCMS25 system 

also at ~35 K. (5) the observed peak below ~10 K is again arising due to the onset of Pr
3+

 



Chapter 7                          Probing the Griffiths like...    
 

195 | P a g e  
 

spin alignment anti-parallel to FM component of Co/Mn sub-lattice [64]. As a matter of fact, 

reports deciphering the existence of the double-glass magnetic phases in a system are 

extremely scarce and thus the present observation is very interesting. Eventually, for the 

disordered Heisenberg systems, theoretical predictions are available for finding two glassy 

transitions below the long range transition temperature [67,68]. To date, there are only a very 

few reports available on such systems exhibiting double-glass transitions [69-71]. 

 

 

Figure. 7.7: (a) and (b) show ac χ
′
(T) and χ

′′
(T) curves respectively for PCMS25. (c) depicts 

the χ
′′
(T) curves for PCMS15 while its insets are showing the closer views of its shaded 

regions. (d) and (e) are presenting the dynamic scaling and V-F fits to the “τ(=1/f) 

dependence of Tf” data in the CG region for PCMS25. (f) shows the dynamic scaling fit of Tf 

(τ) data in the SG region for PCMS25. 
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leads to the drastic reduction in the FM Co
2+

-O
2-

-Mn
4+

 interactions which account for the 

observed disappearance of the Tc1 peak. In contrast, the sharp and frequency independent 

peaks at ~153 K can be presumably attributed to the long range FM ordering owing to the 

Co
3+

-O
2-

-Mn
4+

 interactions as already discussed for PCM. However, to further ascertain the 

above conclusion, we have recorded the ac susceptibility data of a system (PCMS15) with 

intermediate (15%) Sr
2+

 doping (Fig. 7.7 c). It is interesting to note that for this system as 

well the first FM peak i.e. Tc1 at ~165 K is observed to be largely suppressed (a closer view is 

shown in the right inset of Fig. 7.7c). Thus, it further confirms that Sr
2+

 substitution causes 

systematic decrease in the FM Co
2+

-O
2-

-Mn
4+

 interactions (due to largely reduced Co
2+

 

concentration) and thus in turn leads to the suppression of the Tc1 peak. Moreover, for this 

case (PCMS15) the second FM transition Tc2~140 K is observed to be the most intense peak, 

suggesting that the long range FM ordering owing to the Co
3+

-O
2-

-Mn
4+

 interactions has been 

enhanced appreciably. A closer look at the lower temperature (<140 K) features of the 𝜒′′ 

curves reveals that a new broad feature in between the long range FM (Tc2~140 K) peak and 

the re-entrant SG peak (~36 K for PCMS15) is arising which was absent in pure PCM system 

(inset left of Fig. 7.7c). We can reiterate that a broad feature was also observed for the 

PCMS25 system. Factually, this intermediate feature was observed at higher temperature for 

higher doping. However, irrespective of the exact origin of this newly emerged broad peak 

immediate below Tc2, it is plausible to state that it is purely associated to the Sr
2+

 substitution. 

It is pertinent to note here that for both the pure (PCM) and intermediate Sr
2+

 substituted 

system (PCMS15), the relative intensity of the long range FM transition (Tc2) was observed 

to be very high as compared to the lower temperature glassy peaks. However, for higher 

doping system (PCMS25), these lower temperature features have become more conspicuous 

as the relative intensity of the Tc2 got diminished. This is possibly due to the Sr substitution 

induced effective increase in the different competing AFM interactions as already mentioned 
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above. These different AFM exchange paths progressively weaken the long range FM 

orderings viz., Tc1 as well as Tc2 and thus leading to the gradual suppression of the FM peaks 

with increased Sr doping. As a consequence, it gradually unveils the lower temperature 

glassy peaks. 

 Further investigations with different models have been done on this maidenly 

recognized Sr doping induced peak (at ~105 K) to get more insights into its nature and origin 

(Fig. 7.7b). The estimated value of the Mydosh parameter (p) is found to be ~0.04 (calculated 

similarly as was done for PCM) which is in the realm of the typical SG or CG state of the 

oxide systems. This essentially indicates towards the rise of a new SG or CG like state at 

~105 K in addition to the glassy state observed at lower temperature ~34 K. Moreover, the 

critical slowing down of the spin relaxation below Tf has been investigated by dynamic 

scaling theory as described earlier. Figure. 7.7(d) depicts the best fit representation of the 

experimental data (τ dependence of Tf) by dynamic scaling model which was achieved with 

TG~95.2 K, zυ~5.46 and τ0~10
-7

 s. However, the value of τ0~10
-7

 s is smaller by few orders 

than that of the earlier observed SG state in PCM (τ0~10
-11

 s). The observed value of τ0~10
-7

 s 

falls in the range of ~10
-6

-10
-9

 s which is usually found in CG states of oxide systems [23]. In 

the present case, the larger flipping time is seemingly associated to the slower relaxation of 

the interacting ―spin clusters‖ instead of individual atomic spins. Again, the smaller value of 

zυ~5.46 as compared to that of the re-entrant SG state of PCM (~11.46) may also be a 

possible indication of its CG nature [49]. Therefore, the analysis yields that the Sr doping 

drives the system into a CG state on lowering the temperature by breaking the long range FM 

order and aiding the cluster formation. 

 

 Again, an attempt to fit the data with Arrhenius law turned out to be unsatisfactory 

fitting with the unphysical fitting parameters. Thus, it suggests that the underlying 
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phenomena is not simply associated to the thermally activated ―single-flip‖ freezing instead it 

is essentially a co-operative ―spin-cluster‖ freezing process. Hence, to lend more strength to 

our analysis, we have used the phenomenological Vogel-Fulcher (V-F) model to fit the same 

data Tf (τ) as it is generally used for investigating the magnetically interacting spin-clusters 

[25]. This model has the following form: 

τ = τ0 exp⁡(
𝐸𝐴

𝐾𝐵 𝑇𝑓−𝑇0 
 ); 

Here, τ0 represents the characteristic spin-flip time, T0 is the VF temperature which is often 

termed as the inter-cluster interaction strength and EA is the activation energy. However, an 

appropriate approach in fitting the data is crucial otherwise it will result in wrong parameters. 

Thus, we have followed the method of Souletie and Tholence in estimating the proper value 

of T0~90.7 K [72]. This value is then used to make the linear fit of the plot ―ln(τ) Vs 1/𝑇𝑓 −

𝑇0‖ to determine the other parameters (Fig. 7.7(e)). The fit yielded the values of τ0 to be~10
-7

 

s and the activation energy EA/KB to be~113.5 K which are quite reasonable. Eventually a 

non-zero value of T0 suggests towards the presence of inter-cluster interactions [72]. In the 

frame of V-F model, T0<< EA/KB signifies weak inter-cluster interactions whereas T0>> 

EA/KB indicates that to be strong. For the present case, T0~0.8 EA/KB suggests for the 

intermediate inter-cluster interactions. Again the larger value of τ0 also supports the rise of 

interacting spin-clusters. Therefore, all the above analysis equivocally confirms that the 

observed transition is in the realm of the CG state. 

 Further, to investigate whether the nature of the glassy peak observed at lower 

temperature ~34 K for PCMS25 is similar to that of the earlier observed SG peak at ~38 K in 

pure PCM system, we have analyzed this peak by different model fittings. The frequency 

sensitivity has been measured by estimating the Mydosh parameter (p) which is found to be 

~0.033. This value of p corroborates well with that of the typical SG or CG states. Figure. 

7.7(f) demonstrates the best fit line with dynamic scaling law for the ―τ dependence of Tf‖ 
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data of 34 K peak. The best fit yielded the following parameters: TG~27 K, zυ~12.25 and 

τ0~10
-11

 s. In contrast to the higher temperature CG peak at ~105 K, the analysis of this lower 

temperature (~34 K) peak yielded a higher value of zυ and smaller value of τ0 by few orders 

which are qualitatively similar to that of the re-entrant SG state of pure PCM system. 

Therefore, the lower temperature peak can be associated to the typical freezing of the 

individual atomic spins instead of the spin-clusters. Again, it is relevant to note that the 

observed τ0 value is higher by an order than that of typical SG states (~10
-12

-10
-13

 s). This is 

seemingly associated to the effect of the existence of some residual FM clusters due to the 

higher temperature CG state (~105 K). However, observation of the similar re-entrant SG 

states in the same temperature range for both the pure (PCM) and doped (PCMS25) systems 

indicates that they are of same origin which is the inherent ASD driven spin frustration as 

already discussed. 

 One of the important characteristics of an ordinary SG or CG system is the applied dc 

field dependent downward shifts of the freezing temperature ~Tf which eventually get 

smeared out with sufficiently high field due to domain wall relaxation [73]. Figure. 7.8(a) 

depicts the χ
′′
(T) data for PCMS25 system at different dc magnetic fields. It is evident from 

the figure that the χ
′′
 curves get shifted towards lower temperatures with increasing magnetic 

fields for both the peaks (SG~34 K and CG~105 K) which is consistent with the glassy nature 

(unlike the FM Tc2 peak which shifts towards higher temperature) [66,73]. In the 

conventional SG or CG systems, the Tf (H) in low fields usually follows the de Almeida-

Thouless (A-T) line which is given by the following equation [74]: 

H𝑑𝑐
2/3

=∆J
2/3 1 −

𝑇𝑓(𝐻)

𝑇𝑓(0)
  

 

Here, Tf (0) represents the freezing temperature in the absence of any applied dc magnetic 

fields and ∆J is a constant. It is evident from Fig. 7.8(b) that our experimental data of the CG 
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peak has shown satisfactory fit with the above equation. It yielded the value of Tf (0) to be 

~104.2 K which is an excellent match with our experimental data. Hence, it provided further 

confirmation to identify the intermediate peak (~105 K) as an onset of CG state. However, 

the Tf of the lower temperature SG peak showed very subtle shift with the fields and thus 

could not satisfactorily meet the above A-T line criterion. This feeble field dependence of Tf 

in similar re-entrant SG systems is however common [75]. 

 

 

 

Figure. 7.8: For PCMS25:(a) presents χ
′′
(T) curves at different fields (H) (b) shows the A-T 

line fit to the “Tf vs H
2/3

” plot. (c) depicts the m(t) data at 90 K, 80 K and 70 K along with 

their fits with Ulrich‟s equation. (d) KWW fit to the m(t) data recorded at 25 K. 
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performing this experiment, we have first cooled the PCMS25 system with an applied field of 

100 Oe from 300 K down to different desired temperatures in the CG and SG regimes. After 

waiting for 100 s, the residual magnetization data have been recorded for a sufficiently long 

period of time after switching off the field. Figure. 7.8(c) is showing the time evolution of the 

normalized residual magnetization m(t)= 
𝑀𝑡

𝑀𝑡=0
  at three different temperatures 90 K, 80 K 

and 70 K in the CG regime. It is evident from the above figure that even after such a long 

time of 4500 s, the decay in the residual magnetization continues which is a typical aspect of 

disordered glassy states owing to the existence of the hierarchical arrangements of the meta-

stable states [24,25]. Typically, such isothermal relaxation data of disordered systems is 

analyzed by using the phenomenological model called KWW (Kohlrausch Williams Watt) 

stretched exponential equation of the form [24]: 

𝑚 𝑡 = 𝑚0 −𝑚𝑔𝑒𝑥𝑝  − 
𝑡

𝜏
 
𝛽

 ; 

Here, 𝑚0 and 𝑚𝑔  are representing the initial residual magnetization and glassy component‘s 

magnetization respectively, 𝜏 represents the time constant related to the characteristic 

relaxation and 𝛽 is termed as shape parameter which lies in between 0 and 1 in conventional 

SG states. However, an attempt to fit all the three data with the KWW model resulted in 

unsatisfactory fittings. In fact, the data deviated from KWW model in the sharply decaying 

m(t<250 s) region  while it is observed to show reasonably good fit in the higher time region 

(t>250 s)  (only the KWW fit of 90 K data is shown in inset of Fig. 7.8c). An alternative 

attempt to fit the data was made using the logarithmic relaxation usually observed in the long 

range spin ordered regimes which is of the form: m(t)=m0-Cln(t) [76]. Here, m0 denotes the 

initial remanent magnetization while C is a material dependent constant. However, the fit 

using the above model also yielded very poor results (not shown).  
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The initial rapid down fall of the m(t) data can be presumably attributed to the 

existence of interacting FM clusters [28]. Eventually, for interacting magnetic particles, 

Ulrich et. al. have theoretically demonstrated that the decay rate of the spin 

relaxation:𝑊 𝑡 =
𝑑[ln𝑚 𝑡 ]

𝑑𝑡
 follows a power law given by: W(t)=At

n
, where A is a 

temperature dependent prefactor and n is the density dependent critical exponent which also 

depend on the strength of the magnetic interactions [77]. In this scenario, the remanent 

magnetization can be expressed by the following equation used by Ulrich et. al [77,78]: 

𝑚 𝑡 =
𝑀(𝑡)

𝑀(𝑡0)
= 𝑒−𝛼𝑛  1 + 𝛼𝑛  

𝑡

𝑡0
 

1−𝑛

 ; 

Here, 𝛼𝑛 = 𝐴
𝑡0

1−𝑛

 1−𝑛 
 and m(t0) represents initial magnetization at time t0. Finally, the attempts 

to fit the data with the above equation yielded satisfactory results for all the three 

temperatures in CG regime as can be seen in Fig. 7.8(c). Further, the value of the exponent n 

is observed to increase progressively from 1.363 to 1.521 with increase in temperatures (70 K 

to 90 K) which is essentially pointing out the presence of the CG state [79]. The observed 

increase in n is a manifestation of the increasing inter-cluster interactions with increasing 

temperature [79]. On the contrary, as evident from the Fig. 7.8(d), the lower temperature ~25 

K relaxation data (recorded following the same protocol as done in the CG region) in the re-

entrant SG state showed quite reasonable fit with the KWW model. The fit yielded β ~0.449 

which is corroborating well with the typical values shown by the conventional disordered SG 

systems(0<β<1) [24,66]. Hence, all the above analysis eventually suggests that the Sr doping 

in PCM effectively introduces a new CG like state in the system. Interestingly, the lower 

temperature re-entrant SG like state arising from the inherent ASD present in the system is 

found to be quite robust as it did not smear out even after 25% of Sr substitution. Only 

noticeable difference is that the SG freezing temperature Tf showed a mild shift from 38 K to 

34 K. 
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 To elucidate the origin of the observed re-entrant glassiness in PCM, we must 

consider the role of the anti-site disorder (ASD) which is a potential source for emanating the 

SG state by hindering the long range ordering [8,11,28,80]. The presence of ASD gives rise 

to the random exchange bonds formation leading to the spin frustration. The domain 

formation in a purely FM/AFM system involves microscopic time scales whereas the 

presence of ASD causes the pinning of the domain wall which essentially produces the 

metastable states [80]. This eventually allows the domain walls in reaching from one state to 

the other via thermally activated hopping and thus hindering the system to attain an 

equilibrium state in the experimental time scale [80]. In addition, unlike the perfectly ordered 

DP containing only Co
2+

/Mn
4+

 ions situated in two distinct sites, PCM is found to contain 

additional Co
3+

/Mn
3+

 ions. Eventually, the existence of different competing exchange 

interactions viz., the existing predominant FM Co
2+

-O
2-

-Mn
4+

 interactions along with the 

other FM Co
3+

-O
2-

-Mn
4+

 and AFM Co
3+

-O
2-

-Co
3+

, Co
3+

-O
2-

-Co
2+

, Co
2+

-O
2-

-Co
2+

, Mn
3+

-O
2-

-

Mn
3+

, Mn
4+

-O
2-

-Mn
4+

 interactions is leading to the inhomogeneous magnetic order through 

these multiple exchange paths. In this scenario, on lowering the temperature, increasing 

competition between the aforementioned FM/AFM interactions drive the system into a highly 

spin frustrated regime weakening the average FM order and finally it re-enters in a SG state 

owing to the partial random, non-collinear freezing of the spins. Consequently, the system re-

enters in a SG like state. Apart from this lower temperature SG like state, the additional 

higher temperature CG like state is solely associated to the enhanced competition between the 

different increasing AFM interactions with the existing FM interactions triggered by Sr 

substitution. Eventually, Sr substitution appreciably increased the Co
3+

 concentration at the 

cost of the decrease in Co
2+

 ions which significantly enhanced AFM Co
3+

-O
2-

-Co
3+

, Co
3+

-O
2-

-

Co
2+

 interactions leading to the breaking of the long range FM ordering into FM clusters. 

This essentially raised the CG like state below the FM transition Tc2. 
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 Eventually, the co-existence of multiple inhomogeneous magnetic phases in a system 

viz., FM/Spin glass, FM/Ferrimagnet, FM/AFM, hard/soft phases of FM systems etc often 

lead to the exhibition of the exchange bias (EB) [34-37]. Interestingly, the system PCMS25 

holds different magnetic phases such as FM/AFM, CG and SG states which provoked us to 

perform the EB experiment of this sample. We have followed two protocols for estimating 

the EB effect: (1) spontaneous EB (SEB) has been measured by recording the M(H) loop 

after cooling the sample from 300 K to 5 K in the absence of dc bias field. (2) conventional 

EB (CEB) has been measured similarly but in this case a dc bias field of ~+/-5 T has been 

applied while cooling. Figure. 7.9(a) is showing the SEB and CEB loops at 5 K. The clear 

evidences of giant EB effect for both the protocols can be observed as a large horizontal shift 

of the loops (inset of Fig. 7.9a). The measurement of the loop asymmetry gives the 

quantitative value of the EB as HE= –(HL+HR)/2 while the coercivity is estimated as HC= –

(HL-HR)/2, here HL and HR are denoting the coercive fields of the left and right of the loop 

respectively. The observed value of 𝐻𝐸
𝑆𝐸𝐵  and 𝐻𝐶

𝑆𝐸𝐵  for SEB measurement are found to be 

~0.2053 T and 0.236 T which are quite high. It is relevant to note here that pure PCM system 

was reported to exhibit CEB of HE~0.5 T but no sizeable SEB was observed for this system 

[39]. Thus, the observation of such a high SEB for the PCMS25 system can be of particular 

interest. The observation of the M(H) loop shift towards negative (positive) field (H) 

direction on cooling the sample with positive (negative) field clearly rules out the possibility 

of the minor loop effect and thus establishing the CEB effect in the system (Fig. 7.9a) [81].  

For the positive (+5 T) magnetic field (p-type), the CEB effect showed the values of HEP and 

𝐻𝐶
𝑃 to be ~0.9039 T and 0.1996 T respectively. Again, for the negative magnetic field (-5T) 

cooling (n-type), the observed CEB effect yielded the values HEN and 𝐻𝐶
𝑁 to be~0.8904 T and 

0.1820 T respectively. Eventually, the observation of such high values of HE is comparable 

with other giant EB systems [82]. However, the observation of the asymmetry in the CEB 
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fields i.e. |HEP| >|HEN| may be arising due to the inherent anisotropy of the system. Further, 

we have recorded the M(H) loops at two other different temperatures 10 K and 50 K with 

zero field cooling to probe the impact of temperatures on the SEB effect (Fig. 7.9c and 7.9d). 

The 𝐻𝐸
𝑆𝐸𝐵  at 10 K has showed a drastically diminished value of ~0.028 T while no sizeable 

SEB effect has been observed at 50 K. This is seemingly associated to the enhanced AFM 

ordering below ~10 K which was evidenced by both dc and ac magnetization curves. 

Moreover, the asymmetry in the remanence of the M(H) curves can also be clearly observed. 

Interestingly, even after reaching a very high negative magnetic field (-7 T), the remanence 

remained positive (at H=0 Oe) for the SEB and p-type CEB case. Similarly, the opposite 

scenario can be observed for the n-type CEB case. This is also a characteristic feature of EB 

systems [81]. 

 

Figure. 7.9: For PCMS25: (a) shows the M(H) curves with cooling fields of 0 T and +/-5 

T. Its inset depicts the enlarged view. (b) presents the enlarged section of the left branches of 

the n=9 field cycled M(H) loops for TE. (c) and (d) shows the M(H) loops at 10 K and 50 K 

respectively. (e) depicts the power law fit to the “HE vs n” curve. (f) shows “M(t)/M(0) vs t” 

plot at 5 K with field 4 T while its inset shows that with fields 4 T and 7 T. (g) demonstrates 

the core-shell model with AFM core and glassy shell for EB effect. 
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 One of the important aspects of EB systems is the training effect (TE) which is 

realized as a monotonous decrease in the EB field (HE) on field-cycling the system through 

successive tracing of hysteresis loops with increasing loop index number (n) [83]. Eventually, 

investigation of the TE is very crucial for the materials exhibiting EB effect since it can 

effectively monitor the spin dynamics at the interface of two different magnetic structures. A 

small value of TE is desirable for its potentially wide applicability. We have carried out the 

TE experiment by consecutive tracing of n=9 hysteresis loops at 5 K after cooling the system 

(PCMS25) under magnetic field of ~+7 T. In fact, the HE relaxation showed more prominent 

variation against field cycling for the left branch of the M(H) loops than that for the right 

branch which is however common in SG/FM systems. It can be elucidated by the stronger 

thermally activated (over the anisotropy barrier) domain reversals at the left branch (due to 

higher magnitude of the sweep field) than that of the right branch [84]. Figure. 7.9(b) 

demonstrates the measured TE in CEB mode (for the left branch) where the remanence 

asymmetry relaxation is clearly visible with increasing field cycling. However, a decrease of 

only~4% in HE is observed while tracing the M(H) loops from n=1 to 9. This small decrease 

in HE is insignificantly small as compared to the giant value observed in CEB effect. This is a 

clear indication towards the reasonably stable interfacial pinned spin configuration in the 

present system [37]. It is often observed that the mutual relationship between the HE and n 

can be expressed by the following empirical power law which was coined for the materials 

exhibiting EB effect [81]: 

 𝐻𝐸 − 𝐻∞  ∝  
1

√𝑛
; 

Here, the term H∞ represents the value of HE at n→∞. However, the above equation holds 

only for n>1. Figure. 7.9(e) demonstrates the reasonably good fit (solid line) of ―HE variation 
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with increasing n‖ using the above power law. The fit yielded quite a high value of 

H∞=0.8636 T for the present system. 

 The observed TE can be realized on the basis of the relaxation or demagnetization of the 

pinned moments (formed due to the exchange anisotropy) at the interface of the existing 

FM/AFM regions by the switching of the field induced soft FM domains back and forth 

under the influence of the applied loop tracing fields (H).  

 The observed EB effect in AFM/FM/SG phase separated systems can be explained on 

the basis of the field induced FM cluster formation in the AFM matrix [81]. Hence, to further 

ascertain the growth of the FM clusters, we have recorded the temporal evolution of the 

magnetization at 5 K. The sample was cooled down to 5 K in absence of applied magnetic 

field. The time variation of the magnetization m(t)=M(t)/M(0) was recorded with two 

different applied fields 4 T and 7 T after waiting for 100 s (Fig. 7.9f). It is evident from the 

figure that for the smaller applied field of ~4 T, the m(t) data shows clear relaxation even 

after a long time of ~6000 s which is typical feature of a glassy system. However, when the 

applied field was sufficiently high ~7 T, the m(t) relaxation has been significantly lowered. 

This is in turn suggesting towards the progressive growth of the FM clusters at the cost of the 

glassy spins with increasing fields [85]. 

 To elucidate the observed exchange bias effect in the present material, a 

phenomenological model comprising of field induced soft FM small clusters embedded in the 

global disordered AFM matrix can be discussed [81]. As already discussed, the present 

system PCMS25 is a phase separated system consisting of multiple magnetic phases: 

FM/AFM/glassy states. The co-existence of these multiple magnetic phases is also evident 

from the M(H) curves which did not saturate even after reaching a field of 7 T. The 

magnetization yielded a maximum value of ~1.7 μB/f.u at +7 T which is much smaller than 

the saturation magnetization expected for the perfectly Co/Mn ordered ferromagnet (6 μB/f.u) 
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[39]. The hole doping in the present system raised the dominant AFM interactions breaking 

the long range FM ordering and ultimately lead to the glassy states at lower temperatures. In 

fact, for the present system, even it enters in a glassy phase (CG/SG), the FM and AFM 

interactions co-exist (with predominant proportion being AFM) with the partially frozen 

glassy state which is also a characteristic of re-entrant SG/CG systems [26].  To interpret the 

CEB effect schematically, we have considered a model of an AFM core which is surrounded 

by frozen glassy shell as shown in Fig. 7.9(g) [36]. During the field cooling, the glassy spins 

align along the strong applied field thus forming a super-ferromagnetic (SFM) region inside 

the AFM matrix. The asymmetry of M(H) curves thus can be elucidated by the rise of an 

interface magnetic moment (mi) (due to the exchange interactions between the field induced 

SFM clusters and existing AFM phase) which remains frozen due to the kinetic arrest at low 

temperatures [81]. This frozen surface moment mi eventually provides the required exchange 

anisotropy or the pinning forces to the FM domains which give rise to the positive (negative) 

remanence during the recoiling M(H) curve for the p-type (n-type) CEB case [81].  This in 

turn produces a horizontal shift of M(H) curves leading to the observed EB effect. 

 

7.4 Conclusion 

Summarizing, we have carried out a thorough investigation of the hole substitution (Sr
2+

) 

induced alterations in the electronic structures, transport, dc and ac magnetization properties 

of a partially B-site disordered double perovskite Pr2-xSrxCoMnO6. Both the room 

temperature (300 K) XAS and XPS data analysis suggested for the existence of a mixed 

valence nominal oxidation states of the B-site ions (Co
2+

/Co
3+

 and Mn
3+

/Mn
4+

). The XPS 

data analysis further showed an effective enhancement in the average valence states by the 

hole doping. The XPS valence band spectra analysis showed the mere absence of the 
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electronic states near the Fermi level (EF) for both the pure and doped systems which in turn 

suggest for the insulating nature of them. However, Sr
2+

 substitution is observed to cause 

little enhancement in the spectral weight near EF, thus predicting for an enhanced 

conductivity. The electrical resistivity study revealed an insulating ground state for both the 

systems and thus corroborated the VB spectra results. Both the resistivity data satisfactorily 

followed the VRH mechanism in the entire temperature range. Moreover, the analysis 

showed that the hole doping essentially increased the carrier concentration which was also 

reflected from the VB spectra study as already mentioned. At lower fields, the temperature 

variation of the inverse susceptibility curves of the hole doped sample PCMS25 divulged the 

signature of a typical Griffiths like phase which was further confirmed by a power law 

analysis. The plausible origins from which the observed GP can emanate include: the inherent 

B-site disorder along with the disorder related to the random substitution of Sr at Pr-site, the 

concurrent alterations in the Mn-O-Mn bond angles due to smaller Sr substitution and 

quenched disorder arising from the J-T active ions. Moreover, the ac susceptibility studies for 

both the pure and doped systems maidenly recognized a RSG state below ~40 K which can 

be presumably attributed to the spin frustration arising from the inherent ASD along with the 

presence of different charge states of the B-site ions. Most interestingly, apart from this lower 

temperature SG state (<40 K), an additional glassy state immediately below the long range 

FM ordering (Tc2) has been observed to appear exclusively due to the hole doping. 

Furthermore, the analysis of the ac susceptibility as well as the temporal spin relaxation data 

by different model fits equivocally established existence of the two distinct glassy states: the 

lower temperature SG state and the higher temperature CG state in the hole doped system. 

The onset temperature of the CG state is observed to increase with the increased Sr doping. 

Eventually, the increasing competition between the FM/AFM interactions owing to the 

different exchange paths (triggered by hole doping) on lowering the temperature breaks the 
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long range FM ordering into clusters leading to the CG state. However, to date, no 

comprehensive report is available deciphering the co-existence of dual glassy states in double 

perovskites materials. In fact, observation of such double disordered glassy transitions is 

extremely scarce which essentially places the present system amongst the rare materials. 

Moreover, the hole doping lead to the exhibition of giant spontaneous and conventional EB 

effect. A model of field induced soft FM clusters embedded in the global AFM matrix is 

invoked to explain the observed EB effect. Thus, the present system (PCMS25) exhibited a 

spectrum of potentially important magnetic properties which is also very rare to observe. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7                          Probing the Griffiths like...    
 

211 | P a g e  
 

References 

1. M. Mostovoy, A. Scaramucci, N. A. Spaldin, and K. T. Delaney, Phys. Rev. Lett. 105, 

087202 (2010). 

2. S.W. Cheong and M. Mostovoy, Nat. Mater. 6, 13 (2007). 

3. J. Wang, J. B. Neaton, H. Zheng, V. Nagarajan, S. B. Ogale, B. Liu, D.Viehland, V. 

Vaithyanathan, D. G. Schlom, U. V. Waghmare, N. A. Spaldin, K. M. Rabe, 

M.Wuttig, and R. Ramesh, Science 299, 1719 (2003). 

4. M. Fiebig, T. Lottermoser, D. Fr€ohlich, A. V. Goltsev, and R. V. Pisarev, Nature 

(London) 419, 818 (2002). 

5. S. H. Baek, H. W. Jang, C. M. Folkman, Y. L. Li, B. Winchester, J. X.Zhang, Q. He, 

Y. H. Chu, C. T. Nelson, M. S. Rzchowski, X. Q. Pan, R. Ramesh, L. Q. Chen, and C. 

B. Eom, Nat. Mater. 9, 309 (2010). 

6. K.I. Kobayashi, T. Kimura, H. Sawada, K. Terakura and Y. Tokura, Nature,395, 677 

(1998) 

7. M.H. Phana, S.B. Tiana , D.Q. Hoanga , S.C. Yua,, C. Nguyenb , A.N. Ulyanov, J. 

Magn. Magn, Mater. 309, 258-259 (2003)  

8. D. Choudhury,  P. Mandal,  R. Mathieu,  A. Hazarika,  S. Rajan, A. Sundaresan,  U.V. 

Waghmare,  R. Knut, O. Karis,  P. Nordblad,  and D. D. Sarma, Phys. Rev. Lett 108, 

127201 (2012). 

9. M. P. Singh, K. D. Truong, S. Jandl, and P. Fournier, Phys. Rev. B 79, 224421 (2009) 

10. H.S. Nair, D. Swain, H. N., S. Adiga, C. Narayana, and S. Elzabeth, J. App. 

Phys. 110, 123919 (2011). 

11. J. K. Murthy and A. Venimadhav, App. Phys. Lett. 103, 252410 (2013). 

12. J. Blasco, J. García, G. Subías, J. Stankiewicz, J.A. Rodríguez-Velamazán, C. Ritter, 

J.L. García-Muñoz, and F. Fauth, Phys. Rev. B 93, 214401 (2016). 



Chapter 7                          Probing the Griffiths like...    
 

212 | P a g e  
 

13. N.S. Rogado, J. Li, A.W. Sleight, and M.A. Subramanian, Advanced Materials 17, 

2225 (2005). 

14. M. N. Iliev, M. V. Abrashev, A. P. Litvinchuk, V. G. Hadjiev, H. Guo, and A. Gupta, 

Phys. Rev. B 75, 104118 (2007) 

15. M. T. Anderson, K. B. Greenwood, G. A. Taylor, and K. R. Poeppelmeier, Prog. 

Solid State Chem. 22, 197 (1993). 

16. R. I. Dass and J. B. Goodenough, Phys. Rev B 67, 014401 (2003). 

17. J. B. Goodenough, Phys. Rev. 100, 564 (1955). 

18. S.M. Zhou, Y. Q. Guo, J. Y. Zhao, S. Y. Zhao, and L. Shi, Appl. Phys. Lett. 96, 

262507 (2010). 

19. M. P. Singh, C. Grygiel, W. C. Sheets, Ph. Boullay, M. Hervieu, W. Prellier, B. 

Mercey, Ch. Simon, and B. Raveau, App. Phys. Lett. 91, 012503 (2007) and 

references therein. 

20. J. Knolle, G.-W. Chern, D. L. Kovrizhin, R. Moessner, and N. B. Perkins, Phys. Rev. 

Lett. 113, 187201 (2014). 

21. J. A. Mydosh, Spin Glass: An Experimental Introduction (Taylor and Francis, 

London, 1993). 

22. K. Binder and A. P. Young, Rev. Mod. Phys. 58, 801 (1986). 

23. C. Djurberg, P. Svedlindh, P. Nordblad, M. F. Hansen, F. Bødker, and S. Mørup, 

Phys. Rev. Lett. 79, 5154 (1997). 

24. A. Ito, H. Aruga, E. Torikai, M. Kikuchi, Y. Syono, and H. Takei, Phys. Rev. Lett. 57, 

483 (1986). 

25. M. D. Mukadam, S. M. Yusuf, P. Sharma, S. K. Kulshreshtha, and G. K. Dey, Phys. 

Rev. B 72, 174408 (2005) and references therein. 

26. T. Sato, T. Ando,T. Ogawa,S. Morimoto and A. Ito, Phys. Rev. B 64, 184432 (2001) 



Chapter 7                          Probing the Griffiths like...    
 

213 | P a g e  
 

27. J. Dho, W. S. Kim, and N. H. Hur, Phys. Rev. Lett. 89, 027202-1(2002) 

28. L. Shlyk, S. Strobel, B. Farmer, L. E. De Long,2, and R. Niewa, Phys. ReV. B 97, 

054426 (2018) 

29. A. Das, S.K. Paranjpe, S. Honda, S.Murayama, andY.Tsuchiya, J. Phys.: Condens. 

Matter 11, 5209 (1999). 

30. J. O. Indekeu, Ph. de Smedt, and R. Dekeyser, Phys. Rev. B 30, 495 (1984). 

31. C. Sow, D. Samal, P. S. Anil Kumar, A. K. Bera, and S. M. Yusuf, Phys. Rev. B 85, 

224426 (2012). 

32. L. Personnaz, I. Guyon, and G. Dreyfus, J. Phys. Lett. 46, 359 (1985). 

33. A. G. Hudetz, C. J. Humphries, and J. R. Binder, Front. Syst. Neurosci. 8,234 (2014). 

34. W. H. Meiklejohn and C. P. Bean, Phys. Rev. 102, 1413 (1956). 

35. M. Ali, P. Adie, C. H. Marrows, D. Greig, B. J. Hickey, and R. L. Stamps, Nature 

Mater. 6, 70 (2007). 

36. B.M. Wang, Y. Liu, P. Ren, B. Xia, K.B. Ruan, J.B. Yi, J. Ding, X.G. Li, and L. 

Wang, Phys. Rev. Lett. 106, 077203 (2011). 

37. S. Giri, M. Patra and S. Majumdar, J. Phys.: Condens. Matter 23,073201 (23pp) 

(2011) and references therein. 

38. J. Nogués and I. K. Schuller, J. Magn. Magn. Mater. 192, 203 (1999). 

39. W. Liu, L. Shi, S. Zhou, J. Zhao, Y. Li, and Y. Guo, J. App. Phys. 116, 193901 

(2014) 

40. S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh,and L. H. Chen, 

Science 264, 413 (1994). 

41. S. Murakami and N. Nagaosa, Phys. Rev. Lett. 90, 197201 (2003). 



Chapter 7                          Probing the Griffiths like...    
 

214 | P a g e  
 

42. A. Pal, S. Ghosh, A. G. Joshi, S. Kumar, S. Patil, P. K. Gupta, P. Singh, V. K. 

Gangwar, P. Prakash, R. K. Singh, et. al. J. Phys.: Condens. Matter. (DOI: 

10.1088/1361-648X/ab144f) and references therein. 

43. H. Ogasawara, A. Kotani, R. Potze, G. A. Sawatzky, B. T. Thole, Phys. Rev. B 44, 

5465 (1991) and references therein. 

44. M. Oku, K. Hirokawa, and S. Ikeda, J. Electron Spectrosc. Relat. Phenom. 7, 465 (1975). 

45. S. Laureti, E. Agostinelli, G. Scavia, G. Varvaro, V. Rossi Albertini, A. Generosi, B. 

Paci, A. Mezzi, S. Kaciulis, App. Surf. Sci. 254, 5111 (2008) and references therein. 

46. C. A. F. Vaz, D. Prabhakaran, E. I. Altman, and V. E. Henrich, Phys. Rev. B 80, 

155457(2009) 

47. L. Poggini, S. Ninova, P. Graziosi, M. Mannini, V. Lanzilotto, B. Cortigiani, L. 

Malavolti, F. Borgatti, U. Bardi, F. Totti, et. al. J. Phys. Chem. C 118, 13631 (2014) 

48. G. D. Dwivedi, Amish G. Joshi, Shiv Kumar, H. Chou, K. S. Yang, D. J. Jhong,W. L. 

Chan, A. K. Ghosh, and Sandip Chatterjee, App. Phys. Lett. 108, 172402 (2016) 

49. J. K. Murthy, K. D. Chandrasekhar, H. C. Wu, H. D. Yang, J. Y. Lin and A. 

Venimadhav, J. Phys.: Condens. Matter. 28,086003 (11pp) (2016) 

50. E. Oz, S.Demirel, S.Altin, E.Altin, O.Baglayan, A.Bayri, and S.Avci, Mater. Res. Express 

5, 036304(2018). 

51. S. I. Csiszar, M.W. Haverkort, Z. Hu, A. Tanaka, H. H. Hsieh, H.-J. Lin, C. T. Chen, 

T. Hibma, and L. H. Tjeng, Phys. Rev. Lett. 95, 187205 (2005) 

52. K. D. Chandrasekhar, A. K. Das, C. Mitra and A. Venimadhav, J. Phys.: Condens. 

Matter 24, 495901 (9pp) (2012) and references therein. 

53. A. K. Pramanik and A. Banerjee, J. Phys.: Condens. Matter 20,275207 (10pp) (2008) 

54. A. K. Singh, P. Balasubramanian, A. Singh, M. K. Gupta and R. Chandra, J. Phys.: 

Condens. Matter 30,355401 (12pp) (2018) 



Chapter 7                          Probing the Griffiths like...    
 

215 | P a g e  
 

55. R. B. Griffiths, Phys. Rev. Lett. 23, 17 (1969). 

56. A. J. Bray, M. A. Moore, J. Phys. C 15, L765 (1982). 

57. M. B. Salamon, P. Lin, and S. H. Chun, Phys. Rev. Lett. 88, 197203 (2002). 

58. A. K. Pramanik and A. Banerjee, Phys. Rev. B 81, 024431 (2010) 

59. A. Karmakar, S. Majumdar, S. Kundu, T. K. Nath and S. Giri, J. Phys.: Condens. 

Matter 25,066006 (8pp) (2013) 

60. Y. Imry and S. K. Ma, Phys. Rev. Lett. 35, 1399 (1975).  

61. C. Magen, P. A. Algarabel, L. Morellon, J. P. Ara´ujo, C. Ritter,M. R. Ibarra, A. M. 

Pereira, and J. B. Sousa, Phys. Rev. Lett. 96,167201 (2006). 

62. Y. Shimada, S. Miyasaka, R. Kumai, and Y. Tokura, Phys. Rev. B 73, 134424 (2006). 

63. J. Deisenhofer, D. Braak, H.-A. Krug von Nidda, J. Hemberger,R. M. Eremina, V. A. 

Ivanshin, A. M. Balbashov, G. Jug, A.Loidl, T. Kimura, and Y. Tokura, Phys. Rev. 

Lett. 95, 257202 (2005).  

64. A. P. Sazonov, I. O. Troyanchuk, M. Kopcewicz, V. V. Sikolenko, U. Zimmermann, 

and K. Bearner, J. Phys.: Condens. Matter 19, 046218 (2007). 

65. J. A. Mydosh, Spin Glasses: An Experimental Introduction (Taylor and Francis, 

London, 1993), pp. 98–100, 64–76. 

66. S. Ghara, B. G. Jeon, K. Yoo, K. H. Kim, and A. Sundaresan, Phys. Rev. B 90, 

024413 (2014) 

67. M. Gabay and G. Toulouse, Phys. Rev. Lett. 47, 201 (1981). 

68. D. M. Cragg, D. Sherrington, and M. Gabay, Phys. Rev. Lett. 49, 158 (1982). 

69. A. Kumar, S. D. Kaushik, V. Siruguri, and D. Pandey, Phys. Rev. B 97, 104402 

(2018) 

70. S. Sharma, T. Basu, A. Shahee, K. Singh, N. P. Lalla, and E. V. Sampathkumaran, 

Phys. Rev. B 90, 144426 (2014) 



Chapter 7                          Probing the Griffiths like...    
 

216 | P a g e  
 

71. S. Mahana and D. Topwal, Appl. Phys. Lett. 110, 102907 (2017). 

72. J. Souletie and J. L. Tholence, Phys. Rev. B 32, 516(R) (1985). 

73. G. F. Zhou and H. Bakker, Phys. Rev. Lett. 73, 344 (1994). 

74. J. R. L. de Almeida and D. J. Thouless, J. Phys. A: Math. Gen. 11, 983 (1978). 

75. M. Viswanathan and P. S. Anil Kumar, Phys. Rev. B 80, 012410 (2009) 

76. P. J. Ford, Spin Glasses, Contemp. Phys. 23, 141 (1982). 

77. M. Ulrich, J. Garcia-Otero, J. Rivas, and A. Bunde, Phys. Rev. B 67, 024416 (2003). 

78. S. Karmakar, B. Chaudhuri, C. Chan, and H. Yang, J. Appl. Phys. 108, 113916 

(2010). 

79. F. Rivadulla, M. Lopez-Quintela, and J. Rivas, Phys. Rev. Lett. 93, 167206 (2004). 

80. E. Vincent, V. Dupuis, M. Alba, J. Hammann, and J. P. Bouchaud, Euro. Phys. Lett. 

50, 674 (2000).  

81. D. Niebieskikwiat and M. B. Salamon, Phys. Rev. B 72, 174422 (2005) 

82. P. K. Manna and S. M. Yusuf  Phys. Rep. 535, 61 (2014) 

83. C. Binek,  Phys. Rev. B 70, 014421 (2004) 

84. L. Wee, R. L. Stamps, L. Malkinski, and Z. Celinski, D. Skrzypek, Phys. Rev. B 69, 

134425 (2004). 

85. S. K. Giri, R. C. Sahoo, P. Dasgupta, A. Poddar and T. K. Nath, J. Phys. D: Appl. 

Phys. 49,165002 (7pp) (2016) 

 

 

 

 

 


