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Chapter 8 

Magnetic Resonance (MR)-transverse relaxivity in 

tri-magnetic ensemble of isotropic-anisotropic 

nanosystems having dynamic magnetic behaviour 

 

8.1 INTRODUCTION 

The morphology of primary MNPs in the ensemble can impact the MR-relaxivity 

[1-10], as the shape of MNPs shows a modification in magnetization and such 

modulation triggers enhanced MR-transverse relaxivity [10-19]. Moreover, basic 

MR-relaxivity theories can not explain the dephasing mechanism of water proton 

extensity if a complex structure is considered [20-30]. The consideration of 

classical and quantum methods, as explained in the previous chapters, is 

observed to be inconclusive [31, 33, 34] for complexity-induced ensembles of 

MNPs. However, shape anisotropy can monitor MR-relaxivity efficacy as 

anisotropic systems bear enhanced effective radius [30-33]. However, surface 

modifications in MNPs having either magnetic or non-magnetic systems, more 

dependent inherent parameters can be addressed for evaluating MR-relaxivity 

[29-33]. 

In a complex domain of ensembles, the dominance of long-range ordering can 

lower the magnetization, further reducing relaxivity [31]. The induced 

complexity can be modified intentionally if a hybrid system is considered, which 

can be considered a comprised framework of isotropic as well as anisotropic 

MNPs. This novel approach can trigger enhancement in the shape anisotropy. As 

a consequence, it can be considered as a promising way to attain enhancement of 

faster relaxation in MR-transverse relaxivity. Therefore, the dynamic nature of 

complex hybrid ensembles is required to draw a novel correlation among 
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inherent magnetic properties in highly anisotropic hybrid domains of interacting 

MNPs with MR-relaxivity regulations, for prevailing the residing mechanism for 

complex ensembles. 

Herein this chapter, interacting SPM state dominance hybrid ensemble is 

considered where shape anisotropy is manipulated by introducing flower-

shaped ensemble of 2D nanoflakes over spherical nanoparticles, 𝛾-Fe2O3@δ-

MnO2@NiFe2O4. The correlation of MR-relaxivity efficiency with the aid of 

structural parameter modulation is addressed in this chapter. SAXS and SANS 

studies are performed for structural correlation investigation in the complex 

ensemble. However, the dynamic nature of interacting spins is studied and 

regulation in energy barrier having slow dynamics of spin shows significant 

transverse relaxivity. The enhanced shape anisotropy correlation in a framework 

of hierarchical ensemble is addressed to achieve potential merits in MR-relaxivity 

enhancement. 

8.2 EXPERIMENTAL DETAILS 

The synthesis is governed by four various steps [26, 27]. The chemicals used for 

synthesis are brought from Zenith India. The formation technique of the 

MnO2@NiFe2O4 ensemble is similar to the synthesis technique explained in 

Chapter 3 [26]. Moreover, the development of maghemite is similar to the 

technique explained in Chapter 7 [27]. For hybrid system development, a needed 

amount of maghemite is dispersed in the solvent of chloroform and the already 

prepared MnO2@NiFe2O4 ensembles are dispersed in maghemite dispersed 

homogeneous solution. With constant stirring followed by sonication for nearly 

30 mins, a homogeneously dispersed final solution is achieved and kept for 

solvent evaporation under a vacuum at 60℃. Once the evaporation is completed, 

the powder is collected and taken for washing with the aid of deionized water. 

After overnight drying, the final sample is collected for further analysis. 

However, the used instrumental details are similar to previous chapters. 
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8.3 RESULTS AND DISCUSSIONS 

8.3.1 Microstructural study 

Field Emission Transition Electron Microscopy (FESEM) images are represented 

in Figure 8.1 which gives the details about the morphology of the ensembles. 

Isotropic MNP distribution is depicted over the nanoflakes of MnO2 and some 

nano-assembles of maghemite are also shown in yellow in Figure 8.1 (b) for 

differentiation. The isotropic maghemite is observed over a few of the flakes, and 

few MNPs are residing between the MnO2 flakes. The respective entrapment of 

MNPs inside the ensemble is triggered by a solvent evaporation method. The 

development of a complex ensemble is followed by Ostwald ripening for 

ensemble growth and oriented attachment for the growth of 2D flakes [26]. The 

schematic representation is shown in Figure 8.1 (f). For further structural 

correlation analysis, the characterization of SAXS and SANS is considered. The 

respective log-log intensity is reported in Figure 8.2 (a). The fitting of the SAXS 

intensity profile provides the idea of constituent primary MNPs structural 

behaviour. However, three various contributions are used for fitting various 

form factor parameters. The fitting parameter contribution 1 is similar to Chapter 

3, in which the homogenousXS model is used as a form factor having a delta 

distribution function (28). 

The observed parameters after fitting confirm the existence of nanoflakes as 

primary MNP shapes having 5 nm thickness and 36 nm diameter. Additionally, 

the spherical model form factor with log-normal distribution is considered. The 

presence of isotropic nanoparticles is confirmed with 8.5 nm of radius having 

polydispersity of 0.38 and there is no structure factor contribution. This 

contribution arises from Nickel Ferrite isotropic MNPs. In addition, in another 

contribution, the spherical form factor is seen as having a 3.5 nm radius  
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Figure 8.1: FESEM images at a resolution (a) 1 µm scale bar, (b) 100 nm scale bar, 

(c) 1 µm scale bar, (d) 100 nm scale bar, and (e) 100 nm scale bar, and (f) Schematic 

representation of hybrid ensemble of 𝛾-Fe2O3@δ-MnO2@NiFe2O4. The schematic 

is depicted wherein three different nanosystems are presented to differentiate 

among Nickel Ferrite nanoparticles (presented in the core), δ-MnO2 nanoflakes, 

and Iron Oxide nanoparticles over the flakes. Iron Oxide is decorated over the 

system MnO2@NiFe2O4 (which is used in Chapter 3 for magnetic analysis 

wherein TEM images of MnO2@NiFe2O4 are shown). The decoration of Iron 

Oxide over the ensemble of MnO2@NiFe2O4 in yellow circle in Figure (c). The 

spin arrangement is also shown in the Schematic to illustrate the alignment of the 

blocked spins. 
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with a polydispersity index of magnitude 0.35. In this contribution, the mass 

fractal structure factor is observed. A value of size aggregation of 100 with a 

fractal dimension of 1.7 is achieved. In the higher q range, an additional 

contribution is added following log-normal distribution of 1 nm radius and 

polydispersity of 0.5. Such contribution is because of interparticle spacing among 

MNPs. In the lower q range, the SANS intensity profile gives information about 

secondary ensembles. The existence of two varied-sized ensembles is expected 

from the SANS profile [28]. The fitting provides a diameter having 466 nm for 

the ensemble with a polydispersity index of 0.05. As seen in the FESEM 

micrograph, maghemite MNPs are observed to form an additional assembly, 

which is ensured by the one more fitting contribution achieved from SANS 

profile fitting having 41.5 nm radius and 0.280 polydispersity index.  

For crystal phase confirmation, XRD analysis is performed [26, 27]. The 

maghemite (𝛾-Fe2O3) phase development is confirmed from the respective planes 

(111), (211), (220), (311), (222), (400), (422), (511), (440), and (620) having JCPDS 

number of 39-1346, Nickel Ferrite (NiFe2O4) phase formation is confirmed from 

the planes (220), (311), (400), (422), (511), (440), and (533) with JCPDS number of 

10-0325, and the respective δ-MnO2 phase is ensured from (001), (002), (1̅11), and 

(020) planes having JCDPS no. of 80-1098, as depicted in Figure 8.2 (b). The 

Raman spectra is executed in order to confirm the crystalline phase [26, 27, 30, 

31, 32, 33] as depicted in Figure 8.2 (c). The peaks at 497, 660, and 730 cm-1 are 

due to 𝛾-Fe2O3 phase which is obtained after deconvolution. An additional 

characteristic peak is achieved at 1325 cm-1 for the maghemite phase. The 

obtained peaks are vibration modes of 𝑂ℎ
7(Fd3m) for 𝛾-Fe2O3. The obtained band 

at 640 cm-1 is in A1g symmetric mode for stretching vibration, ν2(Mn–O). The other 

band at 568 cm-1 is symmetric ν3(Mn-O) stretching vibration mode. The 660 cm-1 

band is Ag symmetry mode related to the tetrahedral AO4 group of Nickel Ferrite. 

The respective bands of F2g at 568 cm-1 and 470 cm-1 are due to the octahedral 

stretching mode of nickel ferrite [32]. 
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Figure 8.2: (a) SAXS and MSANS intensity profile, (b) XRD curve, and (c) Raman 

spectrum of 𝛾-Fe2O3@δ-MnO2@NiFe2O4. 

The XPS pattern is represented in Figure 8.3, for chemical composition 

information, in which binding energy distribution is addressed. The Mn 2p peak 

is found to be consisted of peaks at 642.1 eV for 2P3/2 and 653.9 eV for 2P1/2 as 

seen in Figure 8.3 (a) [30]. The four respective peaks of Nickel 2P are shown in 

Figure 8.3(b) to confirm that 2P3/2 and 2P1/2 have binding energy of 855 eV and 

872.3 eV, and two satellite peaks are found at 860 eV and 875.6 eV [34]. The 

satellite peaks are due to the +2 oxidation state of nickel ferrite. The Fe 2P 

splitting are shown at 710.8 eV for Fe 2P3/2 and 724.3 eV for Fe 2P1/2 [34] as given 

in Figure 8.3(c). The higher area is covered by Fe 2P3/2 than Fe 2P1/2 which 

confirms j-j coupling, having 4 degeneracy of Fe 2P3/2 in contrast to 2 degeneracy 

of Fe 2P1/2. The satellite peaks are seen at 714.1 eV and 718.4 eV respectively, 

related to Fe3+ ions [34, 35]. A broad O 1s spectrum is achieved at 7 eV width [30, 

34, 35] as depicted in Figure 8.3(d) and from deconvolution, peaks are found at 

533.5 eV, 531.3 eV, and 529.7 eV. A characteristic peak at 529.7 eV is due to the 

surface lattice of O2- ions, which is found in 𝛾-Fe2O3/MnO2/NiFe2O4. The general 



 
 

Chapter 8 

203 
 

oxygen defects are seen in the metal oxide framework, which provides enhanced 

binding energy at 531.3 eV because of oxygen vacancies. The observed peak at 

533.5 eV is due to the existence of a hydroxyl group (Metal-OH). 

 

Figure 8.3: XPS analysis for (a) Mn 2P, (b) Ni 2P, (c) Fe 2P, and (d) O 1S spectrum 

of 𝛾-Fe2O3@δ-MnO2@NiFe2O4. 

Further, elementary composition is confirmed by the EDS study as given in 

Figure 8.4. The existence of Manganese (Mn), Iron (Fe), Nickel (Ni), and Oxygen 

(O) is ensured with the aid of elementary mapping having atomic percentages 

varied from 30.32 %, 22.41%, 1.96%, and 54.05% for the mentioned metals. 

Therefore, the development of 𝛾-Fe2O3@δ-MnO2@NiFe2O4 is ensured from the 

entire microstructural analysis. Such a system with an interesting hierarchy 

arrangement can be considered for understanding spin dynamics by considering 

ac susceptibility study. 
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Figure 8.4: (a) Sum spectrum of EDX, (b) elementary mapping for O, (c) 

elementary mapping for Mn, (d) elementary mapping for Fe, and (e) elementary 

mapping for Ni of 𝛾-Fe2O3@δ-MnO2@NiFe2O4. 

Table 8.1 Elementary composition achieved from EDX analysis. 

Element Weight % Atomic % 

Mn            48.85 30.32  

Ni 3.38 1.96 

Fe 22.41 13.68 

O 25.36  
54.05  

 

8.3.2 Dynamic Magnetic study 

The phase transition in spin dynamics of the hybrid ensemble is studied 

considering frequency dependence ac susceptibility [36]. A temperature range of 

5-350 K is considered without any DC field and with a 10 Oe exciting ac field. 

The in-phase and out-of-phase ac susceptibility is given in Figure 8.5. A variation 

with applied frequency variance is seen with a range of frequencies as, 93 Hz, 317 
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Hz, 717 Hz, 1111 Hz, 3717 Hz, 6717 Hz, and 9724 Hz, and frequency-dependent 

peak is observed to get shifted toward high-temperature domain with an increase 

in frequency. The peak shift with frequency is due to enhancement in the delay 

of spin-relaxation [36]. The calculated Mydosh parameter value is achieved as 

0.05, further confirming the possibility of finite interaction in MNPs. The 

presence of a non-zero imaginary of ac susceptibility trend as depicted in Figure 

8.5 (b) is due to moment-induced absorption along with displacement in the 

irreversible domain wall. In the imaginary component, two peaks are seen at 110 

K and 41 K, at high-frequency condition. The presence of such additional peak is 

 

Figure 8.5: (a) In-phase ac susceptibility with different frequencies, (b) out-of-

phase ac susceptibility with frequencies for 𝛾-Fe2O3@δ-MnO2@NiFe2O4, (c) 

depiction of two peaks in out-of-phase component at frequency of 9724 Hz (two 

different Tmax are shown in circle). The arrow mark indicates the change in Tmax 

and χmax with an increase in frequency in Figure (a, b). 

generally observed because of core-shell morphology [48]. The peak at high 

temperature is because of SPM blocking and the peak at low temperature is 
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because of low temperature spin freezing. However, the organization of MNPs 

can trigger such dual peak in imaginary component. 

 

Figure 8.6: Temperature maxima fitting with a range of frequency following: (a) 

Neel-Brown model, (b) VF model, and (c) Critical slowing down model of 𝛾-

Fe2O3@δ-MnO2@NiFe2O4. The error bars in the data represent standard deviation 

in experimental data. 

In the case of non-interacting MNPs, the spin blocking with varied frequency can 

be explained by the Neel-Arrhenius equation, which is given in equation 2.10 of 

Chapter 2. For SPM systems, the respective spin relaxation period,  𝜏0 , lies in the 

10-9 to 10-13 s order range. Generally, blocking temperature gives the idea about 

the needed potential energy to overcome energy barriers [52]. The frequency-

dependent temperature anomaly as observed in in phase ac susceptibility is fitted 

with Neel-Arrhenius law, as depicted in Figure 8.6(a), which gives unphysical 

𝜏0 of ̴ 1.6 × 10-22 s and respective activation energy, 
𝐸𝑎

𝑘𝐵
  ̴ 9910.6 K. The observed 

unphysical value discards the possibility of a non-interacting SPM state [36, 37]. 

Therefore, the possible interaction among MNPs of the ensemble is anticipated. 
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The existence of interaction can influence the blocking temperature, which results 

in potential barrier modulation. 

In addition, the shifting in temperature maxima with frequency is further 

examined by Vogel-Fulcher (VF) law, as given in equation 2.11 of chapter 2, 

[depicted in Figure 8.6(b)]. The fitted values give flipping period, 𝜏0 , VF 

temperature, T0 and activation energy, 
𝐸𝑎

𝑘𝐵
 as 𝜏0 = 0.5 × 10-9 s, T0 = 192.9 K, and  

𝐸𝑎

𝑘𝐵
 

= 361 K respectively. The values show a good agreement with VF-model, 

confirming the existence of finite interaction among MNPs of the ensemble [39, 

36]. The energy barrier is achieved as 4.98× 10-14 erg, further confirming the 

existence of enhanced anisotropy. For more detailed evaluation, the Tholence 

criterion [40] is calculated as, δTTh = 
𝑇𝑓− 𝑇0

𝑇𝑓
 and yields a value of 0.15. The 

reduction of δTTh from unity confirms the presence of finite interaction in the 

ensemble [36, 37]. 

Moreover, for a detailed investigation of whether the spin dynamics is 

dominated by spin blocking or spin freezing, a critical slowing model is 

considered, as mentioned in equation 2.13 of chapter 2.  After non-linear curve 

fitting as depicted in Figure 8.6(c), the best fitting is achieved as relaxation period, 

τ* = 3.9 × 10-8 s, critical exponent, 𝑧𝑣′ = 3.4, and glass transition temperature, Tg = 

217 K, respectively. For conventional SG system, 𝑧𝑣′ comes in 4 -12 range with τ* 

of 10-10 -10-12 order. In addition, a few cluster SG systems show 10-8 s order for τ* 

[25]. In the current scenario, τ* is slightly varying from the relaxation period 

achieved from VF-fitting, but 𝑧𝑣′ confirms the non-existence of conventional SG 

behaviour. Therefore, all the findings ensure the existence of moment blocking 

in the system [39]. 

8.3.3 MR-relaxivity: 

Before performing MR-relaxivity analysis, Zeta potential analysis and biological 

compatibility is performed. The respective plot of the Zeta potential plot is  
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Figure 8.7: (a) Zeta potential curve, (b) MTT-based cytotoxicity analysis study for 

HEK-293 cell-line of 𝛾-Fe2O3@δ-MnO2@NiFe2O4. The error bars are for standard 

deviation representation  

 

Figure 8.8: MR-relaxation analysis of 𝛾-Fe2O3@δ-MnO2@NiFe2O4: (a) 

Longitudinal relaxivity (r1) and (b) transverse relaxivity (r2) plot with various 

concentrations. The error bars are for standard deviation representation. 

depicted in Figure 8.7 (a). The steric stabilization is confirmed by Zeta potential 

value of 62.7 mV [19]. However, cell viability in an agarose stabilized system is 

performed with HEK-293 cell lines following MTT assay [19]. The metal 

concentrations are considered as, 0.001, 0.01, 0.05, 0.1, 0.4, and 0.5 mM. In Figure 

8.7 (b), the cell viability with various MNPs concentration is shown for an 

incubation period of 24 h. An acceptable cell viability is observed till a metal 
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concentration of 0.4 mM. However, at 0.5 mM, cell viability is found to reduce 

below 40%. Therefore, for the MR-relaxivity study, the considered meal 

concentration is below the 0.4 mM limit. 

 

Figure 8.9: Phantom image of 𝛾-Fe2O3@δ-MnO2@NiFe2O4: (i) Longitudinal 

relaxation at different inversion time (TI) (a-e) and (ii) Transverse relaxation at 

different echo time (TE) (f-l) with metal concentrations variation. 

To execute MR-relaxivity analysis, a series of metal concentrations are considered 

as, 0.0750, 0.150, 0.150, 0.225, 0.300, and 0.375 mM respectively. The MNPs are 

stabilized in a solution of agarose. The considered control is the stabilized 

agarose. To calculate longitudinal relaxivity, the signal intensity (𝑀𝑇𝐼) is fitted 

following equation 5.8 of Chapter 5 for all metal concentration considering 

variation in inversion time (TI). TI is varied from 100 to 4000 ms with 5000 ms TR 

and 12 ms TE. The calculated longitudinal relaxivity time, marked as T1, for all 

metal concentrations is addressed. To achieve longitudinal relaxation rate r1, a 

plot is addressed with  
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Figure 8.10: Schematic of spin organization in interacting superparamagnetic 

ensembles having both isotropic and anisotropic MNPs with significant MR-

relaxivity of 𝛾-Fe2O3@δ-MnO2@NiFe2O4. 

respective 1/T1 for each considered metal concentration as depicted in Figure 

8.8(a), following equation 5.9 of Chapter 5. For, transverse relaxivity, the 

respective signal intensity (MTE) having various echo times (TE) is fitted with 

equation 5.10 of Chapter 5. A non-linear curve fitting is employed and a 

transverse relaxivity period, T2, for each metal concentrations is achieved, which 

is further considered for fitting as, 1/T2 versus respective metal concentration. 

The obtained slope gives a transverse relaxation rate, r2 as displayed in Figure 

8.8(b). r2 and r1 values are achieved as 16.67 mM-1s-1 and 0.27 mM-1s-1 at 3 T, with 

r2/r1 of 61.5. The obtained r2/r1 ensures potential contrast behaviour [19, 40, 41]. 

As the obtained r2/r1 is higher than that of 10, the transverse relaxivity 

dominance is present in the system. Hence this system is a good candidate for T2 

type contrast in MRI. Further, phantom images are depicted in Figure 8.9 with 

variation of TI and TE at all the metal concentrations. As given in Figure 8.9(i), 

T1-based in vitro MR-phantom images shows an enhancement of signal 

brightness with an increment in metal concentration. The inversion time is varied 

as, 100, 500, 1000, 1500, and 4000 ms as given in Figure 8.9(i (a-e)). The respective 

signal brightness enhancement is reflected with inversion time enhancement, as 
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depicted in Figure 8.9(i (a-e)). However, the dark contrast of T2 in vitro MR-

phantom images is enhanced with increase in metal concentration as depicted in 

Figure 8.9(ii). The variation in echo period is considered as, 11 ms, 55 ms, 77 ms, 

100 ms, 133 ms, 166 ms, and 188 ms respectively. The increment in signal intensity 

is reflected with enhanced echo time as depicted in Figure 8.9(ii(f-l)). Such 

enhancement shows significant capability of considered hybrid ensemble for 

achieving efficient T2-based contrast imaging in the MRI. 

8.4 CONCLUDING REMARKS 

Herein conclusion, the hybrid ensemble is considered for MR- transverse 

relaxivity enhancement with signal regulation, considering significant r2/r1 

values. The hierarchical ensemble, 𝛾-Fe2O3@δ-MnO2@NiFe2O4, shows a cell 

viable nature with structural correlation property. The spin dynamic nature is 

addressed from ac susceptibility study having 4.98× 10-14 erg energy barrier with 

a spin flipping period of 0.5 × 10-9 s. However, the respective Mydosh parameter 

as well as the Tholence criterion confirms the dominance of the interacting SPM 

state, which is further confirmed by critical slowing down fitting and non-zero 

VF temperature. The proton diffusion is found to be faster around the considered 

interacting SPM hybrid ensemble with enhanced r2/r1 of 61.5. The interacting 

SPM domains of hierarchical ensemble having regulated activation energy is a 

potential approach to achieve enhanced MR-transverse relaxivity. 
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