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A B S T R A C T   

In the present framework, we report a reversible magnetic phase transition that occurs from a mixed diamagnetic 
(nonmagnetic) state to a weak ferromagnetic (magnetic) state exhibited by cerium oxide nanoparticles (CeO2 
NPs) under shocked conditions wherein the magnetic phase transitions are observed to be switchable phase 
transitions of mixed diamagnetic - weak ferromagnetic - mixed diamagnetic - weak ferromagnetic for the 
respective shock pulses of 0, 50, 100 and 150, which is probably reported for the first time, and the observed 
values of the saturation magnetization are 0.9117, 0.1022, 0.8783 and 3.7780 emu/g, respectively. The possible 
reasons behind the observed reversible magnetic phase transition are proposed by the outcomes attained from 
the spectroscopic and microscopic techniques. Based on the obtained analytical results, it is confirmed that the 
observed room temperature weak ferromagnetism is because of the enhancement of Ce3+ ions (reduction of Ce4+

ions) and oxygen vacancies such that the title material is suggested for the applications of magnetic sensors.   

1. Introduction 

Considering the popular classes of materials that are compatible with 
the development of advanced technology, materials with a blend of 
nanocrystalline magnetic nature could contribute a great deal of 
resounding success whereby various research teams pioneer to scale up 
the process of making those materials. On the extent of these counts, 
searching for ferromagnetism that exists in technologically important 
oxide nanocrystalline materials such as TiO2, ZnO, and CeO2 has a long 
track record over the past few years due to their spectacular progress in 
the field of making magnetic devices. Note that, theoretically, the 
nanomaterials of TiO2, ZnO, and CeO2 belong to the diamagnetic state 
because of their outermost electronic configuration [1,2]. Researchers 
have observed a weak ferromagnetic state in the above-mentioned 
nanomaterials at room temperature due to the formation of oxygen 
vacancies during the process of synthesis [3–7]. Special mention is that 
the formation of oxygen vacancies in the crystal lattice plays an 

imperative role whereby an efficient differentiation is created in the 
magnetic state of the materials (especially metal oxides) and numerous 
research work has been carried out on this topic which brings about 
several controversial results, whereas a proper authentication on the 
formation of ferromagnetic state out of the diamagnetic state of mate
rials is yet to be arrived at [8,9]. To fix these indistinct scientific issues, 
the intended prevailing experiments on the magnetic properties of 
diamagnetic nano-crystalline materials are in full swing, especially for 
chemical dopants at high-temperature, low-temperature and 
high-pressure techniques. 

As witnessed, over a century, a series of techniques such as static 
high-pressure (DAC) [10,11], static temperature [12,13], high power 
laser irradiation [14], high energy gamma-ray irradiation [15], very 
high energy ion bombardment [16], electron bombardment [17], laser 
shock wave [18,19], and acoustical shock waves [20,21] have been 
employed to explore deeply the physical and chemical properties of 
materials under extreme environmental conditions. Among the 
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above-mentioned techniques, exposing the test material to acoustic 
shock waves is one of the crucial techniques that could establish a great 
deal of innovative findings. Shock waves can be generated by a 
well-equipped shock tube of tabletop nature which requires a small 
research laboratory that is affordable. After the invention of the tabletop 
shock tubes (Reddy Tube) [22,23], the applications of shock waves in 
the materials science branch have attained the stature of being one of the 
outstanding succinct research topics such that numerous spectacular 
results have been found in variety of aspects such as reversible and 
irreversible crystal to crystal phase transition [24,25] reversible and 
irreversible crystal to amorphous and vice versa [26,27] while in a few 
other cases, reversible and irreversible molecular phase transitions and 
magnetic phase transitions have been witnessed [28,29]. Note that, even 
though most of the materials undergo structural transitions and de
formations, a few materials are highly stable under shocked conditions 
[30–34]. Among the above-mentioned types of phase transitions under 
shocked conditions, the shock wave-induced switchable phase transi
tions are quite interesting as there is no crystal-clear science available at 
this point on the switchability of materials which are yet to be explored 
to the extent that is required thereby relevant and feasible mechanism 
could be arrived at. Materials with the ability of switchable phase 
transitions can be utilized for applications in thermo-nuclear devices, 
magnetic sensors, phase shifters, accelerate meters, pressure trans
mitters and current flash memories [32,34]. 

In recent years, the crystallographic structural stability of a few 
metallic oxide nanoparticles such as ZnO, ZrO2, TiO2 and Co3O4 has 
been examined and arrived at spectacular results in terms of crystallo
graphic as well as magnetic phase transitions [28,35-39]. Following 
these metal oxides, our research group has examined the crystallo
graphic phase stability of CeO2 NPs under acoustical shocked conditions 
and found a stable crystallographic phase which has been confirmed by 
the conventional powder X-ray diffraction profiles and Raman spectro
scopic results [40]. Based on the fruitful implications of the prominent 
findings [41], it is a way forward to repeat the experiment and perform 
similar acoustic shock wave loading procedures with the same Mach 
number (2.2) to understand the nature of magnetic and electrical 
transport properties of CeO2 NPs. Because the literature survey shows 
that a variety of complex results are probable in the magnetic properties 
of CeO2 NPs. With respect to the theoretical aspects and as per the 
electronic configuration, the chemical specimen of CeO2 is in a 
diamagnetic state due to the unavailability of unpaired electrons in the 
outermost shell [41,42]. The integrative action of ions such as Ce4f and 
O2p makes the CeO2 nonmagnetic. However several nanoscience re
searchers have found weak ferromagnetism in their respective CeO2 NPs 
[43] and the occurrence of weak ferromagnetism is because of the for
mation of oxygen deficiency in the surface (in most of the cases) and 
oxygen vacancies in the bulk crystal structure (reduction of the Ce4+) 
such that a few reports are listed [44,45]. Note that ferromagnetism is 
relatively uncommon in oxide materials (ZnO, TiO2, CeO2, HfO2, In2O3) 
except in major oxide families such as hexa-ferrites, garnets, spinels, and 
mixed-valence perovskites structures [44]. The experimental findings of 
the room temperature weak ferromagnetism in CeO2 have been reported 
by several groups worldwide [46–51]. Very recently, one of the papers 
has appeared in the journal of Nat. Phys which accounts for the possible 
evidence of the ferromagnetic state in CeO2 NPs caused by the influence 
of spin-orbit coupling concepts [52]. Following this article, the same 
research group has published a review article based on the room tem
perature magnetism in CeO2 wherein the authors have cited nearly 150 
articles for the room temperature magnetic state of the CeO2 NPs 
whereas, no paper has come up with the information on the actual 
diamagnetic or mixed diamagnetic states [53]. The magnetic behaviour 
of CeO2 NPs under shocked conditions is yet to be reported. 

In the present research work, the switchable magnetic phase tran
sition occurring from mixed diamagnetic state to weak ferromagnetic 
state is demonstrated with respect to the number of shock pulses, and to 
the best of our understanding, this is the first report as of now on the 

conversion from diamagnetic state to weak ferromagnetic state wherein 
neither any change in the crystallographic aspects nor total chemistry of 
the test sample is witnessed. 

2. Experimental procedure 

The experimental procedure of the synthesis of CeO2 NPs and the 
details of the shock tube, as well as the shock wave loading process are 
provided in the supplementary section. In Fig. 1, the schematic diagram 
of the tabletop pressure-driven shock tube and the observed magnetic 
transitions occurring in the Cubic CeO2 NPs are presented. The required 
shock waves are generated by an in-house semiautomatic Reddy Tube 
which is capable of producing supersonic shock waves. It has three 
sections such as driver, driven and diaphragm sections. The driver and 
driven sections are made of seamless steel tubes of length 48 cm and 33 
cm, respectively and both have the same inner diameter of 1.5 cm. At
mospheric air is used as the working substance for the required shock 
wave generation which is supplied by a tabletop mini 1 HP air 
compressor that has the capacity of 8 bars of pressure storage. The 
diaphragm section separates the driver section and the driven section. 
Carbonless paper diaphragms are fed into the diaphragm section with 
the help of a motor. While the atmospheric air is being compressed into 
the driver section, at the critical pressure, the diaphragm is ruptured 
such that the shock wave is generated and moves along the driven sec
tion. In the present experiment, shock waves of Mach number 2.2 have 
been utilized possessing the dynamic transient pressure of 2 MPa and 
temperature 864 K. 

3. Results and discussion 

3.1. Magnetic properties 

The understanding of the room temperature magnetic properties of 
CeO2 NPs continues to be not in the clear spectrum such that the ex
perimentalists as well as the theoretical researchers go on with consis
tent effort to tackle it. On those count, we have provided the observed 
results which are based on the experimental concepts of ferromagnetism 
in CeO2 [52,53]. In the present case, a vibrating sample magnetometer 
(VSM) has been utilized to verify the magnetic state of the control and 
acoustic shock wave-treated CeO2 NPs whereby the obtained room 
temperature M-H loops are shown in Fig. 2 wherein the control sample 
of CeO2 NPs exhibit a mixed nonmagnetic phase (very low magnetic 
field-super-paramagnetic state and high magnetic field-diamagnetic 
state) and based on the control sample’ M-H loop, it is clear that the 
most of the loop area covered is in the diamagnetic state and such kind of 
mixed diamagnetic state of CeO2 NPs is very rare in the literature 
[41–53]. In the case of the control CeO2 NPs, the formation of the mixed 
diamagnetic state clearly represents that the concentration of Ce4+ ions 
is very high whereas a very small amount of oxygen vacancies and Ce3+

ions are present in the crystal lattice and because of these facts; a low 
magnetic field is maintained in the title sample such that it exhibits room 
temperature weak ferromagnetic behaviour. If the crystal lattice is free 
of Ce3+ ions and oxygen vacancies it would be a perfect diamagnetic 
state. Due to the nature of the synthesis process carried out, the for
mation of oxygen vacancies has been quite uncontrollable [41–53]. 

Surprisingly, at the 50-shocked condition, the formation of the room 
temperature weak ferromagnetic state is ensured in the NPs because of 
very low coercivity and low saturation magnetization whereas at the 
100-shocked condition, again it reverts to the mixed diamagnetic state 
as in the case of the control sample. On further increasing the shock 
number to 150, it turns back to the weak ferromagnetic state such that 
this kind of magnetic switchable phase transitions from a nonmagnetic 
to a magnetic state has never been reported to date. While increasing the 
number of shock pulses, the degree of recrystallization and surface 
modification keep on varying which results in different aspects of out
comes for the different number of shock pulses and also it can vary with 
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respect to the nature of the target materials. Such kind of shock wave- 
induced switchable transitions are quite known [24,27,28]. The satu
ration magnetization values of the control, 50,100 and 150 shock pulses 
are 0.9117, 0.1022, 0.8783 and 3.7780 emu/g, respectively. In general 
nano-synthesis processes, such kind of room temperature weak ferro
magnetic state usually occurs in the case of CeO2 NPs which may not be 

new [45–53]. But, in the present case, the synthesized CeO2 NPs are 
nearly in the mixed diamagnetic state which in turn becomes a ferro
magnetic state thereby it could be treated as a remarkable result of 
magnetic state transition occurring under shocked conditions. Because 
of the existing facts, it is very difficult to achieve magnetic phase tran
sitions under acoustic shock wave-treated conditions wherein no change 

Fig. 1. Schematic diagram of the tabletop pressure driven shcok tube and the magantic transtions occuring in the cubic CeO2 NPs.  

Fig. 2. M-H loops of the control and acoustical shock wave-treated cerium oxide NPs (a) control (b) 50 (c)100 and (d)150 shocked CeO2 NPs.  
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occurs either in the original crystallographic structure or in the shape of 
the particles. Herewith, a few of the examples for the above-mentioned 
claims are listed based on the previously reported articles. Very recently, 
Arijit Roy et al., have reported the shock wave-induced transformation 
of a non-magnetic to a magnetic state of the ISM dust of ferrocinece (Iron 
and cyclopentadiene). Note that, as per the observed results under 
shocked conditions, the ferrocinece has been converted into α-Fe and 
Fe3C materials and obviously they are highly magnetic materials [54]. 
Mowlika et al., have reported the ferromagnetic to super-paramagnetic 
state of CoFe2O4 NPs due to the occurrence of significant lattice dis
tortions under shocked conditions [55]. But, in the present case, there is 
neither significant crystallographic change nor particle shape change 
occurring under shocked conditions [40]. Hence, more insights are 
solicited for the mechanism responsible for the appearance of the room 
temperature weak ferromagnetic state of CeO2 NPs under 50 and 150 
shocked conditions. The interesting aspect of the attainment of 
room-temperature ferromagnetic state in CeO2 NPs leads to two prom
inent questions i.e. (i) How can be a magnetic state traced for mixed 
diamagnetic materials such as CeO2 NPs? (ii) Why does it not turn into a 
perfect diamagnetic state instead of a weak ferromagnetic state? In this 
context, it is worthwhile to bring in a few spin-splitting concepts to 
justify the occurrence of the room-temperature ferromagnetic state in 
CeO2. Note that CeO2 is extensively used as a catalyst because of its 
ability to switch its average oxidation states in a suitable temperature 
range without undergoing any structural changes [52,53] which clearly 
represents that the oxidation states of CeO2 are highly temperature as 
well as pressure sensitive. Moreover, when the external temperature or 
pressure is changed there could be changes in the oxidation states and 
number of coordination bonds [11,28,29]. Because of magnetic state 
changes, it is not merely an intrinsic property governed by atomic-scale 
defects within the particles. The topology of the surface of contiguous 
particles is also a critical factor. As mentioned previously, stoichiometric 
cerium oxide exhibits a diamagnetic nature because of the Ce4+ ions that 
occupy the completely filled shell. When the shock wave pressure is 
applied on the sample, some of the Ce4+ ions are turned into Ce3+ ions 
due to the changes which are due to the reduction of Ce4+ ion into Ce3+

ion thereby leading to non-stoichiometry such that defects are intro
duced into the CeO2 crystal lattice to compensate the charge and the 
resultant spin coupling with the nearest-neighbor interaction by double 
exchange (Ce3+–O–Ce4+) by charge transfer transition occurring be
tween O2p and Ce 4f energy bands. Due to the shock wave-induced 
reduction process of Ce4+ ions, a quite high concentration of Ce3+ ions 
may lead to a greater number of oxygen vacancies in the sample. Note 

that the magnetic moments of cerium, oxygen and oxygen vacancies are 
4 µB, 2 µB and 1.2 µB, respectively. Due to the high value of magnetic 
moment for the oxygen vacancies, they play a significant role in 
contributing to the magnetic properties. In addition to that, generally, 
the electrons are strongly associated with defects in oxides which have a 
high dielectric constant and thereby occupy a large number of Bohr 
orbitals that tend to form an impurity band where they may experience 
localized potential fluctuations in the crystal lattice. In such cases, by 
allowing the impurity band to mix with the 4f states of cerium (please 
see the insets in Fig. 2) and transferring one electron for each vacancy, 
the 4f states would in turn polarize the impurity band and provide the 
necessary ferromagnetic coupling in the CeO2 for which the detailed 
mechanism of the formation of ferromagnetism is presented in Fig. 3. In 
the literature, it is found that the weak paramagnetic CeO2 is converted 
into the ferromagnetic state when the samples are irradiated with 200 
MeV swift heavy Xe ions irradiation fluence of 2 × 1013 ions/cm2 [56]. 
But, in the present case, just 2.0 MPa shock pressure could trigger the 
same phase transition which indicates that the magnetic state of CeO2 
NPs is highly sensitive to the shock transit temperature and pressure. 
One can see the perfect structure of a tetrahedral CeO2 supercell with 32 
cerium atoms and 64 oxygen atoms. Each oxygen atom is surrounded by 
four cerium atoms at the same distance. From the total DOS of CeO2, all 
the electron spin-up and spin-down states are symmetric and show no 
magnetism in the perfect CeO2 cell. Fig. 3 represents the schematic of 
super-exchange interaction among 1Ce, 2Ce, and O atoms when two Ce 
atoms are reduced by two electrons based on the formation of oxygen 
vacancy thereby forming a Ce–O–Ce bond along with the neighboring O 
atom which favors a 90-degree super-exchange interaction such that it 
leads to the magnetism in CeO2 [52,53,57,58]. Fig. 3 b-f clearly repre
sents the step-by-step process of the super-exchange interaction of 
Ce–O–Ce. Initially, one electron of one O2p orbital is excited by the 
applied shock pressure whereby one 4f orbital of 1 Ce atom (Fig. 3c) and 
the excited electron spin direction become parallel to the electron of Ce 
4f orbital based on Hund’s rule (Fig. 3d) [52,53,57,58]. Since the 
Ce–O–Ce bond angle is close to 90 ◦, the electron with the same spin 
direction to another O 2p orbital is exchanged with 4f orbital of 2 Ce 
atom (Fig. 3e) which makes the spin direction of the electron of 2 Ce 4f 
orbital parallel to it (Fig. 3f) thereby the resultant direction of magnetic 
moments of these two Ce atoms become the same such that it leads to the 
ferromagnetic coupling in the crystal lattice. Meanwhile, at the bottom 
of the conduction band, O 2p exhibits slight asymmetry which con
tributes to the formation of the conduction band of CeO2. With one 
oxygen vacancy, the calculated magnetism of the sample is about 1.213 

Fig. 3. Possible mechanism for the conversion of diamagnetic to ferromagnetic state of CeO2 under shocked conditions.  
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µB. After another oxygen atom is removed, two oxygen vacancies are 
formed [58]. With the increase in oxygen vacancies, the tetrahedral 
structure of the sample is further destroyed to make the Ce atoms close 
to the oxygen vacancies, which increases the total magnetic momentum. 
As shock wave transient pressure-temperature produces more oxygen 
vacancies in the structure of CeO2, the electron spin on Ce 4f orbitals 
becomes more complicated such that it makes the projected density of 
states of Ce 4f more asymmetric [58]. Thus, shock wave impact can 
enhance magnetism by producing oxygen vacancies. 

At the exposure of 100 to 150 shock pulses, the density of the defects 
and oxygen vacancy are considerably increased whereby a weak ferro
magnetic state may exist. On that count, it becomes apparent that a 
weak ferromagnetic state may occur at the exposure of 120 shocks 
because of the formation of defects. To examine this probability, VSM 
analysis for the 120 shocked CeO2 sample has been performed and the 
obtained M-H loop is presented in Fig. 4. As seen in Fig. 1, the mixed 
diamagnetic state is converted into the room temperature weak ferro
magnetic state at the 120-shocked condition and the calculated value of 
saturation magnetization is 0.25 emu/g. Note that the value of lower 
saturation magnetization clearly represents the defect density which is 
quite lower than that of the 150-shocked condition. 

Therefore, based on the overall observation, it could be taken into 
account that while under shocked conditions, some of the Ce4+ ions 
experience the reduction and are converted into Ce3+ ions thereby it 
may bring the room temperature weak ferromagnetic state in CeO2. 
Moreover, the reflections of spectroscopic and microscopic analyses 
could provide evidence for the spin splitting and the formation of 
defective crystal structure at the 50-shocked condition which can further 
be revealed by the implementation of XPS and TEM studies that appear 
in the upcoming sections. 

3.2. X-ray photoelectron spectroscopy study 

The XPS study could provide further details on the valence state 
changes (even a very small quantity in atomic ratio) and surface atomic 
compositions of the test samples. Hence, X-ray Photoelectron Spectro
scopic study (PHI - VERSAPROBE III – X-ray Photoelectron Spectros
copy) has been performed for CeO2 samples to confirm the mixed 
diamagnetic to ferromagnetic phase transition occurring at the 50- 
shocked condition and the observed XPS survey spectra of the control 
and 50 shocked CeO2 samples are shown in Fig. 5 and peak shift profiles 
are presented in Fig. 6 

As seen in Fig. 6a, the survey XPS spectra of the control sample are 
found to be well-matched with the previous reports [57–59] and the 
sample of 50 shocked doesn’t show any significant change while looking 

through the naked eye. But, while looking at the zoomed-in version of 
the 3d core level spectra, it could be observed a lower binding energy 
shift for the sample of 50 shocked which provides considerable evidence 
for the formation of the defective crystal structure along with the oxygen 
vacancies [57–59]. In the control sample, the XPS bands appear at 
975.01, 918.215, 909.062 (Ce3+), and 900.549 eV which belong to the 
Ce3d5/2 while the other XPS bands appear at 889.885 (Ce4+) and 
884.027 eV and these belong to the Ce3d 3/2. Fig. 6b clearly represents 
that all the bands experience the lower binding energy shift at the 
50-shocked condition. 

The bonding present between cerium and oxide is covalent which 
involves hybridization of the 4f (Ce) orbitals of Ce4+ cations and the 
filled 2p (O) orbitals of the O2− anions. Each Ce4+ cation is coordinated 
by eight equivalent O2− anions positioned at the corners of the cube, and 
each O2− is coordinated in turn by a tetrahedron of Ce4+ ions. Note that 
the Ce4+ ion has a closed shell [Xe] 4f15d16s2 configuration with no 
unpaired electrons. Based on Fig. 6b, the attained lower binding energy 
shift for the 50-shocked sample confirms that the coordination number 
decreases from eight and moves towards the lower number of coordi
nation bonds which enhances the formation of Ce3+ ions in the crystal 
lattice. Note that the observed binding energy shift is also related to the 
removal of O atoms from the regular sites thereby, if one oxygen atom is 
removed from the lattice, two oxygen vacancies are formed such that the 
resultant net magnetic moment would increase. In such cases, the net 
atomic percentage of the Ce and O atoms can be shown with some 
considerable changes under shocked conditions and the reduction in the 
O atomic percentage is expected because of the formation of the oxygen 
vacancies. To extract such crucial information, the deconvoluted core- 
XPS spectra of the Ce 3d and O1 s spectra are presented in Fig. 7 for 
the control and 50 shocked samples. 

Note that, in the case of the control sample (Fig. 7a), the Ce4+ XPS 
peak is located at 918.215 eV whereas at the 50-shocked condition 
(Fig. 7b), it got shifted towards the lower binding energy side (towards 
the Ce3+) and it is probably because of the reduction in the number of 
Ce4+ ions in the 50-shocked CeO2 crystalline lattice. The observed re
sults can also declare that the valence band is formed mostly of O 2p 
states whereas the conduction band is composed mainly by Ce 4f and Ce 
5d states hence, the electronic transport properties are significantly 
altered which could be correlated with the EIS spectroscopic analysis. 

For the control sample, O 1 s spectra can be fitted into two distinct 
peaks which are generally represented as Olattice (OL) and Osurface (Os) 
which are located at 529.69 eV and 531.31 eV, respectively (Fig. 7c). At 
the 50-shocked condition, the OL and Os peaks got higher binding en
ergy shift and are located at 529.76 eV and 531.23 eV (Fig. 7d). As can 
be seen in Fig. 7 (c and d), the shape of the O 1 s spectra is not much 
changed whereas, the value of full width at half maximum has Fig. 4. M-H loop of the 120 shocked cerium oxide NPs.  

Fig. 5. XPS survey spectra of control and 50 shocked CeO2 NPs samples.  
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considerably decreased for the OL at the 50-shocked condition compared 
to the control sample and it is also found a slight enhancement of the Os 
peak’s full width at half maximum. As per the observed core-XPS Ce and 
O band spectral analysis, the calculated Ce and O atomic percentages are 
27.05 and 72.95 % for the control sample while 27.68 and 72.32 % for 
the 50-shocked sample such that the corresponding figures are presented 
in Fig. 7 (e and f). As per the observed values of the atomic ratio per
centages, it is clear that the Ce3+/Ce4+ ratio is slightly enhanced 
compared to the control sample and in contrast, O atomic ratio per
centages are found to have reduced. The enhancement of the Ce3+/Ce4+

ratio at the 50-shocked condition is probability due to the enhancement 
of the Ce3+ ions in the crystalline lattice followed by the formation of 
oxygen vacancies [57–59]. Moreover, while there is an increase in the 
number of Ce3+ ions in the crystal system, the unit cell volume may 
expand. Because, the radius of Ce3+ ions is quite higher than Ce4+ ions 
such that the values are found to be 0.1283 nm and 0.1098 nm, 
respectively. In addition to that, according to Fig. 7, the Ce4+ core-XPS 
spectra of the control and 50-shocked CeO2 samples as well as the 

observed results of Ce4+ core spectra well support the intended 
consideration. Based on the XPS study, it is quite clear that the formation 
of more Ce3+ ions and oxygen vaccines are the major contributors to 
have induced the room temperature weak ferromagnetic state in 
50-shocked CeO2 NPs while in the present case, Ce3+ ions provide the 
superior contribution compared to the oxygen vaccines. 

3.3. Transmission electron microscopic study 

Transmission Electron Microscopic (TEM) analysis could be used to 
extract the local atomic disorders such as surface defects, atomic defects 
(vacancies), etc in the nano-sized materials. Moreover, TEM results can 
provide robust shreds of evidence for the understanding of the formation 
of ferromagnetic state under 50 and 150 shocked conditions such that 
the TEM measurements have been performed for the control, 50, 100 
and 150 shocked samples thereby the captured surface images and 
Morrie lattice fringe patterns are presented in Fig. 8. Here, the particles 
in the (111) plane are strongly considered for the understanding of the 

Fig. 6. XPS peak shift profiles of the control and 50 shocked CeO2 NPs.  

Fig. 7. Core XPS spectral features of the control and 50 shocked samples (a) core Ce 3d spectra of the control sample (b) core Ce 3d spectra of the shocked CeO2 NPs 
(c) core O 1 s spectra of the control sample (d) core O 1 s spectra of the shocked CeO2 NPs, (e and f) atomic percentages of the Ce and O atoms for the control and 50- 
shocked condition. 
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atomic disorder in the crystal lattice. Because the spherical and nano- 
octahedra-shaped particles of the (111) plane are more favorable than 
those of the (001) and (110) for the formation of oxygen vacancies [53]. 
Note that the surface/volume ratio of the nanoparticles decreases when 
the ionic radius increases. In the present case also, it could be expected 
that the surface/volume ratio is decreased because of the presence of a 
greater number of Ce3+ ions in the 50-shocked sample which leads to a 
high number of unsaturated Ce–O bonds on the surface and such kind of 
bonds play a significant part in the transport properties such as optical, 
electrical and thermal properties. 

As seen in Fig. 8a, the particles of the control sample are crystallized 
in a spherical shape for which the average grain size is 6 nm. The highly 
ordered Morrie fringe pattern and SAED pattern of the control sample 
are presented in Fig. 8a as insets. As seen in Fig. 8a, the bright dots in the 
SAED pattern and in the zoomed-in portion of the Morrie fringe pattern 
clearly represent the local atomic lattice order of the control CeO2 which 
is very high. Whereas, in the 50-shocked sample, the surface 
morphology (Fig. 7b) is found to have undergone slight changes. 
Moreover, while looking at the SAED pattern and Morrie lattice fringe 
patterns (Fig. 8b), a lot of inter-atomic defects are observed such that 
these results could evidently justify the formation of surface defects. 
Notably, at the 50-shocked condition, the intensities of higher-order 
diffraction ring patterns are slightly reduced compared to the control 
sample which may be because of the formation of defects in the crys
talline lattice. At 100-shocked condition, the defect density in the sur
face as well as crystalline lattice is considerably reduced which may be 
due to the shock wave-induced dynamic recrystallization [24,25] and 
the captured TEM image and SAED pattern are presented in Fig. 8c. As 
seen in Fig. 8c, the observed SAED pattern and Morrie fringe patterns are 
found to be quite similar to the control sample which clearly emphasize 
that the density of the defects are considerably reduced at the 
100-shocked condition that can be one of the prime reasons for the 
conversion of weak ferromagnetic to mixed diamagnetic state (Fig. 2). 
More interestingly, the significant changes could be seen in the local 
atomic structure of CeO2 NPs at the 150-shocked condition compared to 

the other shocked conditions and the captured TEM image and SAED 
patterns are presented in Fig. 8d. As reflected in Fig. 8d, the formation 
highly defective grains could be witnessed and the SAED patterns show a 
significant reduction of intensity in the higher angle diffraction lines. In 
SAED patterns, the ring intensities are directly proportional to the de
gree of crystalline nature where higher spot intensity indicates a high 
degree of crystallinity. In this context, it is worth noting that the 
150-shocked sample has high-level defects in the crystalline lattice and 
this defect density may be the reason for the observation of high satu
ration magnetization. Based on the observed features of SAED and 
Morrie fringe patterns of the 50 and 150 shocked samples, it is quite 
clear that the 150-shocked sample has a high concentration of defects 
compared to the 50-shocked sample which may lead to the formation of 
a weak ferromagnetic state with higher saturation magnetization. The 
calculated average particle size of the control, 50, 100, and 150 shocked 
samples are 6 nm (± 1 nm), 8 nm (± 1 nm), 7 (± 1.2 nm), and 9 nm (±
1.5 nm), respectively. Considering the particle size of the control and 
shocked samples, an increase of 3 nm is observed for the 150-shocked 
CeO2 sample which may be due to the formation of more Ce3+ ions in 
the defective crystal lattice. As discussed earlier, Ce3+ ions (0.1283 nm) 
have a higher atomic radius than that of Ce4+ (0.1098 nm) and at the 
150-shocked condition, the particle size is increased because of the 
higher atomic radius of Ce3+ ions. 

3.4. Electrochemical impedance spectroscopic results 

The appearance of changes in valance bands such as Ce3+ and Ce4+

might have significantly altered the electronic transport properties so 
that the electrochemical impedance spectroscopic study has been un
dertaken for the control and shocked samples and the Cole-Cole plots are 
drawn utilizing the observed data as presented in Fig. 9. Based on the 
obtained Nyquist plots of the control and shocked samples, the existence 
of the incomplete semicircular arcs (asymmetric arcs) confirms the ex
istence of the non-Debye type of relaxation type CeO2 which is found to 
be well-matched with the previous results [60]. However, while looking 

Fig. 8. TEM images of (a) the control CeO2 (b) 50-shocked CeO2 (c) 100-shocked CeO2 and (d) 100-shocked CeO2 NPs (Note: Insets in top right selected area are 
electron diffraction (SAED) patterns of CeO2 and insets in the bottom right selected area are zoomed-in portions). 
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at the arc width of the control and shocked samples, there is a resem
blance of switchable phase transitions with respect to the number of 
shock pulses as reflected in the magnetic properties. Based on the ob
tained plots, it is clear that the control and 100 shocked samples have 
higher electrical conductivity whereas 50 and 150 shocked samples have 
comparatively lower electrical conductivity. On the other hand, the 
control and 100 shocked samples possess lower impedance values 
(lower dielectric constant) whereas 50 and 150 shocked samples have 
higher impedance values (higher dielectric constant) such that the rea
sons behind these changes could be as follows. With reference to the 
previous sections, the ionic radius of Ce3+ is quite high compared to the 
Ce4+ ions which lead to the lattice expansion along with the formation of 
oxygen vacancies and such multiple oxygen vacancies have highly 
probable tendency to align along the 〈111〉 directions. 

Generally, such kind of reduction of the valence band induces (more 
Ce3+ ions in the crystal) an increase in the lattice constant which en
forces a significant decrease in electrostatic forces for the nearest atoms 
in the crystal system whereby the net electrical conductivity of the NPs is 
reduced under 50 and 150 shocked conditions [61,62]. In addition, the 
formation of oxygen vacancies in CeO2 not only contributes to the 
increment of the lattice constant but also significantly contributes to the 
increase in the mutual repulsion of Ce cations near the sites of oxygen 
vacancies and because of these factors the net electrical conductivity is 
reduced for the NPs under 50 and 150 shocked conditions. Note that, 
according to the literature, most of the non-stoichiometry oxides exhibit 
insulating behaviour (low electrical conductivity) [52,53]. As per the 
local spin density approximation GGA calculation aspect, when an ox
ygen atom is removed from a perfect CeO2 crystal lattice, it will 

introduce the electrons directly into the narrow 4f band which sponta
neously splits to form a half-metallic nature from the metallic nature 
thereby it reduces the nature of conductivity [53]. Moreover, while 
increasing the oxygen vacancies i.e. when oxygen is removed, the 
electrons left behind not only localize the Ce 4f orbitals but also the 
vacant oxygen site itself leading to the spin polarization and ferromag
netic super-exchange and it indicates the formation of defective crystal 
structure of CeO2. The reduction of Ce atoms not only populates the Ce3+

ions but also induces the displacement of the sub-lattice oxygen plane 
system hence electron scattering process is more predominant in the 
defective crystal structure [53,61,62]. In Fig. 10, the real and imaginary 
parts of the impedance spectra of the control and shocked CeO2 NPs are 
shown. As reflected in both the cases of Fig. 10 (a and b), the control and 
100 shocked CeO2 NPs have almost similar values whereas, 50 and 150 
shocked CeO2 NPs possess higher values thereby the trend of these 
values are found to be well-matched with the observed magnetic prop
erties. While comparing to the 50-shocked sample’s real part of 
impedance, the 150-shocked sample CeO2 has a slightly lower real and 
imaginary part of the impedance which may be because of the formation 
of more oxygen vacancies, surface defects in the crystalline lattice and 
such vacancies and defects facilitate the observed electrical trans
portation [63,64]. 

Conclusion 

Based on the observed magnetic, spectroscopic and electron micro
scopic results on the control and shocked CeO2 NPs, the following in
terpretations are consolidated. Cubic cerium oxide NPs undergo 
switchable mixed diamagnetic to ferromagnetic phase transition against 
the number of shock pulses such as 0, 50, 100 and 150 shocked condi
tions. The formation of the room temperature weak ferromagnetism at 
the 50-shocked condition could be explained by the spin-split band 
approaching concepts as well as XPS spectroscopic results which are 
well-supported by the spin-splitting band concepts. TEM results also 
provide convincing evidence for the highly defective crystal structure 
and the formation of oxygen vacancies at the 150-shocked condition as 
against the control sample and other shocked conditions which lead to 
the higher saturation magnetization. EIS spectroscopic results could 
effectively converge all the observed magnetic, spectroscopic and elec
tron microscopic implications in such a way that it could be blended into 
a single point whereby the weak ferromagnetic CeO2 samples have a 
relatively lower electrical conductivity. This kind of novel switchable 
magnetic state materials can provide unique insights that would pave 
the way for the design of new spintronics devices and the applications of 
magnetic sensors. 

Fig. 9,. Nyquist plots of the control, 50, 100 and 150 shocked CeO2 NPs.  

Fig. 10,. (a) The real and (b) the imaginary part of the impedance spectra of the control and shocked CeO2 NPs.  
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