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Abstract
This review presents a comprehensive account of the research scenario in the ferromag-
netic (FM) behavior displayed at room temperatures (RT) in the metal oxides (MOx) for 
spintronics applications. Spintronic devices need simultaneous manipulation of charge and 
spin of the electron and the material needed for the fabrication of such devices must show 
the existence of FM behavior at or above RT. This article discusses the induction of room 
temperature FM (RTFM) behavior in MOx via doping and co-doping of magnetic and 
non-magnetic ions. The semiconductor doped with magnetic ions (usually up to maximum 
10%) are well known as dilute magnetic semiconductors (DMSs) whereas they are known 
as d0 FM materials with doping of non-magnetic ions. This review mainly focuses on the 
MOx based DMSs. The various mechanisms and models for the induction of RTFM in 
such systems are discussed followed by their advantages and drawbacks along with their 
technological applications. However, a short discussion on RTFM behaviors of d0 materi-
als is also presented. Further, the influence of various morphologies on RTFM behavior of 
MOx followed by the RTFM in 2D-MOx is also discussed.
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1 Introduction

Requirements of ever increasing storage density, fast processing speed and lesser power 
consumption by the electronic devices have created the need to replace the currently used 
charge-based electronics with the spin-based electronics or spintronics. The search for the 
synthesis and identification of new magnetic materials has been intensified to invent the 
novel spintronic devices, which utilize spin degrees of freedom along with the charge of 
electrons. Due to the peculiar feature of effective manipulation of the charge and spin in the 
magnetic semiconductors, these materials are seen to be highly suitable for the develop-
ment of the devices combining logic functionalities and the information storage capabili-
ties (Liu et al. 2016). So far, the best known materials suitable for the development of spin-
tronic devices are the ferromagnetic semiconductors, better known as the dilute magnetic 
semiconductors (DMSs), which are the semiconducting materials (III-V, II-VI, or IV-IV) 
with the doping of magnetic or non-magnetic transition metal ions (TM ions such as Cr, Fe, 
Co, Ni, Mn, V, and Cu etc.) typically up to maximum 10% (Boscherini 2008). In DMSs, 
also called semi-magnetic semiconductors, the dopant atoms (ions) replace some of the 
atoms (ions) from the host lattice and acquire high magnetic moments (MMs). Due to the 
presence of both semiconductor as well as magnetic impurity atoms, DMSs exhibit prop-
erties, which are characteristic of both the semiconductors as well as magnetic materials. 
Notable among these are the properties of magnetoelectricity and ferromagnetism (FM); 
more importantly FM at/or above room temperature (RT). The physical properties such as 
energy band gap or MMs of these magnetic semiconductors are not only the function of 
particle size but also depend upon the doping level of magnetic atoms/ions. The distinctive 
material characteristics such as the spin-dependent coupling between semiconductor bands 
and the localized states of the magnetic ions promises the magnetoelectric effect i.e. the 
variation of magnetic properties by an applied electric field or induction of magnetization 
due to the application of electric field in non-magnetic materials (Wang et al. 2011).

For the information storage and other device applications, the FM shown by the 
material must exist at RT. Although successful doping of TM in III-V (particularly, 
Mn in GaAs) semiconductors could be achieved, but the FM shown by these systems 
was at temperatures much below RT, thus couldn’t make these materials suitable for 
spintronics applications. The first theoretical prediction of RTFM in DMSs provided 
impetus to the scientific world for the greater exploration of these materials experimen-
tally (Dietl et al. 2000). Afterwards, a great deal of interest in DMSs materials arose in 
the scientific community because of the prediction of FM above RT in highly (p-type) 
Mn-doped wurtzite structured ZnO and GaN (Bhandarkar Lata 2014; Bououdina et al. 
2014; Ahmed 2017; Han and Park 2005; Li et  al. 2009). In DMSs, spin and charge 
degrees of freedom of charge carriers can be independently tuned for realizing multi-
functional devices. DMSs have gained significant attention among researchers in view 
of their potential applications in spintronic, optoelectronic, photocatalytic, photovoltaic 
and magnetoelectronic devices (Kim and Park 2002; Du et al. 2008; Zhang et al. 2017; 
Sheng et al. 2016). Besides, DMSs also find applications in spin polarized light emit-
ting devices (spin-LEDs), spin field effect transistors (spin-FETs), as an anode material 
in lithium-ion batteries, non-volatile memory storage (MRAM), logic devices, ultrafast 
optical switches, dye-sensitized solar cells (DSSCs), quantum computers etc. (Sharma 
et al. 2003; Mahmoud 2010; Mahmoud et al. 2012). Potential spintronic and magneto-
optic applications of DMSs have been targeted by the investigation of RTFM due to 
the addition of TM atoms in the semiconductors. The RTFM has been observed in the 
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broad range of materials including metal oxides (MOx), metal chalcogenides (MChs), 
carbon nanostructures (NSs), 2D materials, Maxene, and perovskites etc. (Xing et  al. 
2009a; Ghosh et al. 2013; Wu et al. 2021; Morozov et al. 2021; Tsai et al. 2021; Wang 
et al. 2009; Tan et al. 2021; Zhou et al. 2021; Alam and Mandal 2020; Iqbal et al. 2020). 
However, MOx like  TiO2, ZnO,  SnO2, CuO and  In2O3 etc. have been widely and persis-
tently explored for their potential spintronic applications. MOx possess wide-ranging 
optical, electronic, and chemical properties along with the ease of fabrication as com-
pared to the conventional non-oxide counterparts therefore earning them the status of 
potential materials for a variety of practical device applications (Nagal et al. 2020; Khan 
et al. 2010). Besides, the environmental friendly nature with high chemical stability and 
low processing cost of MOx make them superior to other materials (Salah et al. 2011). 
Though, RTFM has been observed in sole MOx NSs but the induced/developed MMs 
are small and insufficient for practical applications (Kumar et  al. 2022). The RTFM 
behavior is broadly manipulated via doping and co-doping of magnetic and non-mag-
netic (particularly TM) elements. TM doping in MOx is found to increase the number of 
crystal defects and thereby improves their optical as well as magnetic properties (Azam 
et al. 2013). Because of the above mentioned advantages of MOx, the researchers are 
exploring them to achieve new dimensions in the field of DMSs and the frequency of 
publications on MOx based RTFM is still more than 30% of total publication (Fig. 1). 
The Fig.  1 clearly illustrates that to date only ZnO contributes around 10% of publi-
cation on DMS. This article presents a brief discussion on the suitability, adaptabil-
ity, and compatibility of extensively used MOx towards achieving RTFM for spintronic 
applications.

2  Different oxides based DMSs systems

TM doped  TiO2, ZnO,  SnO2, CuO and  In2O3 are the prominent oxide-based DMSs 
materials which have been extensively investigated for the occurrence of RTFM keeping 
in view their prospective applications in the field of spintronics.

Fig. 1  Year wise frequency of research publications on diluted magnetic semiconductors based on a various 
materials (Cao and Yan 2019) and b ZnO (Li et al. 2019)
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2.1  Single ion doped DMS systems

2.1.1  RTFM in  TiO2‑based DMSs

The research into the field of oxide-based DMSs was initiated by the observance of fer-
romagnetic behavior above RT in the Co-doped  TiO2 (Matsumoto et al. 2001).  TiO2, a 
wide band gap ( ≈ 3.2eV) n-type semiconductor can be used as a DMSs due to the mani-
festation of distinctive ferromagnetic behaviour. For  TiO2 nanocrystals several synthesis 
techniques are possible. These include sol–gel technique, hydrothermal method, chemi-
cal vapour deposition (CVD), electrochemical coating etc.

The potential use of  TiO2 as DMSs is inspired by its good optical transmission at 
UV-visible and near infrared wavelengths.  TiO2 nanocrystals have been extensively 
researched due to their non-toxic nature, facile low-cost synthesis, great stability values, 
and exotic electronic, optical and magnetic properties. Further, the improvement in satu-
ration magnetization and the possibility of tailoring the band gap provides interesting 
features required for the magneto-optoelectronic applications. The range of magnetic 
properties shown by  TiO2 DMS is dependent on the type of dopant TM ions. Magnetic 
characteristics of DMS materials include paramagnetism (PM), diamagnetism (DM), 
FM as well as superparamagnetism (SPM). However, for the purpose of spintronic 
applications, FM behavior at RT is the essential trait in the material. The presence of 
defects in  TiO2-based DMS is shown to be responsible for the magnetic behavior shown 
by these materials (Santara et al. 2014). TM-doped  TiO2 showcases RTFM not only in 
the thin films but also in the form of nanoparticles (NPs) and other NSs (Mudarra Nav-
arro et al. 2014).

Fazariah et  al. made a theoretical study on the electronic structure and magnetic 
properties of TM (Sc, V, Cr, Mn, Fe, Co, Ni, Cu and Zn)-doped  TiO2 DMS using den-
sity functional theory (DFT) (Fazariah et al. 2017). Based on their first-principles cal-
culations it was concluded that both Fe-doped  TiO2 (i.e.  TiO2:Fe) and Mn-doped  TiO2 
(i.e.  TiO2:Mn) have large MMs making them good DMS candidates. In this study it was 
also predicted that  TiO2:Sc and  TiO2:Ni does not show magnetic behavior. Doping of 
 TiO2 with V, Cr, Co, Cu and Zn also makes it to acquire magnetic properties and thus to 
become DMS systems. Out of the above DMS systems,  TiO2:Fe emerged the best one 
having the highest MMs with prospects for the spintronics applications.

However, experiments show that Ni substituted  TiO2 is a good oxide-based DMS 
candidate to be used in the spintronic devices.  Ni2+ serves as an efficient dopant in the 
undoped  TiO2 because of the possible modification in the electrical and magnetic prop-
erties.  Ni2+ substitution for Ti atoms not only provides band-gap tailoring facility but 
also controls the morphology of the material (Jing et al. 2005). Introduction of oxygen 
vacancy defects during the synthesis of  TiO2 doped with TM induces magnetic behav-
ior in these materials. Akshay et al. studied the effect of Ni doping in  TiO2 DMS and 
the substitution of Ti by  Ni2+ (Akshay et  al. 2019). They observed a decrease in the 
coercivity as a result of Ni substitution. Moreover, in this study lowering of the Ni con-
centration in  TiO2 resulted in the manifestation of magnetic behavior. This magnetic 
behavior shown by  Ni2+ substituted  TiO2 is attributed to the formation of bound mag-
netic polarons (BMPs) arising due to the oxygen vacancy defects introduced during the 
synthesis process itself. Band-gap narrowing and enhanced magnetic moment was also 
observed by the same group for this Ni-doped  TiO2 DMS which makes it a promising 
material for the development of advanced functional devices in future.
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Prajapati et al. investigated the physical properties of Fe-doped  TiO2 DMS NPs (Pra-
japati et  al. 2017). Raman spectroscopy revealed about the structural disfigurement 
of the lattices as confirmed through a decrease in the intensity and broadening of the 
characteristic peaks of Fe:TiO2 compared to the pristine one. Superconducting quan-
tum interference device (SQUID) measurements showed that Fe-doping in  TiO2 causes 
remnant magnetization  (Mr-value) to decrease and the coercivity  (Hc-value) to increase. 
Further, this change in the  Mr- or  Hc-value was observed to increase with increase in the 
doping level. The hysteresis shown by the samples corroborate the existence of the weak 
RTFM in Fe:TiO2 thereby making it a prospective DMS material.

Undoped  TiO2 NPs prepared through the wet chemical method show FM behavior at 
RT (Chanda et al. 2018). The origin of this RTFM lies in the intrinsically present oxy-
gen vacancies in the  TiO2. However, in the same study  TiO2:Co NPs (6–8 nm) prepared 
through the same technique, showed coexistence of FM and PM phases (Fig.  2), but 
with the enhanced magnetization compared to that for pristine one. This Co doping in 
 TiO2 resulted into the greater magnetization and the simultaneous existence of PM may 
be possibly because of the presence of some undetected clusters of oxides of Co. Thus 
Co doping in  TiO2 is seen as a good choice for changing it into a potential DMS mate-
rial. Table 1 presents the values of different ferromagnetic parameter at room tempera-
ture for bare and TM doped  TiO2 NSs.

Fig. 2  a SEM image of  TiO2 b SEM image of 3% Co-TiO2 c SEM image of 5% Co-TiO2 d SEM image of 
7% Co-TiO2 (Chanda et al. 2018)
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2.1.2  RTFM in ZnO‑based DMSs

A prominent DMS system which has greatly attracted the attention of researchers due to 
its interesting applications is the TM-doped ZnO. This is because of its large band gap 
energy (3.3 eV) and high excitonic binding energy (60 meV) at RT (Aljawfi and Mollah 
2011; Sharma et al. 2004). ZnO shows magnificent chemical stability and exceptional 
piezoelectric property. ZnO thin films possess several auspicious advantages such as 
low-priced, copious, high chemical stability, high transparency in the visible and near 
infrared region, and being safe in use (Jayabharathi et  al. 2014). The doping of ZnO 
with TM introduces greater number of mismatches and defects in its crystal structure. 
The substitution by magnetic TM ions at the Zn cationic sites in the ZnO host matrix 
induces FM behavior in these films. Hence, ZnO:TM films are highly suitable for DMS-
based device applications. Moreover, ZnO is affable to the environment and is also suit-
able for the catalytic actions when doped with suitable impurities due to increased sur-
face area (Schmidt-Mende and MacManus-Driscoll 2007).

The doping of ZnO with TM ions of Mn, Co, Ni causes a desirable change in the 
properties to behave as FM, antiferromagnetic (AFM) or PM (Phan et al. 2012). Some 
researchers claim that FM in the TM-doped ZnO arises due to the phase segregated 
impurities (Jayakumar et al. 2007), while others support the view point that it is due to 
the formation of BMPs among shallow donor-free carriers (Ma and Lou 2011; Wang 
et al. 2006), and according to some other groups it is due to the Zener’s double exchange 
interaction (Xing et  al. 2009b). The better known and the most accepted model to 
understand RTFM in DMSs is the BMP model which is based upon the conception of 
indirect interaction between two polarons involving a localized magnetic moment as an 
interceder.

The magnetic behavior of TM doped ZnO thin films are strongly dependent on the 
preparation parameters like doping concentration, type of doping elements, and the 
temperature of the substrates. Oxygen vacancies are found to play a key role in DMSs 
in general and ZnO in particular. Vijayaprasath et  al. developed 3d-TM (0.03  mol %) 
doped ZnO thin films by the spin-coating sol–gel method (Vijayaprasath et  al. 2014). 
Through their observations, they established that the optical band gap of these films 
decreases with increasing orbital occupancy by 3d electrons as a reflection of the orbital 
splitting of magnetic ions. Such thin films exhibited well defined FM characteristics. 
The surface morphology of these TM-doped ZnO thin films was confirmed through the 
SEM images. These images indicate that the surface of ZnO films were smooth with 
small crystallite grain size. The researchers observed a large coercivity and high satura-
tion magnetic moment for TM-doped ZnO thin films which indicate that the RTFM was 
induced in consequence to the doping with TM ions. Further, it was also observed that 
the Mn-doped ZnO thin films possess higher saturation magnetic moment as compared 
to Ni or Co doped ZnO, the possible reason for it being that  Mn2+ has smaller ionic 
radius compared to  Ni2+ or  Co2+ and also have half-filled 3d electrons.

The incorporation of Mn ions into ZnO nanocrystals leads to a decrease in the 
band gap energy from 3.23 to 2.63  eV (Alshahrie 2016). Through a novel synthesis 
of  Zn1-xMnxO thin films by the 5-methyl-7-methoxyisoflavone modified sol–gel/spin-
coating method and characterization with several techniques, it was established that the 
observed high MMs are possibly due to the creation of surface oxygen vacancies and the 
role played by the oxidation state of Mn. Further, the replacement of  Zn2+ by  Mn2+ ions 
into the ZnO NSs enhances the number of surface oxygen vacancies. ZnO, because of 
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its unique properties and electric polarization behavior finds different applications like 
gas sensors, UV lasers, transparent conductive films, window displays etc. (Wang et al. 
2015a).

ZnO thin films doped with Ag (i.e. ZnO:Ag) can be prepared through several methods 
such as sputtering (Wei et al. 2012), oxidation method (Li et al. 2012), e-beam evaporation 
technique (Chelouche et al. 2014), and sol–gel method (Kayani et al. 2018). Among differ-
ent deposition techniques, sol–gel technique has been found to be highly suitable for ZnO 
film deposition. It is a low-temperature technique to deposit good quality films. Thin films 
of oxide based semiconductors have been developed with spin-coating method because of 
the associated advantages such as its simplicity, wider application range and low-temper-
ature formation consisting of small particle size in the films. Doping with silver can trans-
form ZnO from exhibiting (intrinsically) n-type conductivity to acquire more useful p-type 
conductivity (Shin et al. 2013). The factors in favour of doping of ZnO with Ag are its non-
toxic nature, inexpensiveness, high thermal conductivity and excellent electrical conductiv-
ity. Doping of ZnO with silver is very promising because of the solubility of silver and its 
large ionic radius and orbital energy due to the presence of single electron in its outermost 
orbit (Levard et al. 2011).

Kayani et al. studied the dielectric and magnetic properties of dilute magnetic semicon-
ductors Ag-doped ZnO thin films prepared through low-cost sol–gel dip-coating method at 
RT to target their spintronic applications (Kayani et al. 2020). The doping concentration of 
Ag was kept in the range 2–10% by weight. As far as dielectric properties are concerned, 
these Ag-doped ZnO thin films showed high dielectric constant and tangent loss at low 
frequencies which decreased with increase in the frequency.They also observed that AC 
conductivity of these films is small at lower frequencies but is significantly high at higher 
frequencies. With regard to magnetic properties, the researchers established the occurrence 
of RTFM in such Ag-doped ZnO thin films due to the formation of BMPs. With increase in 
the doping concentration, the saturation magnetization decreased and coercivity increased 
as a result of the cumulative effect of lower crystallite size, creation of BMPs, and the 
generation of large defects (Fig. 3a). The decrease in the saturation magnetization can be 
attributed to the non-magnetic behavior of Ag dopants.

Transition metal Cr has gained significant attention of researchers as a dopant in ZnO 
in the quest of inducing FM properties in it due to the several factors viz. (i) almost equal 
ionic radii of  Cr3+ and  Zn2+ ions leading to easy incorporation of  Cr3+ into the ZnO host 
lattice, (ii) Cr itself and all its oxides, except  CrO2, in the ZnO:Cr system being AFM elim-
inates any role of Cr precipitates in getting factitious FM, and (iii)  CrO2, though being 

Fig. 3  a  Ms and  HC versus Ag dopant concentration in ZnO (Kayani et  al. 2020), b Saturated magnetic 
moment per  Ag2+ ion with different Ag contents measured at 300 K and 10 K (Ali et al. 2019a), c Depend-
ence of coercivity on Cu-content in ZnO (Ali et al. 2019b)
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FM do not form a stable phase and can be easily oxidized to  Cr2O3 upon heating at atmos-
pheric pressure. Kumar et al. investigated the structural, local-structural and optical prop-
erties of sol–gel Cr-doped ZnO (i.e.  Zn1-xCrxO) nanocrystals to thoroughly explore the 
magnetic behavior of Cr dopants into the ZnO NPs (Kumar et al. 2016). The Cr doping 
concentration was kept between 0 and 6% (i.e.,0 ≤ x ≤ 0.06 ). The increasing Cr concen-
tration has an increasing effect in the number of oxygen vacancies as established by the 
extended X-ray absorption fine structure (EXAFS) study. The FTIR spectra revealed that 
the local structure around Cr becomes increasingly octahedral with increasing Cr concen-
tration. The increased number of oxygen vacancies with increase in Cr concentration as 
revealed by FTIR and PL spectra is responsible for distinctive magnetic properties acquired 
by  Zn1-xCrxO nanocrystals.

Weak RTFM is also observed in the sol–gel derived ZnO:Co NPs with doping con-
centration between 0 and 4% (Kumar et  al. 2014). The magnetization in the  Zn1-xCoxO 
NPs increases with increase in the Co doping. In this study, extended X-ray absorption fine 
structure measurements established that Co doping in ZnO do not appreciably change the 
host lattice structure, however it leads to the creation of oxygen vacancies. The induction 
of this (weak) FM is possibly due to the combined effect of grain boundaries, creation of 
oxygen vacancies and the formation of BMPs. The optical band gap is also affected by Co 
doping and is found to initially decrease for low values of Co doping and then to increase 
at higher doping concentrations.

Doping of ZnO with rare earth elements Ho and Sm causes the number of oxygen 
vacancies to increase which in turn enhances the magnetic properties of ZnO NPs (Ayon 
et al. 2022). Oxygen vacancies play significant role in mediating the impurity ions leading 
to the remarkable spin alignment. Thus, TM doping in ZnO has been found to be highly 
suitable for spintronic applications along with photocatalytic and sensing applications. The 
RTFM parameters for bare and TM doped ZnO NSs are summarized in Table 2.

Similar to ref. Kumar et al. (2014), the variation in  Ms as a function of Ag concentration 
was also observed by Ali et al. (2019a) as illustrated in Fig. 3b. However, they observed 
zig-zag variation in  HC with Ag concentration in ZnO. The similar feature of variation 
of  Ms with Cu concentration was observed in another work of Ali et  al. (2019b). Here 
they observed liner variation of  HC in broad range of Cu concentration as demonstrated in 
Fig. 3c (Table 3).

2.1.3  RTFM in  SnO2‑based DMS

Tin Oxide (SnO2) is an oxygen-deficient n-type semiconductor with a direct wide band 
gap of about 3.68 eV. It crystallizes in the tetragonal structure and is very useful for solar 
cell and gas sensor applications because of its high optical transparency, chemical stability 
and electrical conductivity. Additionally, TM (Fe, Mn, Ni)-doped  SnO2 exhibits RTFM and 
thus serves as the prospective DMS systems for the development of spintronic devices.

Mn is a good dopant for  SnO2 because it has almost equal ionic radius as that for  Sn4+ 
and has large equilibrium solubility. Sol–gel method is the best method for the synthesis 
of Mn-doped  SnO2 thin films as well as its NSs. Lekshmy et al. studied Mn-doped  SnO2 
thin films prepared through the sol–gel dip-coating method and investigated their magnetic 
properties (Lekshmy et  al. 2014). In the quoted study, Mn-doping was kept 0–5  mol%. 
These films showed PM as well as FM behavior. Magnetization of  SnO2:Mn films strongly 
depends upon the Mn doping concentration and the M-H curves show the existence of 
RTFM in these films at higher doping concentration of Mn. The induced magnetic behavior 
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in  SnO2:Mn films are attributed to the substitution of Mn into  SnO2 lattice. Agrahari et al. 
investigated the structural, optical and magnetic properties of  SnO2 NPs prepared through 
the co-precipitation technique at different calcination temperatures and established that 
even undoped  SnO2 NPs could become magnetic at RT (Agrahari et al. 2015a). The photo-
luminescence and magnetic properties induced in  SnO2 NPs, so synthesized, are due to the 
defects and oxygen vacancies created during the synthesis process. The existence of RTFM 
in these undoped  SnO2 NPs makes it a good DMS candidate. The band gap was observed 
to show the blue shift at increasing calcination temperature whereas a red shift when com-
pared with bulk  SnO2. F-center exchange coupling is held responsible for the observed 
increase in the magnetization.

Rai et  al. through the first principles calculations using DFT showed that Mo-doped 
 SnO2 (i.e.  Sn1-xMoxO2) acquires spin functionality because of the substitution of Sn atoms 
by the Mo atoms (Rai et al. 2018). It shows a direct band gap and a half-metallic character 
possessing an integral magnetic moment. Due to the 100% spin polarization,  SnO2:Mo is 
a prospective DMS material to be used in the spintronic devices.  SnO2 NPs synthesized 
by the microwave method and doped with TM (Fe, Cd, Cu, Ni, and Zn) showed RTFM as 
confirmed by the presence of noticeable hysteresis loops (Salah et al. 2017). In this study, 
 SnO2:Fe NPs showed a wider hysteresis loop signifying for the strong RTFM in it. The 
FM induced in Fe-doped  SnO2 NPs could be attributed to the presence of defects at the 
grain boundaries, NPs interfacing sites, oxygen vacancies and existence of dopants. Fur-
ther, there occurred a slight increase in the energy band gap of some of these samples. 
Thus  SnO2:Fe could be a good DMS material for the spintronic applications. The induced 
RTFM in TM-doped  SnO2 is predominantly related to the intrinsic nature of the material 
itself, especially to the crystal defects and oxygen vacancies created during the synthesis 
of the material (Fig. 4a–e). The effect of Sr doping on RTFM properties of  SnO2 was sys-
tematically studied and found that  Ms is nearly linear function of dopant concentration as 
illustrated in Fig. 4f (Wang et al. 2015b).

2.1.4  RTFM in CuO‑based DMS

Copper oxide (CuO) is an AFM oxide semiconductor with narrow band gap ( Eg ∼ 1.2eV) 
and p-type conductivity. Since, Cu can have three different oxidation states + 1, + 2 & + 3 
and its non-toxic nature, low production cost, and abundance of the materials forming 
compounds make it a technologically important material. Because of these factors, CuO 
is being considered as an alternative host material to ZnO for DMS applications. Nano-
structured CuO promises a multifunctional nature. It could become a good DMS candi-
date when suitably doped with some transition metals. The potential applications of CuO 
include solar cells, gas sensors, catalysis, field emission device, spintronics, energy storage 
etc. due to its unique properties. Kumar et  al. reported the existence of weak ferromag-
netism in the sol–gel derived Ni-doped CuO NPs  (Cu1-xNixO) (Kumar et al. 2021). Riet-
veld refinement of the XRD spectra and Raman spectra corroborated the single monoclinic 
DMS phase of  Cu1-xNixO with crystallite size between 19 and 21 nm. The energy band gap 
for these NPs was found to decrease (i.e., red-shifted) from that of pure CuO (1.43 eV). 
The weak magnetic nature induced in the DMS phase is possibly due to the exchange 
interaction between the localized magnetic d-spins of dopant ions and the charge carriers 
from the valence band of pure CuO. The existence of inter-grain magnetic interactions and 
hence the induction of weak magnetism in this DMS phase is also supported by the quanti-
fied value of squareness ratio having a value less than 0.5.
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Ni doping in CuO nanocrystals synthesized through auto-combustion method induces 
weak RTFM in these crystals (Kamble and Mote 2021). The optical band gap of CuO:Ni 
nanocrystals increase with increase in the doping concentration of Ni. This increase in the 
band gap is possibly due to the sp-d exchange interaction between d localized electrons of 
Ni. The nanocrystalline phase of CuO:Ni was found to be monoclinic and the average crys-
tallite size being 21–24 nm. M-H curves of undoped CuO show ferromagnetic behavior 
at room temperature even at low fields and are possibly due to the crystallite size. On the 
other hand the observed RTFM in  Cu1-xNixO may be ascribed to the presence of micro-
strain in the samples. Thus, doping of Ni into CuO makes it a promising DMS material. 

Fig. 4  Room temperature M–H curves of a–e both bare  SnO2 nanoparticles and doped with different ele-
ments at a concentration of 3 mol% (Salah et al. 2017), f the saturation magnetization  (MS) and the intensity 
of the green emission dependent on doping concentration of Sr (Wang et al. 2015b). The values recorded 
for  Ms,  Mr, and  Hc for TM doped  SnO2 NSs with cause of magnetization are illustrated in Table 3
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Mn-doped CuO nanoflakes synthesized through a simple chemical route showed RTFM, 
whereas at low temperature of 77 K it shows AFM behavior (Ravi and Shashikanth 2015). 
In this study, the Mn doping concentration was kept low at 0.5%. The FM/AFM ordering 
of CuO:Mn could possibly be due to the hopping of  Mn2+ ions. The existence of high Neel 
temperature of 99  K makes CuO:Mn a promising DMS candidate for developing future 
spintronic devices. Dolai et al. studied the effect of incorporation of nanocrystalline Ni into 
the CuO (i.e.  Cu1-xNixO) thin films deposited on fused silica substrates by the sol–gel tech-
nique (Dolai et al. 2019). The  Cu2+ substitution by  Ni2+ ions was confirmed through X-ray 
photoelectron spectroscopy (XPS) and magnetization of the films was measured by the 
SQUID. The magnetization was lower at higher temperatures and the ferromagnetic behav-
ior was retained by the films even above the room temperature, hence ensuring CuO:Ni 
DMS system’s suitability for the development of spintronic devices.

2.1.5  RTFM in  In2O3‑based DMSs

Indium oxide  (In2O3) is a high conductivity, wide direct band gap  (Eg ∼ 3.6  eV) n-type 
semiconductor at RT.  In2O3 is optically transparent in the visible spectrum leading to its 
technological relevance to the wide-ranging optoelectronic applications such as photovol-
taic devices, anti-reflective coatings in solar cells, and sensors etc. (Oliveira et al. 2019). It 
has fascinating prospects for spintronics and magneto-optical applications due to its dis-
tinctive electrical, optical, and magnetic properties (especially RTFM) (Yan et al. 2015). 
TM-doped  In2O3 DMS films, NPs, nanospheres as well as other morphologies have been 
widely explored for the existence of FM behavior in them. Single phase and highly ori-
ented rare earth element gadolinium (Gd)-doped  In2O3 thin films were grown by the pulsed 
laser technique (PLD) on several substrates (Gupta et al. 2007). These  In2O3:Gd films for a 
10% doping of Gd showed high magnetoresistance ( ∼ 18%) at a relatively small magnetic 
field of 1.3 T. TM (Fe, Co, Ni)-doped  In2-xTMxO3 NS thin films were prepared by sol–gel 
process on substrates such as  SiO2/Si(100), Corning 7059 glass and MgO (100) (In-Bo and 
Kim 2004). These films showed FM behavior at RT as indicated by the magnetic hysteresis 
curve and given prospects for their use in the magnetic devices.

The pressure of gaseous environment under which DMS films are deposited affects their 
magnetic properties. Luo et al. studied the Fe-doped  In2O3 DMS films deposited under the 
environment of different oxygen partial pressures (Xi et al. 2018). Fe doping was kept at 
5% and oxygen partial pressures of  10−3,  10−5, and  10−7 Torr were set for the film deposi-
tion. The TEM characterization of these films showed the absence of any clustering or sec-
ondary phases for the partial pressures of  10−3 and  10−5 Torr, whereas increase in the oxy-
gen partial pressure to  10−7 Torr leads to the presence of a Fe-rich phase at the interface. It 
was observed that a decrease in partial pressure leads to an increase in the magnetization 
of these  In2O3:Fe DMS films (Fig. 5). The origin of FM in these films is most likely due 
to the formation of BMPs as indicated by the volume fractions of the FM phases obtained 
through the muon spin relaxation (µSR) analysis of different samples.

In the doped  In2O3 system, the FM behavior might be affected by the doping per-
centage, temperature of the samples, and the site occupancy by the dopant cations. To 
explore the possible connection between the FM and the above stated factors, Oliveira 
et  al. studied the magnetic behavior and site occupancy in the Fe-doped  In2O3 i.e. 
 (In1-xFex)2O3 NPs prepared via a freeze-drying process followed by the heat treat-
ment (Oliveira et  al. 2022). Analysis revealed that the iron cations substituted indium 
cations at both the cationic sites 24d and 8b (though preferably at 8b for low doping 
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concentrations) in the oxide matrix which indicates that the site occupancy is depend-
ent on the value of the doping factor x. Further the magnetic measurements at varied 
temperatures established the existence of partial FM ordering at RT for the moments 
at the site 24d whereas for the site 8b it was PM ordering. These  In2O3:Fe NPs have 
good prospects to be used as DMS materials for the development of spintronic devices. 
RTFM was also observed for Ni-doped  In2O3 NPs prepared by the facile co-precipita-
tion method (Prakash et al. 2011).  In2O3 samples with different doping concentrations 
of Ni and characterized with XRD and UV-Vis techniques revealed that the synthesized 
material consists of a single polycrystalline phase with bixbyite type cubic structure and 
a significant decrease in the energy band gap occurred for these doped NPs as compared 
to the pristine one. Further, the DC magnetization measurements established the induc-
tion of FM behavior at RT due to the doping of Ni.  In2O3:Ni samples showed ferromag-
netic hysteresis, indicating the presence of RTFM. The magnetization increases with 
increase in the doping concentration of Ni. However, undoped  In2O3 also show weak 
ferromagnetism.

Presence of 3D uniform arrangement of nanospheres and their RTFM behavior in 
mesoporous DMS may lead to their use in the spintronic nanodevices. Deng et  al. syn-
thesized mesoporous 3D nanosphere arrays of  In2-xCoxO3 for several Co concentrations 
through nanocasting using the mesoporous silica LP-FDU-12 as the hard template (Deng 
et al. 2015). The observations lead to the monotonically decreasing optical band gap with 
increasing concentration of Co. The interesting part of the observations was the RTFM 
behavior superimposed over the PM background for the doped  In2O3 whereas undoped 
 In2O3 showed FM behavior superimposed over the DM background. So doping of Co 
induces RTFM in  In2O3 and makes it a fine DMS material with potential to be used for the 
development of spintronic devices.

Fig. 5  M-H loops of 5% Fe doped  In2O3 deposited under a  PO2 =  10–7  torr. b  PO2 =  10–5  torr. c 
 PO2 =  10–3  torr. d Saturation magnetization dependence on temperature of the three samples. (Xi et  al. 
2018)
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2.2  Co‑doped DMS systems

The doping of multi ions is found to be an effective way to manipulate the FM behaviors 
of MOx. It is reported in many cases that co-doping of TM is also used as an effective 
approach to enhance the RTFM properties of MOx. Yoo et al. (2005) and He et al. (2005) 
have demonstrated the RTFM in both bulk and thin film Fe and Cu co-doped  In2O3 sam-
ples. In subsequent years Peleckis et al. (2006) and Li et al. (2007) also reported the RTFM 
in Mn, Fe and Fe, Ni co-doped  In2O3 respectively. RTFM in  In2O3 was also observed by 
co-doping of Fe, Sn ions and the FM properties of the films were attributed to the for-
mation of BMPs due to FM coupling of Fe ions with the electrons trapped by the oxy-
gen vacancies. Further, the long range FM coupling between the BMPs is mediated by the 
free electrons provided by Sn (Wang et al. 2018). Whereas, the  Mn2+ vacancy complexes 
induced magnetic interaction by the overlapping of BMPs were believed to be the cause 
of RTFM in Mn, Mg co-doped  In2O3 thin films (Liu et  al. 2019). While, the origin of 
observed RTFM was described based on BMPs model mechanism in Fe, Mn co-doped 
 In2O3 nanocubes. In this study theoretical investigations using DFT showed that clusters of 
impurities (Fe-Mn) robust magnetic interactions within and between the cluster(s). These 
clusters only contribute FM in systems and thus larger concentration of defects leads to the 
enhancement in FM (Dhamodaran et al. 2022).

Sakai et  al. investigated the magnetic and transport properties of  FexNbyTi1-x-yO2-δ 
(x = 0.06, y = 0, 0.1, 0.03) films deposited by pulsed laser deposition at various partial 
oxygen pressures  (POxygen). They observed RTFM only when the partial pressure during 
deposition kept larger than 1 ×  10–6  Torr for all the  FexNbyTi1-x-yO2- δ films, indicated 
the requirement of a critical oxygen vacancy density for the FM transition and mag-
netization increases with increase in concentration of Nb (Sakai et  al. 2010). RTFM 
was recorded for soft-chemical solution processed  TiO2 co-doped with various 57Fe 
concentrations (0.1–1.0 at.%) and a fixed Sn concentration of 2.0 at.%. It was observed 
that higher concentration of 57Fe degraded the magnetic properties and oxygen vacan-
cies were believed to be the origin of FM in the systems (Wang et  al. 2016). Kumar 
et  al. (2017) studied the influence of Mn and Co co-doping on the RTFM properties 
of  TiO2 as shown in Fig. 6a and found that  Ms and  Mr improved by a factor of 1.4 or 2 
with respect to Co or Mn doping respectively. The maximum values of  Ms and  Mr were 
14.65 ×  10−3 emu/gm and 3.08 ×  10−3 emu/gm for  Ti0.97Mn0.02Co0.01O2 respectively with 
 HC value of 212 Oe. A combined approach of first principles and experiments were used 

Fig. 6  a M-H curves  forTi0.97Co0.03O2(TCP),  Ti0.97Mn0.03O2(TMP), and  Ti0.97Mn0.02Co0.01O2(TMCP) 
(Kumar et  al. 2017), b oxygen vacancies manipulated by La dopant and BMPs yielded through  Co2+ 
-□-Co2+ ferromagnetic coupling, and c La content dependence of saturation magnetization  (Ms) (Zhang 
et al. 2018)
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to investigate RTFM of the undoped, N doped, Ru doped, and Ru, N co-doped anatase 
 TiO2 nanotubes (TNTs) films. The experimental results of the study were lined with the 
theory calculations and the calculated net moment was in the order of Ru doped > Ru, 
N co-doped > undoped > N doped with evaluated  Ms of 0.065  emu/g, 0.015  emu/g, 
0.155 emu/g, and 0.073 emu/g for undoped, N doped, Ru doped, and Ru, N co-doped 
 TiO2, respectively. They attributed that the hybridization of Ru 4d, N 2p, and O 2p led 
to the spin-spilt of Ru 4d, N 2p, and O 2p, which is devoted to the system RTFM (Xu 
et  al. 2017). The enhancement in FM properties was also noticed by co-doping of N 
with Sn in  TiO2 microspheres (Sundaram et al. 2017). The effect of La doping on RTFM 
of  Ti0.97Co0.03O2 was investigated by Zhang et  al. (2018). They presented a scheme 
for manipulation of oxygen vacancies (VO) by La dopant and BMPs yielded through 
 Co2+-VO-Co2+ ferromagnetic coupling (Fig.  6b). They noticed that  Ms increases with 
increase in La concentration, attains a maximum at 6% of La concentration and then 
reduces with further increase in dopant concentration (Fig. 6c). The oxygen vacancies 
were also believed to be the cause of RTFM in Cr, Co co-doped  TiO2 NPs where the 
value of  Ms enhanced with the increase of Cr/Co concentration (Naseem et  al. 2019). 
RTFM in Sr, Co co-doped  TiO2 was attributed to the oxygen vacancies and  Ms,  Mr and 
 Hc increased with increase in Sr concentration and reached maximum of 2.801 memu/g, 
0.27 memu/g and 75 Oe respectively (Rahman et al. 2021).

Co-doping induced tailoring of magnetic properties of ZnO is examined extensively 
in literature. The observed RTFM parameters in such few systems are summarized in 
Table 4 and others are discussed here. The observed RTFM in epilayer of  Zn1-x-yMnxNyO 
was attributed to the holes mediated FM ordering of Mn atoms (Liu et  al. 2008). 
Whereas, BMPs models with respect to defect bound carriers was attributed to RTFM in 
 Zn0.95-xMnxLi0.05O (x = 0, 0.01, 0.03, 0.05, and 0.08) and MMs/Mn atoms increased with 
increase in Mn concentration (Zou et al. 2010). The observed RTFM in Co, Al co-doped 
ZnO NPs calcined at 600 ̊C, increased correspondingly for the calcined particles with 
Co concentration. Whereas, the sintered compacts of various concentrations of Co and 
Al dopants showed strong PMs behavior due to grain growth (Siddheswaran et al. 2013). 
 FexCo0.1Zn0.9-xO (0.0 < x < 0.2) NPs showed RTFM with small coercivity and  Mr whereas 
 Ms and coercivity was increased by Fe doping (Köseoğlu 2015). While the magnetization 
increased with Mn-doping for Mn, Cu co-doped ZnO NPs (Ashok Kumar and Muthuku-
maran 2015). The improved values of  Ms,  Mr, and  Hc were recorded by incorporation of 
Tb ions in Co doped ZnO. They attributed via BMP fitting in their study that the number 
of BMP is increased in co-doped systems compared to mono doped one and thus enhanced 
number of BMPs with larger moments is the main reason behind the robust FM (Das et al. 
2018). Ali et al. (2019c) also studied the effect of co-doping on RTFM properties of ZnO 
systematically (Fig. 7a, b). A linear variation in  Ms versus  Hc is noticed. The mechanism 
for generation and variation with dopants concentrations are illustrated in Fig. 7c. Magneti-
zation (M) vs. temperature (T) curves of Co, Y co-doped ZnO NPs were recorded under 
zero field cooled (ZFC) and field cooled (FC) conditions under a magnetic field of 500 
Oe (Fig. 7d). The sharp rise of magnetization in the low temperature region and also the 
separation between FC and ZFC curves from each other in the entire range of temperature 
signified the presence of FM ordering. They attributed that RTFM is mediated via defects 
(oxygen vacancy together with surface defects) due to exchange interaction between 
dopants ions (Bhakta and Chakrabarti 2019). Similar explanation i.e. BMPs caused by a 
large number of oxygen vacancies in ZnO lattice via incorporation of dopant ions, for the 
enhancement of FM in Co (fix), Mn (varying) co-doped ZnO was given by Zulfiqar and 
colleagues. The variation of  Hc and  Hr as a function of Mn concentration and temperature 
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dependence magnetization noticed by them is illustrated in Fig. 7e, f respectively (Zulfiqar 
et al. 2021).

The effect of co-doping on RTFM properties of  SnO2 was also investigated (Okabayashi 
et  al. 2012; Xue et  al. 2019; Nomura et  al. 2011; Mehraj et  al. 2015; Vizhi and Rajan 
2022; Manikandan and Murugan 2016; Khan and Hu 2015; Khan et al. 2016a, b; Nachiar 
and Muthukumaran 2019). The Mn, Fe co-doping in  SnO2 enhanced the magnetization in 
comparison with the case of single-ion doping and saturation magnetization was correlated 
with the crystalline sizes (Okabayashi et al. 2012). Whereas,  Ms increased with increase 
in Fe concentration in  Sn0.97Sb0.03O2 as illustrated in Fig. 8a (Xue et al. 2019). The  SnO2 
co-doped systems with one of the dopant of Co are largely explored. Like, Fe (Nomura 
et  al. 2011; Mehraj et  al. 2015; Vizhi and Rajan 2022), Zn (Manikandan and Murugan 
2016; Khan and Hu 2015; Khan et  al. 2016a), Ni (Khan et  al. 2016b), and Cu (Nachiar 
and Muthukumaran 2019) etc. have been doped in Co doped  SnO2. The co-doping of Fe 
in Co-doped  SnO2 was found to improve FM  Ms as compared with  SnO2 doped with only 
Fe or Co due to the lattice distortion induced by co-doping (Nomura et al. 2011). Similar 
features were observed in  Sn1-xFex/2Cox/2O2 (x = 0.04, 0.06, 0.08, 0.1) NSs where increase 
in doping concentrations resulted in the structural transformation from NPs to NRs and 
improved  Ms due to generation of large amounts of defects and oxygen vacancies (Mehraj 

Table 4  RTFM parameter for multi-element doped ZnO NSs

Material MS (emu/g) Mr(emu/g) HC (Oe) Refs.

Zn0.95Mn0Fe0.05O 0.09 0.00285 60 Gu et al. (2012a)
Zn0.94Mn0.01Fe0.05O 0.14 0.00946 48
Zn0.90Mn0.05Fe0.05O 0.24 0.01124 24
Zn0.85Mn0.10Fe0.05O 0.32 0.01325 30
Zn0.94Co0.05Na0.01O 0.014 0.02 54.5 Gu et al. (2012b)
Zn0.93Ni0.05Cu0.02O 0.008 9.25 ×  10–4 45 Tang et al. (2013)
Zn0.92Ni0.05Cu0.03O 0.02 1.45 ×  10–3 57
Zn0.95Ni0.02Cu0.03O 0.008 9.37 ×  10–4 74
Zn0.93Ni0.02Cu0.05O 0.003 2.02 ×  10–4 100
Zn0.98Ni0.01Fe0.01O 0.02 0.001 60 Dhiman et al. (2013)
Zn0.96Ni0.01Fe0.03O 0.08 0.011 15
Zn0.94Ni0.01Fe0.05O 0.09 0.028 10
ZnO 0.221 0.0019 91.61 Yakout et al. (2016a)
Zn0.99Mn0.01O 0.788 0.108 141.9
Zn0.99Co0.01O 0.514 0.146 452.5
Zn0.98Mn0.01Co0.01O 0.918 0.158 185.6
Zn0.99−2.5×0Nb0Mn0.01O 36.4 – – Satheesan et al. (2017)
Zn0.99−2.5×0.005Nb0.005Mn0.01O 15.0 – –
Zn0.99−2.5×0.01Nb0.01Mn0.01O 17.6 – –
Zn0.99−2.5×0.02Nb0.02Mn0.01O 52.0 – –
Zn0.99−2.5×0.03Nb0.03Mn0.01O 46.0 – –
Zn0.96Cu0.04Co0.0O 4.632 0.255 – Kanwal et al. (2022)
Zn0.94Cu0.04Co0.02O 2.014 0.108 –
Zn0.91Cu0.04Co0.05O 1.108 0.057 –
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et al. 2015). Vizhi et al. also observed an increment in  Ms with an increase in Fe concentra-
tion whereas the coercivity was reduced. They concluded that the FM properties depend 
not only on the distribution of defects but also on the surface diffusion of the dopant ions 
and nanometric size of the materials (Vizhi and Rajan 2022). On the other hand, the less 
doping of both (2.5% each) Co and Zn in  SnO2 results in highest  Ms value. Further increase 
in concentration of any of the dopant results reduction in  Ms value as illustrated in Fig. 8b 
(Manikandan and Murugan 2016). Khan and colleagues also investigated the effect of Zn 
in Co doped in  SnO2 on RTFM (Khan and Hu 2015; Khan et al. 2016a). In one of their 

Fig. 7  M-H curves at 300 K for doped and co-doped a ZnO:Cu and b ZnO:Ag films and c Schematic rep-
resentation of ferromagnetic ordering in ZnO:Cu and ZnO:Ag films mediated through the overlapping of 
BMPs (Ali et al. 2019c). d Magnetization versus temperature curve of Co, Y co-doped ZnO NPs (Bhakta 
and Chakrabarti 2019). e Coercivity, and remnant magnetization as a function of Mn concentration and f 
temperature dependence magnetization (inset shows the remnant magnetization and Curie temperature  (TC) 
versus Mn content) (Zulfiqar et al. 2021)

Fig. 8  Room temperature M-H curves of the a  Sn0.97-xSb0.03FexO2 films (x = 0.024,0.046 and 0.073) (Xue 
et al. 2019), b with varying concentration of Co and Zn in  SnO2 (Manikandan and Murugan 2016)
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study they fix the content of Zn 5% and vary the concentration of Co (1%, 3%, and 5%) 
(Khan and Hu 2015), whereas in another study they fix Co concentration 3% and vary 
Zn concentration (1%, 2%, and 3%) (Khan et al. 2016a). Their observations inferred that 
RTFM induced via Co doping and co-doping of Zn boosted the FM behavior. Similar to 
Zn, Ni doping also enhanced the FM behavior of Co doped ZnO but upto 2% of Ni dop-
ing beyond which FM feature decreased (Khan et al. 2016b). Alike, FM performance were 
recorded for Cu, Co doped  SnO2 where magnitude of FM increased up to 4% of Co doping 
and beyond which it was reduced. They attributed RTFM induced via overlapping between 
BMP by Co-doping and existence of high density charge carriers and oxygen vacancies at 
4% of Co might be responsible for highest FM whereas enhanced antiferromagnetic inter-
action between neighboring Co–Co ions may be the cause of reduction of FM at higher Co 
concentrations (Nachiar and Muthukumaran 2019).

Yakout et  al. (Yakout and El-Sayed 2016b; Yakout 2021a, b) studied the effect of 
co-doping on the ferromagnetic properties of CuO NSs in a very systematic way. They 
observed an increase in  MS,  Mr and  Hc values for the system  Cu(1-x−y)MnxCoyO on vary-
ing either x or y in between 0 to 2. They assumed the RTFM in bare CuO results from 
size effect and/or uncompensated  Cu2+ ions at the surface and the enhancement in RTFM 
results due to replacement of a non-magnetic  Cu2 + ion via magnetic TM ions i.e. via  Mn2+ 
and  Co2+ (Yakout and El-Sayed 2016b). The increment in RTFM was also observed by 
them in another system  Cu0.94Fe0.03M0.03O (M = Mn, Co, Ni). They reordered maximum 
values of FM parameters for the system  Cu0.94Fe0.03M0.03O. It was noticed that Fe mono-
doping helps to boost the RTFM in CuO and superior FM properties may be induced by 
doping of the binary ions. Remarkably, increase in the  Ms and  Mr values, by nearly six 
fold compared to Fe single doping, were recorded especially for Fe/Mn ions. The extra 
magnetic moment was induced due to substitution of  Cu2+ via  Fe3+,  Mn2+,  Co2+ and  Ni2+ 
substitution (Yakout 2021a). Subsequently the same group investigated the effect of Tri-
dopants (Mn, Fe, Co) on RTFM properties of CuO NSs. They observed a further improve-
ment in the  Ms and  Mr values (Yakout 2021b). The comparative results of their studies 
and the mechanism of RTFM in tri-dopant CuO are shown in Fig. 9 and the parameters 
observed are summarized in Table 5.

3  Mechanism of RTFM in TM doped MOx

Several experimental (Jing et al. 2005; Akshay et al. 2019; Prajapati et al. 2017; Chanda 
et al. 2018; Vijayaprasath et al. 2014; Alshahrie 2016; Kumar et al. 2016, 2021, 2017; 
Lekshmy et al. 2014; In-Bo and Kim 2004; Prakash et al. 2011; Yakout and El-Sayed 
2016b; Yakout 2021a, b) as well as theoretical studies (Fazariah et al. 2017; Ali et al. 
2019a; Rai et al. 2018; Ahmed et al. 2017; Li et al. 2010; Wang et al. 2007) have been 
undertaken by researchers so far to understand the mechanism of origin of RTFM in TM 
doped MOx, but it is still not fully explored and is under debate. As far as theoretical 
attempts are concerned, four major models have received much acclaim to explain the 
cause of RTFM in these materials. The first of them, Ruderman-Kittel-Kasuya-Yosida 
(RKKY) model considering magnetic interaction between individual localized mag-
netic and delocalized conduction band electrons (Ali et al. 2019b). It is a kind of super 
exchange interaction between two magnetic ions at nearest or next nearest neighboring 
positions and is efficacious only in the cases of high concentration of delocalized carri-
ers existing in the host material. The RKKY interaction may lead to both ferromagnetic 
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Fig. 9  M–H hysteresis loop of a  Cu0.96Mn0.02Co0.02O (Yakout and El-Sayed 2016b), b pure, Fe doped and 
Fe/Mn, Co or Ni co-doped CuO nanoparticles (Yakout 2021a), c  Cu1-3xFexMnxCoxO for x = 0, 0.005, 0.01 
and 0.02, and d Schematics for proposed mechanism of RTFM in  Cu1-3xFexMnxCoxO (Yakout 2021b)

Table 5  RTFM parameter for Multi-element doped CuO NSs

Material MS (emu/g) Mr(emu/g) HC (Oe) Refs.

CuO 0.107 0.0144 178 Yakout and 
El-Sayed 
(2016b)

Cu0.98Mn0.01Co0.01O 0.141 0.0080 201
Cu0.97Mn0.02Co0.01O 0.155 0.0030 211
Cu0.97Mn0.01Co0.02O 0.241 0.0190 136.6
Cu0.96Mn0.02Co0.02O 0.370 0.0330 145.4
CuO 0.031 0.004 183 Yakout (2021a)
Cu0.97Fe0.03O 0.163 0.041 570
Cu0.94Fe0.03Mn0.03O 1 0.252 580
Cu0.94Fe0.03Co0.03O 0.209 0.04 240
Cu0.94Fe0.03Ni0.03O 0.293 0.052 250
CuO 0.032 0.004 183 Yakout (2021b)
Cu0.98.5Fe0.005Mn0.005Co0.005O 0.484 0.126 85.4
Cu0.97Fe0.01Mn0.01Co0.01O 1.0025 0.245 75.5
Cu0.94Fe0.02Mn0.02Co0.02O 1.5611 0.389 72.1
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as well as antiferromagnetic alignment of magnetic moments depending upon the sepa-
ration of interacting atoms. The RKKY interaction mechanism is not responsible for the 
origin of RTFM in most of the TM doped MOx systems as these have a low density of 
delocalized carriers.

The Zener model is based upon the concept of magnetic interaction diffusing from one 
spin to another via indirect exchange interaction mediated by a conduction electron of 
doped TM ion (Kumar et al. 2021). This kind of FM coupling intermediated by conduction 
electron may give rise to ferromagnetism but at low temperatures only. Zener model can 
best explain the origin of ferromagnetism in DMS systems containing TM doping hav-
ing incomplete d shells. The major drawback of this mechanism is that it provides only an 
approximate quantitative measure of ferromagnetism induced due to exchange interaction 
among free carriers and localized magnetic moments occurring at critical ferromagnetic 
temperatures. Zener model is incapable of explaining the cause of RTFM in most of the 
practical DMS systems.

The mean-field Zener model takes into account the anisotropy of the carrier-mediated 
exchange interaction alongwith the spin–orbit coupling in the host material followed by the 
carrier correlation. This mechanism considers the hole-mediated FM interaction between 
localized spins in a magnetic semiconductor (Xing et al. 2009b). In fact, this model is suit-
able for explaining long-range interactions combining the effects of spin–orbit coupling 
and the quantum confinement.

The most acclaimed mechanism for explaining the origin of RTFM in TM doped DMS 
materials is the bound magnetic polarons (BMPs) model. A BMP is a combination of elec-
trons (or holes) bound to impurity atoms through exchange interactions within an orbit. It 
considers that the main cause of RTFM in such doped DMS materials is the formation of 
BMP localized acceptor sites that polarize the TM atoms by the exchange field with the 
localized holes. The BMP magnetic ordering temperature is dependent on the nature of 
interactions between charge carriers and atomic spins. The increasing concentration of TM 
dopants in general causes an increase in the number of surface oxygen vacancies which 
play a very crucial role in the formation of BMPs (Chanda et al. 2018; Sharma et al. 2011; 
Ma and Lou 2011; Wang et  al. 2006; Alshahrie 2016; Kayani et  al. 2020; Kumar et  al. 
2016; Ayon et al. 2022; Ahmed et al. 2017; Xi et al. 2018; Zhang et al. 2018; Xue et al. 
2019).

The ferromagnetism reported in doped MOx may have its origin in intrinsic causes such 
as defects etc. having basis in the magnetic dopants or due to extrinsic causes such as for-
mation of BMPs through the dopant ion-mediated exchange interaction. To exclude the 
first possibility and to confirm whether RTFM in ZnO DMS systems is due to extrinsic 
causes, Nasir Ali et al. studied RTFM in (nonmagnetic) Cu doped ZnO experimentally as 
well as theoretically (First-principle DFT calculations) (Ali et al. 2019a). It was established 
through this study that ferromagnetism in ZnO is due to overlapping of BMPs created by 
exchange interaction of the spin of  Cu2+  ion with spin of the localized hole due to zinc 
vacancy (VZn). Both the theoretical as well as experimental investigations established that 
the exchange interaction between  Cu2+-Cu2+ ions mediated by VZn is responsible for RTFM 
in Cu-doped ZnO. Stephen J. Pearton et al. studied PLD grown ZnO:Mn thin films (Pearton 
et al. 2007). They found an inverse correlation between magnetization and electron density 
which was controlled by Sn doping. The most acceptable mechanism for the origin of fer-
romagnetic properties in such films is the BMP model or exchange that is mediated by car-
riers in a spin-split impurity band derived from extended donor orbitals. Such a TM doped 
ZnO material have been used for the development of polarized solid-state light sources and 
also highly sensitive biological and chemical sensors.
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The electronic or lattice defects present in the materials give rise to intrinsic causes 
responsible for RTFM in TM doped MOx (Azam et al. 2013; Santara et al. 2014; Akshay 
et  al. 2019; Jayabharathi et  al. 2014; Kayani et  al. 2020; Agrahari et  al. 2015a, 2015b; 
Salah et al. 2017; Fitzgerald et al. 2006). Majority of studies on TM doped  SnO2 systems 
indicate that oxygen vacancies and lattice defects are the main factors contributing to fer-
romagnetic ordering in such DMSs. The doping concentration and sintering temperature 
have significant effect on RTFM observed in Mn doped  SnO2. The resulting ferromag-
netism in such systems may be due to a competing balance between the super-exchange 
antiferromagnetic coupling and the F-center exchange coupling mechanisms (Ahmad and 
Mohamed 2012). Studies on Mn doped  SnO2 conclusively established that BMP’s overlap-
ping, oxygen vacancies and F-center exchange interaction are the most likely causes for the 
existence of RTFM in pure and Mn doped  SnO2 system (Ahmad et al. 2018). In Fe doped 
 SnO2 RTFM has the most likely cause in the formation of BMP’s through the VO created 
during the synthesis of the material itself. The RTFM observed in Ni doped  SnO2 is mostly 
reported to be linked to oxygen vacancy and structural defects of the material (Wang et al. 
2008). A reduction in the size of the TM doped binary oxides such as  TiO2, ZnO,  SnO2, 
 In2O3 etc. can induce FM, even at RT, due to the grain boundary, presence of defects and 
oxygen vacancies (Gupta et al. 2020).

4  Advantages and drawbacks of TM doped MOx

Metal oxides, being non-toxic in nature are ecologically safe and environment friendly 
(Fukumura et al. 2004), allow easy doping of transition metals, possess capability of high 
electron doping and have rather small effective electron mass with better transport prop-
erties and making them suitable for realizing high  TC FMs. TM doped MOx i.e., DMS 
have excellent magnetic and magneto-transport properties and also possess high chemical 
and mechanical durability (Medhi et al. 2020). Metal oxides are compatible with organic 
materials which paves way for several applications. MOx nanoparticles are usually pre-
pared through hydrothermal synthesis as this synthesis route brings forth good control over 
homogeneity, size, morphology, phase, and composition of the synthesized material. TM 
doped MOx nanoparticles are typically synthesized through the technique of co-precipi-
tation or co-hydrolysis of the precursor of the parent metal with that of the dopant. These 
materials are suitable for low-cost fabrication of devices. As far as fabrication of spintronic 
devices is concerned, these materials are advantageous as they allow a simplified device 
consisting of only an injector and an active semiconducting layer.

Owing the aforementioned advantages, TM doped MOx based DMSs have been suc-
cessfully transferred into various real time technology products. As DMSs has applications 
in spintronics that uses the charge and the spin degrees of freedom (ignored in the charge 
based devices) of electrons simultaneously. This concept has offered designing of devices 
with advantages of higher speed, greater efficiency, non-volatility, reduced power consump-
tion etc. The discovery of the Giant Magneto-resistive (GMR) structure in 1989 (external 
magnetic field assisted large change in resistance) was the first ever recognition of the spin-
tronic device. This field is one of the speedily growing field for devices that is transferred 
from lab to market in the form of read head sensors in hard disc drives. The GMR struc-
tures in read heads have been replaced by magnetic tunnel junction (MTJ) devices (exhib-
ited superior performance). Magneto-resistive random access memory (MRAM) is another 
spintronic device that replaced Si based dynamic random access memory (DRAM).
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Besides, being magnetic it is non-volatile, which means not only it retains its mem-
ory with the power turned off but also there is no constant power required for frequent 
refreshing. This can save a significant amount of power for any portable device, which 
runs under battery. Further, development has shown switching of MMs by spin-polar-
ised currents or spin transfer torque, electric fields, and photonic fields. The field of 
spintronics can be sub-divided into two broad fields viz. (1) semiconductor and (2) 
metallic spintronics. Earlier, most of the devices belong to the second class whereas the 
former one is rich in fundamental science. However, semiconductor spintronics have 
been realized in many devices such as spin torque oscillator, spin field effect transis-
tors (spin-FETs), race track memories, spin-valve transistors, spin-light emitting diodes 
(spin-LEDs), non-volatile storage and logic devices etc. (Schmidt and Molenkamp 
2001; Heo et al. 2004; Holub and Bhattacharya 2007; Herng et al. 2008; Sharma et al. 
2017; Lin et al. 2019; Xue et al. 2020).

In spite of several advantages and success in technological developments as stated 
above, these materials do face certain challenges which must be taken care of while 
using them for realizing spintronic devices. DMS have low coercivity which makes it 
necessary for the application of an external magnetic field for device operation (Prest-
gard et al. 2014). Moreover, TM doped MOx suffer from the problems of low spin polar-
ization, low dopant solubility, secondary phase separation and bad controllability. Low 
solubility of dopants results into lesser substitution of host metal by TM and thus results 
into smaller MMs. Major issues that need improvement are: (i) regulating the uniform-
ity in shape and size of the NSs materials, (ii) inducing significantly high RTFM order-
ing by controlled doping, (iii) efficient tailoring of the magnetic, electrical, and optical 
properties, and (iv) formulating a convenient and reproducible method for the develop-
ment of a series of similar type of DMS materials etc. (Jadhav and Biswas 2016).

In  TiO2, RTFM is mainly due to extrinsic causes such as Co metal precipitations 
or presence of secondary phases. In some cases, the RTFM has intrinsic origin due to 
the presence of structural defects such as the oxygen vacancies or interstitials. Synthe-
sis temperature and doping concentration play a significant role in imparting RTFM 
(mostly by intrinsic means) in TM doped  SnO2 and requires a suitable choice of these 
parameters for homogeneous and reproducible synthesis of these materials. In the syn-
thesis of TM doped  In2O3, a careful balance of pressure of gaseous environment is 
needed for good quality DMS. The local structure and magnetic behavior of TM doped 
ZnO are very sensitive to the preparation parameters such as temperature, dopant con-
centration and doping elements (Pan et al. 2008). A precise control over these factors 
is a challenge for obtaining homogeneously dispersed DMS phase and consequential 
observation of RTFM in such doped ZnO NSs.

Complementary structural, microstructural, and chemical analyses of various TM 
doped MOx NSs support hypothetical homogeneous distribution (Nunes et al. 2008) of 
dopant element in the substitutional sites of the host matrix, but there are cases in which 
the analysis is suggestive of inhomogeneities in this distribution. DMS of QDs materials 
faces the problems of phase separation which leads to inhomogeneous distribution of 
dopant ions (Avijit et al. 2016). However, through suitable choice of synthesis method 
and preparation parameters, reproducibility of homogeneous DMS phases for spintronic 
applications can be ascertained.
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5  Non‑magnetic element doped MOx (RTFM behavior of  d0 materials)

 The observation of unexpected FM in undoped  HfO2 thin films by Venkatesan et al. (2004) 
revived the field of spintronics. Since both, the  Hf4+ or  O2− ions are non-magnetic and 
the d and f shells of the  Hf4+ ion are either empty or completely filled in the above case. 
Therefore, this FM was intrinsic in nature i.e. induced in the absence of extrinsic magnetic 
materials and a new term d0 FM was coined by Coey (2005). Such an unexpected FM was 
observed in several pure oxides like  HfO2, CaO, ZnO,  ZrO2,  TiO2, MgO,  SnO2 and, even in 
 CaB6 (Coey 2019; Guillen et al. 2006; M´aca et al. 2008; Singh and Chae 2017; Peng et al. 
2009; Ning et al. 2013; Coey 2019) in subsequent years. Consequently, d0 FM was believed 
as an alternative of DMSs. The local MMs on the neighboring oxygen atoms induced by 
point defects such as cation vacancies was whispered of the magnetism in these materials 
(Ning et al. 2013; Pemmaraju and Sanvito 2005). Alike, TM doped materials suffered with 
the problem of magnetism reproducibility and homogeneity due to the hitches of defect 
control. Alternatively, the idea of the substitution of non-magnetic elements (group 1A of 
periodic table and others) in dioxides such as  AO2 (A = Ti, Zr, or Hf) to tailor d0 FM via 
theoretical modelling was put forward by Bouzerar et al. (2006). Following the idea, many 
ab-initio studies have predicted FM with high Curie Temperature (TC) in several oxides 
doped with non-magnetic elements, such as K, Ag and Mg doped  SnO2 (Zhou et al. 2009; 
Xiao et al. 2011; Guillen et al. 2006), K:ZrO2 (Zhang and Yan 2009), and Li, K, Mg, and 
V doped  TiO2 (Tao et al. 2010; Maca et al. 2008; Guuill´en  et al. 2008) etc. The d0 mag-
netism in non-magnetic elements doped oxides was also observed experimentally in alkali 
metal, Co and Cu doped ZnO (Chawla et  al. 2009a, b; Yi et  al. 2010; Ali et  al. 2019d; 
Chouhan et al. 2021a; Dey et al. 2022; Chen et al. 2021); Cu, C Mg, and K doped  TiO2 
prepared in thin film form (Hou et al. 2007b; Duhalde et al. 2005; Ye et al. 2009; Srivas-
tava et al. 2011; Chouhan et al. 2021b; Chouhan and Srivastava 2022), K, Li, Ag and Na 
doped  SnO2 (Chouhan et al. 2021c; Narzary et al. 2022; Srivastava et al. 2010, 2013; Wang 
et al. 2017), Ag:ZrO2 (Venkatesan et al. 2004) etc.

Nevertheless, d0 FM has been reported in various pure and non-magnetic elements 
doped semiconducting oxides, the observed FM is usually weak in magnitude. In addition, 
the origin and coupling of MMs in these systems are yet unanswered. However, the com-
mon feature in all the investigated systems is the existence of lattice defects. In fact, only a 
few of the bulk materials showed FM in their pure or defect-free form. In doped systems, 
FM is originated in some cases due to substitution of non-magnetic ions in cation site and 
in other cases substitution of non-magnetic ions in anion site whereas in some cases due to 
cation vacancies and in other cases due to oxygen vacancies. Indeed, the original theory for 
defect-related FM holds that defects in a semiconductor or insulator produce states in the 
gap that are abundant enough to generate an impurity band.

The investigations suggested that non-magnetic impurity induced FM either requires 
the formation of localized states towards the top of the valence band (VB) or just below 
the conduction band (CB) and electron–electron interaction to flat band. The physics is 
analogous to the flat band FM. The FM is said to be either caused by MMs associated with 
molecular orbitals localized at lattice defects or oxygen vacancies mediated exchange inter-
actions between unpaired electron spins at the nano-materials’ surfaces (Chouhan et  al. 
2020).
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6  Influence of the morphology on the RTFM

 Based on several theoretical as well as experimental studies it has been found that undoped 
ZnO nanostructures can also exhibit RTFM, which usually shows a morphology depend-
ence (Sundaresan et al. 2006b, Banerjee et al. 2007, Hong et al. 2007). Ren and Xiang have 
examined systematically and exhaustively morphology-dependent RTFM in quasi-0D, 1D, 
2D, and 3D ZnO NSs (Ren and Xiang 20212012). They have concluded on the basis of 
comparative analysis of the researches like (Wangensteen et al. 2011; Wang et al. 2010; Xu 
et al. ; Phan et al. 2013) and others that NPs show FM nature for a range of NPs size only 
and within this range  Ms increases with reduction in NPs size. However, FM disappeared 
beyond both side of that range due to reduction in defect density because of improved 
crystallinity and recovery of voids within the grains boundary regions for larger particles 
size whereas for the particles smaller than certain diameter, the cluster formation may 
reduce the FM feature. In case of NWs/NTs array RTFM was found height and morphol-
ogy dependent. Magnetization increased with increase in height of the NWs and ascribed 
to a higher number of Zn–S bond spins formed at the ZnO-thiol interface. Similarly, the 
NTs exhibited a higher  Ms than the NWs due to its larger surface-to-volume ratio and thus 
higher density of Zn–S bond spins (Deng et al. 2010). Contrary, the change of diameter 
has no obvious effect on RTFM. Whereas, in case of NRs RTFM reduces with increase in 
length of the rods due to increased concentration of the  VO and V−

Zn
 and decreased the  Zni 

(Yan et al. 2008). Ren and Xiang (2021) have illustrated a bar-diagram to summarize the 
effect of morphology on RTFM on various ZnO NSs (Fig. 10). Here, ZnO horizontal NWA 
has the highest  Ms.

Kim et al. (2016) developed rice-like and rod-like ZnO NSs. They observed a dramatic 
enhancement in  Ms at the point where the morphology of rice-like ZnO turns into rod-like 
ZnO. The enhancement in magnetization due to change in morphology was found to be 
partly due to increase in oxygen vacancy and partly because of increase in surface-to-vol-
ume ratio in rod-like nanostructures. Whereas, Motaung et al. (2014) investigated the influ-
ence of various hexagonal shapes like nanorods, nanocups, nanosamoosas, nanoplatelets, 
and hierarchical nano “flower-like” structures on RTFM. They observed enhanced RTFM 
parameters for the hierarchical flowers and samoosas as compared to their counterparts, 
platelet- and “cup-like” structures as summarized in Table 6.This was consistent with the 

Fig. 10  Saturation magnetiza-
tions  (Ms) of various ZnO nano-
structures (Hong et al. 2007)
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EPR and PL analyses which revealed that both hierarchical flowers and samoosas contain 
more  VZn andV+

O
.

The shape of the nanorods was changed from hexagon (L ~ 1.5 µm, D ~ 200 nm) to pen-
cil like tip (L ~ 1 µm, D ~ 80 nm) with increase in  Ms by increasing Ni content from 1 to 
3% in ZnO. Further, the observed RTFM and change in magnetism was considered to be 
mainly due to the coexistence of the magnetic dopants (Ni) and morphological changes 
(Ahmed et al. 2012). Indeed, it was noticed that 1D  TiO2 NSs such as NWs and NBs exhib-
ited prominent intrinsic FM as compared to thin films due to greater number of surface 
defects. Undoped and Ni-doped  TiO2 NWs were synthesized through solvothermal process 
(Hoa and Hiyen 2013) and NRs array synthesized through hydrothermal method (Al-Jawad 
et al. 2021) and were examined for RTFM by means of several characterization techniques. 
Firstly, it was established that an increase in doping concentration in both doped NWs & 
NRs increases  Mr and  MS possibly due to enhanced FM coupling between  Ni2+ ions via 
 F+ center in the former case and due to exchange interaction between free delocalized car-
riers (holes from valence band) and the localized d spins of Ni ions in the latter case. In 
case of Ni-doped  TiO2 NPs the  MS of doped sample was lower than the undoped one and 
Ms decreased first up to 10% Ni concentration and then increased (Manzoor et al. 2018). 
Whereas in other report  Ms decreased with increase in doping concentration of both Ni and 
Fe (Hong et al. 2004).

Manna et  al. recorded enhanced magnetic properties in Fe-doped CuO NR with 
increased concentration of Fe due to increase in FM coupling interaction. They attributed 
the shape anisotropy as the key for improved magnetic behaviour. The shape anisotropy 
basically resulted in superior magnetic properties in NRs as compared to other morpholo-
gies such as thin films or NPs (Manna and De 2010). Some other studies on CuO estab-
lished that surface morphology of a material is able to modulate RTFM as a result of differ-
ent surface areas (Gao et al. 2010b; Meneses et al. 2008). Besides, different morphologies 
of undoped/ TM-doped  In2O3 and  SnO2 NSs have also been shown to affect RTFM in these 
materials and the acquired knowledge about the change in their magnetic characteristics is 
very useful for the selection of suitable morphology of a particular DMS material for the 
development of spintronic devices. Ahmed et al. (2016) studied the effect of morphology 
on various properties of DMS. They observed that morphology varies from NPs- NSs-NRs 
with crystalline structure variation from cubic-mixed-hexagonal. Their recorded minimum 
and maximum  Ms values for NSs and NRs and attributed the change in Ms value to the 
change in electronic structures that associated with change in shape of nanostructures, 
which exhibits difference in the bond structures between a center ion and its nearest cati-
ons, leads high defect formation energy that contributes the FM.

Table 6  Coercive Fields  (Hc), Remanent Magnetizations  (Mr), and Saturation Magnetizations  (Ms) of Vari-
ous ZnO NSs

Nanostructures Hc (Oe) ± 5.0 Mr (×  10–4) 
(emu/g) ± 0.01

Ms (emu/g) ± 0.06 µ (µb) ± 0.0005

Samoosa 197.42 2.17 0.87 0.0127
Platelets 115.06 1.55 0.81 0.0118
Hierarchical flower 213.62 7.77 1.15 0.0168
Cups 189.58 1.46 0.82 0.0120
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7  RTFM in 2D MOx

An extensive research interest has been paid off on various 2D materials including MOx 
after the discovery of graphene to realize novel functionalization and applications. The 
physical and chemical properties of MOx monolayers along with structures are very dif-
ferent from their bulk counterparts due to reduced bonding coordination and strong surface 
polarization. These 2D MOx have shown potential applications in supercapacitors, batteries, 
photocatalysis, gas and bio-sensing, spintronics etc. (Yang et  al. 2019). In particular, the 
discovery of magnetic 2D materials offers endless opportunities for applications in quantum 
computation, spintronics, data storage, and other memory devices (Cortie et al. 2020; Song 
et al. 2018). Schmidt et al. probably first, demonstrated FM coupling in Co doped graphene-
like (graphitic) ZnO sheet using first-principles calculations. Their results showed that the 
magnetism is ruled by the topology, namely, the substitutional Co atoms are embedded in a 
2D ZnO sheet and a direct exchange interaction induced magnetism in these sheets, which is 
different from the superexchange interaction in bulk 3D ZnO stacking (Schmidt et al. 2010). 
Another interesting DFT prediction demonstrated PM to FM phase transition in hole doped 
2D (monolayer) SnO for hole density typically above 5 ×  1013  cm−2. First-principle simula-
tions inferred that Sn vacancies and Sn vacancy-hydrogen complexes are found to act as 
shallow acceptors, with equivalently low formation energies in 2D SnO under O-rich condi-
tions. The FM ordering is stabilized due to spin-polarized gap states near the valence band-
edge offered by these defects (Houssa et al. 2018).

Experimentally, Yadav and coworkers (Yadav et al. 2018) demonstrated the synthesis of 
a new 2D oxide magnetic material (Chromiteen) from natural ore via sonication-assisted liq-
uid-phase exfoliation just after the synthesis of non-van der Waals magnetic “hematene” (2D 
α-Fe2O3) (Balan et al. 2018). The FM nature in chromiteen with  Ms ~ 40 times larger than 
in chromite was induced via joint effect of vacancies and Cr termination in chromiteen as 
confirmed by DFT calculations. In subsequent year, Kvashnin et al. (2019) theoretically and 
experimentally investigated 2D CuO in a bilayer graphene matrix. However, the AFM sug-
gested that the rectangular atomic structure in the ground state of 2D CuO was found to be 
favorable state. DFT and Universal Structure Predictor: Evolutionary Xtallography (USPEX) 
methods were performed to calculate high temperature stability of up to 600 K by 2D CuO 
and to reveal FM and AFM spin ordering. In the same year, Bandyopadhyay et al. (2019) 
investigated and explained the nature of magnetic ordering in non-Van der Waals 2D chromia 
(α-Cr2O3) and showed that FM ground state resulted because of larger inter-transition metal 
distances and suppressed AFM super exchange. Further, the magnetic ordering can be tuned 
by modulating the band gaps. Whereas, Yin and co-workers (Yin et al. 2019) reported that 
immense vacancy concentration produces strong RTFM with  Ms of 50.9 emu/g in 2D ZnO 
nanosheets. The observed value of  Ms was an order of magnitude higher than other ZnO 
nanostructures and comparable to the conventional FM  Fe3O4. Further, they showed via the 
DFT calculations that large concentrations of  VZn can form spontaneously during synthesis 
when stabilized by H ions, and grain boundaries facilitated further formation of  VZn. For the 
induction of FM removal of the H ion is essential. Recently, Wang et al. (2021) introduced an 
atomic chemical-solution strategy to grow wafer-size NiO thin films with controllable thick-
ness down to sub-nanometer scale (0.92 nm) and showed that the magnetic symmetry of NiO 
broken due to surface lattice defects and resulted in surface FM behaviors. Their sub-nano-
metric NiO thin film exhibited the highest reported RTFM behavior with a  Ms and  Hc of 157 
emu/cc and 418 Oe respectively. Whereas Chen et al. (2021) observed transitions between 
PM, FM and less ordered phases due to the interplay between impurity-band-exchange and 
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superexchange interactions in graphitic ZnO by varying the Co doping level. Their study 
opens another path to 2D RTFM with the advantage of exceptional tunability and robust-
ness. Kumbhakar et al. (2021) reviewed emerging 2D MOx and summarized their applica-
tions. Their study particularly illustrated a thorough and systematic summary of research car-
ried out on layered 2D oxides both from an experimental and theoretical perspective. They 
discussed several different classes of MOx in their 2D forms such as MOx,  MOxp,  MpOxq 
(where M stands for metals; p and q are possible oxidation states)”.

8  Conclusions

A brief overview on the existence of RTFM behavior in the bare, magnetic, and non-mag-
netic elements doped MOx-based is presented here. Though, the MOx systems have been 
under exploration for more than two decades, these systems still continue to attract great 
attention of material scientists to achieve new dimensions in the RTFM properties. The 
origin of FM in different DMS materials has been discussed using various models like 
Ruderman-Kittel-Kasuya-Yosida (RKKY), Zener, mean-field Zener, and bound magnetic 
polarons (BMPs) etc. In many cases, FM may be induced either due to the intrinsic causes 
like surface Vo and Vo or the extrinsic ones ITM. Presence of defects and Vo created during 
the synthesis of the materials and the formation of BMPs are the most likely causes for the 
enhanced FM behaviour in DMSs.  Ni2+ serves as an excellent dopant in  TiO2 and exhib-
its VO induced RTFM. For most of the other dopants too, presence of oxygen vacancies 
provides the base for inducing RTFM in  TiO2, ZnO, CuO,  SnO2 and  In2O3 DMSs. Forma-
tion of VO-mediated BMPs is the most acceptable mechanism for explaining the origin of 
RTFM in DMS systems. Ionic radius of dopants also plays a crucial role in determining 
the induced saturation magnetic moments and shows an inverse relationship between these 
two. The co-doping strategy and morphology affecting the FM behavior of the materials is 
also discussed here. TM-doped ZnO is the most extensively studied of all the MOx-based 
DMSs due to being environment-friendly, low priced and the availability of facile synthesis 
techniques besides possessing high chemical stability and high transparency in the visible 
and infrared regions. In spite of various advantages and technology transfer in daily life, 
DMSs suffer with certain drawbacks. To overcome these limitation of DMSs, researcher 
are extensively exploring d0 (non-magnetic doped) and 2D MOx materials.
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