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Abstract: Magnetism without d-orbital electrons seems to be unrealistic; however, recent observations
of magnetism in non-magnetic oxides, such as ZnO, HfO,, and MgO, have opened new avenues
in the field of magnetism. Magnetism exhibited by these oxides is known as d° ferromagnetism,
as these oxides either have completely filled or unfilled d-/f-orbitals. This magnetism is believed to
occur due to polarization induced by p-orbitals. Magnetic polarization in these oxides arises due to
vacancies, the excitation of trapped spin in the triplet state. The presence of vacancies at the surface
and subsurface also affects the magnetic behavior of these oxides. In the present review, origins of
magnetism in magnesium oxide are discussed to obtain understanding of d° ferromagnetism.
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1. Introduction

Magnetism is a well-established phenomenon which arises due to the exchange interaction
between the electrons in partially-filled d-/f-bands in materials. Thus, materials with partially-filled
d-/f-orbitals exhibit this phenomenon [1-3]. Apart from this, magnetic behavior of certain materials
with completely-filled or zero-filled d-/f-shells is also observed and has remained under debate among
researchers during the last decade [4-10].

Magnetism which arises due to completely-filled or unfilled d-/f-orbitals is known as
d° ferromagnetism and is a wide field of study for the scientific community from a phenomenological
point of view [4-8]. To date, this magnetism is observed in a variety of materials with different sources
of origin and is classified accordingly [11-25].

Room-temperature ferromagnetism (RTFM) in pure sodium chloride particles is attributed to
surface defects [11]. Carbon dangling bonds/vacancies are responsible for RTFM in polymers and
carbon-based molecular materials [12-14]. RTFM in Ca- and Mg-stabilized zirconia is ascribed to
oxygen vacancies [15]. Moreover, oxygen vacancies associated with misfit stress at the film substrate
interface in SnO;, CeO,, Al,O3, ZnO, MgO, and HfO; thin films are responsible for RTFM [16].
Vacancy mediated magnetism occurs in CuO [17] and ZnO [18,19]; oxygen vacancy induced magnetism
in zinc peroxide [20] and CeO; [21]; and surface vacancy induced magnetism in NiO [22]. Thus,
these studies reveal that defects in the form of vacancies are the source of this behavior [11-22],
however, sustainability of this magnetism up to long-range order requires exigency of the mechanism
of interaction among these sources. It was observed that this kind of magnetism is governed by
the double exchange mechanism through p-p interactions in Mg-doped SnO, [23], as well as B-, C-,
and N-doped BeO systems [24]. Charge transfer between Mn?* and Mn>* states of Mn ions and the
local density of states associated with extended structural defects form a net magnetic moment in
Mn-doped Iny;O3 [25]. In case of HfO,, high-spin defect states in isolated cation vacancy sites couple
ferromagnetically with short-range magnetic interaction to establish a ferromagnetic ground state [26].
Thus d° ferromagnetism can not only be interpreted in terms of vacancies/defects, but understanding
of appropriate mechanism revealing the interaction that leads to existence of such an effect upto
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long-range order is another aspect [11-25]. Hence, investigation of the nature of magnetic interaction,
along with the nature of defects in these materials, are important to understand the concept of
d® ferromagnetism. In lieu of providing concise and concrete understanding of the field, it will be
crucial to discuss these aspects for a well-known simple system.

Here, we attempt to give simple introduction to the issues related to d° ferromagnetism by taking
magnesium oxide as an example. In the following section, conventional and emerging properties of
MgO are discussed by giving a brief description of their importance in the field of d° ferromagnetism.
Thereafter, sections are dedicated to experimental observations of magnetism in MgO. In the following
section sources of magnetism in this material are discussed in terms of theoretical background.
At the end, we have elaborated the results obtained from recent studies of our group.

2. Magnesium Oxide

2.1. Electronic Configuration and Structure

Magnesium oxide is a well-known inorganic material. It has molar mass of 40.31 gm-mol~! and
a density of 3.58 gm-cm ™3 [27]. The constituents of this material are Mg?* and O%>~ ions. The electronic
configurations of these ions are 1s?2s?p® and 1s?2s?p®, respectively (Figure 1a) [28]. Thus, d-orbitals in
this material are empty.

This material exhibits a rock-salt structure. The unit cell of this material is described as two
interpenetrating face centered cubic (FCC) lattices, one of Mg and one of O, displaced from each
other by 0.5 of the body diagonal (Figure 1b). Mg cations in the structure are surrounded by
an octahedron of six O anions in perfect MgO. The symmetry of this octahedron crystal field belongs
to Op. The crystalline phase of this material is stable upto 227 GPa. Above this pressure its structure
transforms to CsCl structure [29]. The lattice parameter for the rock-salt phase MgO is 4.212 A [30].
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Figure 1. (a) Electronic configuration of Mg?* and O?~ ions, and (b) crystal structure of MgO.

Values in parenthesis represents (hkl) planes.

2.2. General Properties

Absence of free electron makes this material a good insulator whose resistivity varies up to
10'® ohm-cm [31,32]. Charge carriers induced by light in the various absorption bands of this material
show onset of the photo-induced Hall Effect [33]. The room-temperature fundamental absorption in
this material occurs at 7.6 eV with a probable second peak at 8.8 eV [34]. The dielectric constant of
this material is 10 [35]. Thus, highly-insulating nature of this material, provides an opportunity to be
utilized in fabrication of magnetic tunnel junctions, an important spintronic device [36].

2.3. Emerging Phenomena at Low Dimensions

The dielectric constant of this material increases to almost three orders of magnitude for
peashell-like MgO nanostructures [37]. MgO nanoparticles exhibit almost 10% reflectance in the
UV-VIS range which is almost 100% for bulk MgO. This value of reflectance corresponds to the optical
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band gap of 2.8 eV for MgO nanoparticles (Figure 2) [38]. Room-temperature broadband laser emission

in the near-ultraviolet to the blue-green spectral range is also observed in this material [39].

Figure 2. Diffuse reflectance spectra of MgO nanoparticle and bulk [38].
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Apart from modified dielectric and optical behavior, RTFM in this material is also observed.
Figure 3 shows the hysteresis curves of MgO thin films of thickness 8 (MgO-1) and 52 nm

(MgO-2) at 300 K and 10 K [40].

These hysteresis curves reflect d° ferromagnetic behavior.

More interestingly, spin-dependent electron reflection for MgO thin films grown on Fe(001) exhibit

quantum interference [41]. Ferromagnetism combining with multilevel switching characteristics in
MgO capacitor is also observed which might pave the way for a new method for spintronic multibit
data storage [42]. Thus, these interesting dielectric, optical and magnetic phenomena make this

material more relevant in current scenario.
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Figure 3. M-H curves of MgO-1 and MgO-2 thin films at 300 K and 10 K in the magnetic field applied
in perpendicular (vertical) and parallel (parallel) directions to the film surface. Thickness of MgO-1

and MgO-2 is 8 and 52 nm respectively [40].
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Since, this material has no electrons present in d-orbitals of any of its constituent ions, it may be
considered as a prototype material for understanding d° ferromagnetism. To get better insights of
various aspects, magnetism of MgO will be elaborated based on both experimental and theoretical
approaches in the next two sections.

3. Magnetism of MgO: Experimental Approach

As discussed in previous sections, RTFM in these kind of materials is induced/affected by
vacancies/defects. Hence, this section discusses the magnetism induced by extrinsic and intrinsic
defects. Extrinsic defects are due to the presence of dopant ions in the lattice, and intrinsic defects are
those created during deposition and annealing of films/nanoparticles. Thus, this section is dedicated
to elaborate the results obtained for MgO doped with magnetic and non-magnetic ions along with
pure MgO.

3.1. Doping with Magnetic Ions

To induce defects/vacancies inside MgO lattice different kinds of ions were utilized. No doubt
doping with magnetic ions in MgO leads to a magnetic effect, however, defects still play an important
role, as described for various material of this class [11-22].

Weak RTFM in MgO doped with 1% *Fe is ascribed to the interstitial defects when synthesized
below a certain temperature (800 °C). Above this temperature, the formation of the core and shell of
fine MgFe,Oy4 grains diluted in MgO matrix is responsible for this effect [43]. A similar effect was
observed for MgO doped with Ni, which exhibits paramagnetism rather than RTFM in the absence of
intrinsic defects, such as vacancies and interstitials [44]. Moreover, weak RTFM of MgO single crystals
doped with Ni and Co are ascribed to the presence of O?~ vacancies produced during film growth [45].
MgO implanted with N and Fe atoms with a dose of 1 x 108 ions/cm? exhibit RTFM. These authors
have also shown that annealing reduces this behavior implying the role of vacancies in determining
RTFM [46].

3.2. Doping with Non-Magnetic lons

Apart from magnetism observed in MgO doped with magnetic elements, the effect was also
observed in materials when doped with non-magnetic ions [47-50]. The appearance of RTFM in this
material is reported when doped by nonmagnetic Zn [47] and Al [48]. This behavior is ascribed to
cation (zinc) vacancies in the first case [47] and to oxygen vacancies in other cases [48]. RTFM in MgO
single crystals, implanted with 70 keV O ions with respective doses of 2 x 10'® and 2 x 10'7 ions/cm?
is associated with presence of Mg vacancies, however, implantation of C or N instead of oxygen
plays a more effective role in ferromagnetic performance than Mg vacancies [49]. In a recent study,
in our group, the presence of magnetic ordering in MgO (100) single crystals implanted with N ions
at two different fluence doses of 5 x 10'® and 1 x 10'” ions/cm? was also observed. We observed
that saturation magnetization increases at higher fluence [50]. Thus, these studies show that RTFM is
induced by the defects rather than the nature of dopant ions. To further corroborate the role of defects
on RTFM, magnetic behavior of pure MgO is discussed in the next section.

3.3. Non-Doped Systems

Arajua et al. [51] have shown that saturation magnetization (Ms) of 170 nm thick MgO film
grown using RF-sputtering is 5.7 emu/cm?
transition from ferromagnetic to paramagnetic state in pure MgO thin films [51]. Magnetization of
170 nm film is suppressed at higher oxygen pressure which reflects role of cation vacancies [52].
Cation vacancies induced RTEM are also observed in homogeneously (200) oriented MgO ~85 nm thin
film deposited on Si substrates by inkjet printing [53] and MgO thin films deposited by pulsed laser
deposition [54]. Mg vacancies induced RTFM have also been observed in MgO nanoparticles [55,56].

Large concentration of Mg vacancies at the surfaces of nano-grains establish magnetic percolation in

. These authors also observed thickness dependent
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MgO nanoparticles [57], as well as thin films [58]. Thus, the magnetic behavior of MgO is induced by
cation vacancies, however, Kumar et al. reported the role of oxygen vacancies to induce the RTFM
spin-order in MgO nano-crystallites (Figure 4) [59].

A similar explanation is given for highly-defective MgO nanosheets prepared by colloidal
synthesis. These nanosheets consist of strongly-interacting spin clusters which disappeared upon
high-temperature annealing. These spins are concentrated along extended defects, possibly as unpaired
electrons trapped at oxygen vacancies [60]. Saturation magnetization of MgO decrease with time
at ambient atmosphere and it can be successively switched on again by annealing these films in
vacuum [61]. Thus, experimental results explain that magnetism of pure MgO is induced by Mg
vacancies, however, spin species trapped along-with oxygen vacancies also stabilize RTFM in MgO
thin films.
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Figure 4. Room-temperature magnetization curves of MgO nanocrystallites synthesized at the
calcination temperature of (a) 1000 °C in air and (b) 600 °C air and oxygen for 2 h each [59].

4. Magnetism of MgO: Theoretical Approach

4.1. Mg Vacancy as a Source of Magnetism

Theoretical simulations reveal that introduction of Mg vacancies into MgO favors the stabilization
of half-metallic ferromagnetism [62—-64]. This aspect is in correlation with experimental results obtained
from various experimental studies [51-58]. Mg vacancies help to retain local magnetic moments in this
material irrespective of the concentration [63-69]. The origin of magnetic moments associated with
Mg vacancies is explained as follows:

It is observed that Mg vacancies do not affect to the O, symmetry of MgO lattice. However,
two dominant effects occur in this system assisted by this vacancy-(1) formation of charged defects
and (2) slight modification of the Mg—O distance. These effects lead to the splitting of o-type molecular
orbitals into singlet aj g, triplet, and doublet eg states, as described in Figure 5. On the basis of occupancy
of eg states that net spin of perfect MgO, VMgO, Vg, and V2Mg is 0, 1 (spin-triplet), 1/2 (spin-doublet),
and 0 (spin-singlet), leading to the magnetic moments of 0, 2, 1, and 0 pp [70,71]. Thus, RTFM is
associated with spin-triplet state when Mg-vacancy is introduced to MgO. Similar, effect of observation
of RTFM is also predicted in CaO where the spin triplet state of Ca®* is responsible for this effect [72,73].
Thus, Mg vacancies are required to sustain magnetism in this material. Hence, further attention was
given to know the nature and stability of these vacancies in MgO in context of percolating magnetic
order [70-77]. In this context, it was reported that the ground state configuration of bulk MgO with two
Mg vacancies exhibits the energy difference of ~28 meV between ferromagnetic and antiferromagnetic
states [74]. This energy difference is parallel to the thermal energy. Hence, magnetism cannot be
sustained in MgO bulk at room temperature, even having Mg vacancies.
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Figure 5. Schematic of single particle energy level diagram for (a) perfect MgO; (b) VMgO ; (©) Vmgs
and (d) Vg [71].

For legislating the persistence of magnetism, Wang el al., calculated Mg vacancy formation energy
in MgO using density functional theory [74]. The values of Mg vacancy formation energy were 2.73 eV
and 1.37 eV for MgO bulk and MgO quantum dots [74]. Thus, Mg vacancies occur in quantum dots due
to low formation energy and lead to magnetism, as observed by various experimental reports [51-58].
In the case of MgO thin films, Mg vacancy formation energies are 2.45 and 2.74 eV for the surface
and the subsurface layers, which are less than that of MgO bulk. Hence, thin films are another choice
for occurrence of local magnetic moments, however, introduction of Mg vacancies is rather difficult.
It is shown on the basis of molecular orbital diagrams of Mg-deficient clusters (Figure 6) that the
occurrence of Mg-vacancies at the surface or near-surface of MgO clusters, a magnetic state (S > 1)
becomes lower in total energy than the nonmagnetic singlet state (S = 0) by several eV. This leads to
a spin-polarized ground state in MgO. The total spin of the clusters in their ground state is equal to
the number of the surface Mg vacancies [76]. Thus, surface Mg vacancies play an important role for
determining the magnetic properties of thin films.
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Figure 6. Molecular orbital energy-level diagram of occupied orbitals (solid lines) and unoccupied
molecular orbitals (dotted lines) calculated for the (4 x 4 x 4)-based clusters with one O or one Mg vacancy
at the corner: (a) O-deficient Mgs,Os3 cluster in the spin-singlet state; (b) Mg-deficient Mgs; O3, cluster in
the spin-singlet state; and (c) Mg-deficient Mgs303; cluster in the spin-triplet state [76].
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Neutral (VOMg) and singly-charged Mg vacancy (V™) are responsible for the magnetic moment
of MgO, which originates from the partially-occupied ey orbitals, as discussed earlier. However,
other defects, like closed shell Mg vacancy (Vz_Mg), and VYq, V*g, and V2* cannot lead to magnetic
moments in MgO [70,71].

Apart from the origin of local magnetic moments in MgO by Mg vacancies, it will be important
to know the mechanism of magnetic interactions. To understand this, let us consider the case of Mg
vacancy. In the case of MgO, the neutral Mg vacancy has two holes trapped on oxygen neighbors [76].
This causes magnetic coupling to be induced through the p—p hybridization interaction of O atoms [73,74].
Thus, the magnetic moment in this material is induced by 2p orbitals of the nearest atoms surrounded
by Mg vacancies, particularly 2p,, makes a significant contribution [69]. Hence, magnetic interaction
occurs through bond spin polarization between two Mg vacancies in MgO [74,76]. This kind of magnetic
interaction is also reported for organic systems [77] and GaN [78].

4.2. Oxygen Vacancy/Composite Defects as a Source of Magnetism

Though O vacancy destroys the ferromagnetic ground state, experimental studies envisage
an important role of oxygen vacancies to control magnetism in this material, as elaborated in previous
section [51-53]. Thus, the theoretical investigations were carried out in this direction to revive the role
of oxygen vacancies [79-83].

In general, oxygen vacancy formation energy in MgO is higher than that of Mg vacancy formation
energy [74]. This envisages that the existence of oxygen vacancies is not preferred. In the case of
the existence of oxygen vacancies, the magnetization is found to be independent of these vacancies.
Theoretical investigations carried out by Sharma and Lowther suggest that the total magnetic moment
of MgO substituted by N is found to be 1up [80]. Though oxygen vacancies exist in this N-substituted
MgO system, no correlation between oxygen vacancies and saturation magnetization is observed [80].
In this case, composite defects, composed of an oxygen vacancy and a nitrogen-substituting oxygen,
are responsible for magnetic behavior. Similar behavior is also reported when MgO is doped with
boron and carbon [79]. Kuang et al. also reported that these composite defects promote magnetism in
the case of oxygen vacancies [84]. It is contemplated that local magnetic moment is induced by the
composite defects around the oxygen vacancy, when the exchange splitting of the oxygen vacancy
is enhanced either by the hybridization between the N-p and nearest neighbor O-p orbitals or by
applying on-site Coulomb repulsion and exchange interaction [81-83].

5. Magnetism of Radio-Frequency (RF) Sputtered MgO

In this context, we deposited MgO thin films by RF sputtering to explore the nature of defects.
The detailed deposition procedure is published elsewhere [85]. The film is deposited on Si (100)
substrate and annealed in situ at 700 °C for 3 h. In Figure 7a the high-resolution transmission electron
microscopy (HRTEM) image of MgO thin film on Si substrate. HRTEM study was performed using
Titan 80-300™ transmission electron microscope at Korea Institute of Science and Technology (KIST),
Seoul, South Korea. The thickness of the deposited film is 18 nm. The magnetization (M) versus the
applied magnetic field (H) curve of this film measured at room temperature is shown in Figure 7b.
The behavior of the M-H curve is very similar to that already reported for MgO thin films of similar
thickness [40,50-61]. This behavior reveals the onset of d° ferromagnetism in this film.

To obtain deeper insights on the source of magnetic behavior, near-edge X-ray absorption
fine structure (NEXAFS) measurements were also performed at the 10 D KIST beamline (Pohang
Accelerator Laboratory, Pohang, South Korea) in surface-sensitive, total electron yield (TEY) and
bulk-sensitive, total fluorescence yield (TFY) modes at Mg K-edge and O K-edges for MgO thin
films [86]. The instrumental details of beamline can be found elsewhere [87].

As mention earlier, the Mg ion is located at the center of a regular oxygen octahedron in MgO.
Thus, the lowest empty Mg 3p orbitals should be degenerate to cause the sharp transition of electron
from the Mg 1s orbital. As a result, spectral features of Aj, Ay, A3, A4, and As appear in the Mg K-edge
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spectra of MgO (Figure 8a) [88,89]. A visual inspection shows the presence of the same spectral features
in the Mg K-edge spectra of both TEY and TFY modes for this film. This shows Mg co-ordination to be
almost the same, both at the surface and in the volume of the film.
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Figure 7. (a) High-resolution transmission electron micrograph, and (b) the M-H curve of the MgO
thin film deposited using RF sputtering.
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Figure 8. (a) Mg K-edge and (b) O K-edge spectra of the MgO thin film deposited using RF sputtering
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The measured O K-edge NEXAFS spectra [40,90-94] of the film detected by TEY and TFY [95]
modes are shown in Figure 8b. According to electronic structure calculation the spectral features
By, By, B3, Bs and Bs in the energy range of 80 eV above threshold arise from multiple scattering
resonances in the energy of the excited photoelectron in Mg and O states with p symmetry [40,90,92].
Rectangular region in Figure 8b shows pre-edge structures, which arises due to the excitation to the
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localized bound state and presence of surface state or intermixing [92,96] as it is common to occur in
the NEXAFS spectra of metal oxides. Concurrent with the Mg K-edge, the O K-edge spectral features
are almost same for TEY and TFY modes. However, pre-edge region of the O K-edge spectrum exhibit
a visual different both in shape and intensity. This indicates that oxygen has different electronic
structure at surface and volume as the pre-edge reflects the presence of surface states. Since, the film is
annealed at 700 °C for 3 h under vacuum of 10~ Torr, the presence of oxygen vacancies are expected
at the surface of the film and only oxygen vacancies are expected to cause magnetism in the present
case. As discussed earlier, Mg vacancies play more dominant roles to determine the magnetism in this
system rather than oxygen vacancies. Thus, composite defects play a role in this case.

6. Conclusions and Future Prospects

d° ferromagnetism occurs chiefly in non-magnetic oxide materials. These materials either contain
completely filled d-/f-orbitals or unfilled d-/f-orbitals. Considering MgO as a prototype material
for this category, it may be stated that this effect is induced by Mg vacancies above the threshold
concentration of these defects. Contribution of these defects to this kind of magnetism is different
when appearing at the surface and subsurface layers of the film. This behavior is associated with
the spin triplet state of the Mg vacancy. Magnetic interaction occurs through-bond spin polarization
between two Mg vacancies in MgO. Though oxygen vacancy does not induce magnetization, however,
these vacancies can play important roles in doped systems and play significant roles in the case of
doped MgO. As mention earlier, magnetism in these structures is induced by 2p orbitals of oxygen
atoms surrounded by Mg vacancies and spin-triplet states. Measurements, like near edge fine structure,
can open new pathways of understanding this kind of magnetism and give exact proof of the source
of magnetism.
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