
Abstract. This paper is a review of the state-of-the-art re-
search concerning the first-principle simulation, synthesis,
properties, and application prospects of a new class of mag-
netic materials obtained by doping nonmagnetic sp compounds
(oxides, chalcogenides, and borides of nontransition sp ele-
ments) or nanostructures (carbon, BN, AlN, and MgO nano-
tubes) with nonmagnetic sp impurities or nanostructures
involving structural vacancies or topological defects.

1. Introduction

The wide interest in the search for newmagnetic materials for
spin electronics (spintronics) is connected with the tempting
technological prospects that allow the creation and use of
various devices, such as cells of magnetoresistive memory
(spin memory), spin light-emitting diodes, spin field-effect
transistors, spin valves, galvanic insulators, magnetic field
sensors, elements of quantum computers, etc. [1 ± 4]. As is
known, the operation of these devices is based on specific
features of spin-dependent phenomena such as spin trans-
port, optical spin orientation, processes of spin relaxation,
spin injection, etc. Naturally, the corresponding materials
must have a high concentration of spin-polarized electrons,
which allow controlling both the charge and spin states of
their electron subsystem simultaneously [1 ± 7].

One of the most promising classes of such materials is
comprised by the so-called half-metallic magnets (HMMs)
[8], which are characterized by a nonzero density of charge
carriers at the Fermi level EF for one projection of spin
(N#�EF� > 0) but have a forbidden energy gap for the
opposite projection of spin (N"�EF� � 0) (Fig. 1). Therefore,
in the ideal case, the polarization of the spin density at the
Fermi level for HMMs is written as

P � N#�EF� ÿN"�EF�
N#�EF� �N"�EF� � 1 :

As a result, the conductivity of half-metallic magnets is
achieved through preferred spin channels, and therefore
HMMs reveal nontrivial spin-dependent transport proper-
ties. HMMs can have magnetic structures of different types,
e.g., ferromagnetic, antiferromagnetic, or ferrimagnetic
[9, 10].

The overwhelming majority of HMMs known at present
are produced by the directional doping of different matrices;
these materials are also known as dilute magnetic semicon-
ductors (DMSs). In turn, among the DMSs, the functional
requirements of spin electronics are met best in the case of the
so-called dilute ferromagnetic semiconductors (DFSs). The
ideal DFSmust have a Curie temperature TC exceeding room
temperature and allow the creation of bands with n and p
conductivity in one single crystal (see reviews [2 ± 5, 11]).

When manufacturing these materials, the problem arises
of choosing doping elements whose introduction into the
lattice of the initial matrix would lead to the appearance of
magnetic moments (MMs) at impurity centers (or at some
other atoms in the matrix). The most obvious way to achieve
this aim is to use atoms of magnetic metals as impurities. At
present, various families of DMSs have been proposed, the
best known of which are III ±V compounds doped by
transition metals from the middle of the 3rd row, i.e., V, Cr,
Mn, and Co [12 ± 18]. The numerous examples of DMSs
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based on other matrix phases containing d and f metals are
considered in reviews [2 ± 6, 11].

The most popular methods of creating HMMs can be
illustrated using octahedrally coordinated (cubic) perovskites
AMO3 (where A donotes the lanthanides or alkaline-earth
metals and M denotes the transition d metals), for which the
desired magnetic state can be obtained by appropriately
selecting the type of carriers and controlling the width of the
Md"# band, for example,

(1) by doping the nonmagnetic sublattice A with non-
magnetic ions (e.g., via partial substitution of lanthanide
atoms for the atoms of alkaline-earth metals:
La0.7Sr0.3MnO3, La1ÿxCaxMnO3 [10, 19]);

(2) by doping the magnetic sublattice M with magnetic
ions: Sr2FeMoO6, Sr2FeReO6, La2VCuO6, Ca2FeReO6, etc.
[10, 20, 21], or both sublattices A and M using the combined
(1+2) method, for example, for systems of the LaAVMoO6

type, where A � Ca; Sr;Ba [22];
(3) by doping themagnetic sublatticeMwith nonmagnetic

ions (SrFe1ÿxMxO3, whereM � Ti;Zr; Sn) [23, 24].
The physical picture of the formation of an HMM state in

these systems is determined by a fairly complicated combina-
tion of superexchange interactions in the magnetic-ion (M) ±
oxygen chains and by the competition of hybridization pds
and pdp interactions of theM ions with oxygen [10, 19 ± 24].

We emphasize that the overwhelming majority of known
HMMs contain magnetic d-atoms with incompletely filled
shells dn (14 n4 9) or different combinations of several
unlike magnetic atoms. Nevertheless, there still exist signifi-
cant problems in obtaining high-temperature (TC > 300 K)
dilute ferromagnetic semiconductors that would meet many
functional requirements for the materials for spintronic
devices (see [2 ± 6, 11]).

An alternative way to create new groups of DMSs is
connected with searching for magnetic materials that do not
contain magnetic d-atoms. In particular, the desired result
can be reached by introducing impurities of nonmagnetic
atoms into the matrix; such metals can be obtained by
introducing some d metals, e.g., Cu or Pd, into the composi-
tion of ZnO or GaN [25 ± 30].

A much less standard method, which has recently
attracted great interest from the standpoint of both the
foundations of the physics of magnetism and the possible
prospects for technological applications, is the formation of a
magnetic state of materials by introducing nonmagnetic sp
elements into nonmagnetic sp matrices. When introduced into
the matrix, such dopants must pass into a spin-polarized state
and acquire their own local magnetic moments, which can
then become ordered, forming a ferromagnetic structure. The
second possible method of achieving a magnetic state of
nonmagnetic sp materials is their magnetization in their
nonstoichiometric state, i.e., in the presence of lattice
vacancies in them.

Special interest in the study of magnetism of sp materials
arose due to several important recent discoveries, among
which is the experimental detection of ferromagnetism in
some carbon materials (irradiated graphite and polymerized
forms of fullerene, such as C60 films and rubidium-doped
fullerite RbC60 [31 ± 33]) and in the boron-containing phases
CaB2C2 [34] and CaB6 [35, 36]. Intriguing results were
obtained in Refs [37 ± 39], according to which thin films of
nonmagnetic insulators, such as d0-dioxides ZrO2 and HfO2,
demonstrate ferromagnetism at temperatures considerably
higher than room temperature.

No unified microscopic theory of magnetic phenomena in
sp systems exists at present. In theoretical works, attention is
focused on the presence of unpaired electrons in the system.
Their origin is related to the presence of various defects in the
crystals (impurities, vacancies, topological defects, etc.),
which violate the translational symmetry and lead to a
significant redistribution of charges and spins, as well as
related effects of the localization ± delocalization of near-
Fermi electrons with the formation of atomic magnetic
moments [40 ± 48]. As regards the nature of their ferromag-
netic ordering, no clear answer has yet been obtained [40 ± 43,
46, 47].

In this article, we attempt to describe the state of the art of
studies in the field of ab initio simulation, synthesis, and the
study of properties of and prospects for the application of a
new class of magnetic materials obtained from nonmagnetic
compounds (oxides, chalcogenides, nitrides, and borides of sp
and d0 elements) doped with nonmagnetic sp impurities or
containing structural vacancies.

Furthermore, according to the available literature data,
the magnetic properties of sp materials can be strongly
enhanced in padding to their nanostructured forms. For
example, some recent works report on the ferromagnetism
of low-dimensional forms (nanoparticles or thin films) of
oxides of sp metals, e.g., ZnO, SnO2, In2O3, and Al2O3 [49 ±
56]. It is assumed [55] that the common factor responsible for
the ferromagnetism of low-dimensional forms of the oxides of
the above sp metals is their nonstoichiometry with respect to
oxygen (especially in the outer layers of nanoparticles).
Moreover, it is stated that the ferromagnetism of the
nanoparticles (and thin films) of the nonmagnetic oxides of
sp elements (with characteristic sizes 7 ± 30 nm) is a universal
phenomenon [55].
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Figure 1.Band structure (schematic) ofmetallic, semiconducting, and half-

metallic magnetic (HMM) states of the material.
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In Section 3, we summarize the results obtained in the
works concerning this new, intensely developing area of
searching for nanosized sp magnetic materials, where some
success has been achieved in predicting the magnetic proper-
ties of inorganic nanotubes, first and foremost, carbon and
boron nitride. Chemical, lithographic, and molecular-cluster
technologies are to be used for creating such magnetic
nanomaterials.

2. New magnetic materials based
on nonmagnetic sp phases

Before considering magnetic materials obtained by doping sp
matrices with sp impurities, we note that in contrast to the
magnetism of an enormous number of alloys and compounds
containing d and f metals, the magnetism of the ideal
crystalline phases formed by sp elements is a rare phenom-
enon.

Among the sp magnets, the most widely known one is
molecular oxygen, which is antiferromagnetic (AFM) at
T � 22 K (a-O2) and reveals a local AFM order at T � 30 K
(b-O2) [57]. The antiferromagnetismoccurs in it because of the
presence of two unpaired electrons in the p� shell of the
molecule (Fig. 2). The ionic form of the moleculeÐ the
super-oxide O1ÿ

2 Ð contains one unpaired electron in the p�

shell and is also magnetic, whereas the peroxide O2ÿ
2 , whose

valence shell is closed, is nonmagnetic. Thus, the `binding' of
O1ÿ

2 , for example, by atoms of alkali metals, into condensed
phases can create conditions for the realization of a magnetic
state of the resulting crystals due to the magnetism of their
oxygen sublattice.

An example of such magnets is given by rubidium
sesquioxide Rb2O3 [58] [ionic formula (Rb1��4�O1ÿ

2 �2�O2ÿ
2 �],

which includes both O1ÿ
2 and O2ÿ

2 ions. An analysis of the
electronic structure of Rb2O3 showed [58] that the upper
antibonding p� band of its crystal is partially filled and
contains 2=3 e per O2 `molecule.' The results of calculations
[58] suggest that Rb2O3 is a ferromagnet with the Curie
temperature TC � 300 K. The magnetic moment of Rb2O3,
which is about 1 mB per formula unit, is formed due to the local
magnetic moments of the oxygen sublattice (MM � 1=3 mB
per O atom). The electron spectrum of Rb2O3 is of the half-
metallic type.

Other candidates to sp magnets among related phases can
be the oxides CsO2 and Cs2O2, containing O1ÿ

2 and O2ÿ
2 ions

[59], or sesquioxides of some alkali metals, e.g., Cs2O3, Cs2O3,
�Rb1ÿxCsx�2O3, �K1ÿxCsx�2O3, as well as oxides that contain
barium [58]. However, their properties remain unstudied. The
idea about the decisive role of dimers O2 (and B2) in the
formation of the ferromagnetic state of a number of sp
materials has been suggested in [60].

Recently, another group of spmagnets was proposed [61],
namely, tetrahedrally coordinated calcium pnictides CaX

(X � P;As; Sb); the list of these compounds was augmented
by the authors of [62], who carried out a systematic theoretical
search for magnetic materials among 20 phases of MX
compounds (where M � Be, Mg, Ca, Sr, Ba; and X � N, P,
As, Sb) with a sphalerite structure. The results of the
prognosis are listed in Table 1; it follows, in particular, that
all 13 magnetic phases that were found are ferromagnetic.
These magnetic MX phases have an energy spectrum
characteristic of half-metals; it is formed as a result of a spin
splitting of the quasi-flat p band of Xp, which intersects the
Fermi level EF. But these tetrahedrally coordinated MX
magnets are thermodynamically metastable with respect to
the appropriate nonmagnetic phases with the octahedral
atomic coordination (NaCl and NaO structure types). It was
supposed in [62] that the tetrahedrally coordinated MX
magnets can be obtained under special conditions, for
example, by laser-assisted deposition onto substrates with
sphalerite or wurtzite structures.

Tetrahedrally coordinated phases (with a sphalerite
structure) CaBi, SrBi, and BaBi have also been suggested as
half-metallic ferromagnetic materials; according to estima-
tions in [63], their magnetization reaches � 1 mB per formula
unit.

There are communications on the existence of high-
temperature ferromagnetism (Curie temperature TC�770K)
of the layered calcium borocarbide CaB2C2 [34, 64], although
the effect observed can be caused [65] by the formation of
clusters of boron atoms with magnetic impurities of iron and
nickel.

The above-mentioned fullerite RbC60 can also be con-
sidered to belong to the class of crystals under consideration.
The origin of themagnetic state ofRbC60 is interpretedwithin
the framework of the McConnell model [66, 67], which was
developed to describe the magnetism of organic saltsÐ
molecular crystals in which the molecules (a donor D or an
acceptor A) have a triplet ground state. It is postulated that in
the ion pair D�Aÿ, charge transfer occurs such that a neutral
triplet state (D0 triplet) is realized, and the pair D+A also
acquires a triplet state, as is shown in the diagram:

In fact, the McConnell model of the ferromagnetism of
organic systems in its general features reflects Van Vleck's
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Figure 2. Electron levels (schematic) of a neutral O2 oxygen molecule and

of its ion forms O1ÿ
2 and O2ÿ

2 [58].

Table 1. Prognosis of nonmagnetic (nm) and magnetic (m) phases in
binary MX crystals (M � Be, Mg, Ca, Sr, Ba; X � N, P, As, Sb) with a
sphalerite structure [62].

X N P As Sb
M

Be nm nm nm nm

Mg m(114) nm nm nm

Ca m(92) m(71) m(70) m(60)

Sr m(96) m(67) m(64) m(58)

Ba m(90) m(56) m(49) m(63)

Note. For magnetic phases, the figures in parentheses indicate the

differences in the total energies of the ferromagnetic and antiferromag-

netic states: DE � EAFM ÿ EFM (in meV per atom).

D+ Aÿ A0D0

.
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idea [68] concerning themechanism of electron correlations in
d-ferromagnets. The critical factors for the appearance of
ferromagnetism in organic materials is the stabilization of an
ordered arrangement of donor and acceptor centers in the
form of a regular lattice and the presence of kinetic exchange
channels. It is assumed that the appearance of such channels
is stimulated by the presence of structural defects, which
activate electron correlations (see also [69 ± 71]).

In this section and in Section 3, we examine the data on the
magnetization of nonmagnetic crystalline and nanosized sp
materials containing impurities or structural vacancies.

We note that a significant part of these data was obtained
in the framework of the computational band theory; there-
fore, they are of only model (prognostic) nature and
undoubtedly require an experimental verification.

As a rule, in the computational works under considera-
tion, attention is focused on clarifying the following inter-
related questions:

(i) What impurities (vacancies) in what materials can
induce local magnetic moments?

(ii) What should be the conditions of the interaction of
these moments such that they lead to the appearance of a net
(experimentally detected) magnetization of the crystals?

To answer these questions, the magnetic state of a crystal
(nanosystem) is usually analyzed using modern numerical
methods of band-theory calculations based on the electron
density functional theory (DFT). The most popular among
these methods are the full-potential methods, such as the
linearized augmented plane-wave (LAPW) method; the
method of linear muffin-tin-orbitals (LMTO); the ab initio
method of pseudopotentials realized in the VASP (PAW±
VASP) program packet; nonempirical pseudopotential meth-
ods; and the Korringa ±Kohn ±Rostocker (KKR) method in
the coherent-potential approximation (KKR±CPA). The
formalism of these methods is presented in detail in reviews
[72 ± 80]. The results obtained concern the distribution of
energy bands, the densities of states and the nature of their
spin splitting, and the values of the magnetic moments of the
component atoms in systems with defects. An important
element of calculations is the comparative energy estimations
of the magnetic and nonmagnetic states of the systems, which
indicate how much the formation of a magnetic state is
preferred in terms of energy. Similar estimations of the
energies of alternative magnetic structures, e.g., of ferromag-
netic, antiferromagnetic, and spin-glass states, are used for the
substantiation of the existing type of spin ordering in the
system.Other important quantities to be calculated, which are
frequently used in studying the type of itinerant-electron
magnetism, are the parameters of exchange interactions.

We note that an analysis of the results obtained within the
framework of the computational quantum theory requires
caution, because some difficulties appear in the DFT, for
example, in describing correlation effects for systems with
localized (narrow) bands, in estimating the magnitude of the
forbidden energy band, etc. (see [79, 80]). An essential success
in overcoming these difficulties is connected with the
development of methods of the calculation of electron
correlations, in particular, of the local spin density approx-
imation (LSDA) with Coulomb correlations taken into
account (LSDA+U), and a number of other similar schemes
(see [79, 80]). Another important circumstance that deter-
mines the extent of the reliability of results is the allowance for
the effects of structural relaxation of a system with defects.
The fact is that the energy instability of the impurity or

nonstoichiometric systems discussed below is connected with
the high density of states at the Fermi level and that the
passage into a stable state can occur both as a result of the
spin splitting of near-Fermi bands (i.e., upon transition of the
system into a magnetic state) and due to structural factors,
e.g., due to the deviation of atoms neighboring a defect from
their equilibrium positions in an `ideal' crystal.

Finally, in considering the results of the above-mentioned
theoretical predictions, it must be born in mind that the
conclusions obtained (being of undoubted interest for the
theory ofmagnetism) are frequently of a purely model nature,
i.e., relate to hypothetical systems with compositions that can
hardly be synthesized under normal conditions.

A similar situation was distinctly observed in attempts to
obtain dilute ferromagnetic semiconductors containing
magnetic d impurities, which, according to predictions,
must have high (exceeding room temperature) Curie points
(see, e.g., [2 ± 6, 11]). In this case, the required (sufficiently
large) concentrations of impurities significantly exceed the
limits of their solubility in the chosen matrix, and attempts
to introduce such amounts of impurities lead to a change in
the phase composition and structure of the initial material.
In our opinion, these difficulties fully pertain to the
implementation of theoretical predictions for the materials
considered in this article. Therefore, detection of a spin
polarization of impurity (or vacancy) states in nonmagnetic
sp matrices by no means guarantees the possibility of the
experimental observation of this phenomenon or, all the
more, the possibility of the creation of a magnetic material
with a high TC, but can only serve as a preliminary guideline
for progress in this direction.

An important step that allows bringing theoretical
predictions closer to the analysis of the real possibility of
obtaining new magnetic materials is the procedure in [81],
proposed in 2006. The authors of [81] formulate four basic
questions, an affirmative answer to which gives hope that
doping a nonmagnetic system with nonmagnetic atoms (or
introducing structural vacancies) can yield a ferromagnetic
material. These questions are

(1) Does the electron configuration (stable charge state) of
an isolated defect in thematrix lead to the formation of a local
magnetic moment?

(2) What is the maximum radius dmax of the exchange
interaction between two magnetic defects?

(3) What must be the minimum concentration cmin of
defects in the matrix at which continuous magnetic percola-
tion is realized in the lattice?

(4) Can cmin be achieved under real thermodynamic
conditions?

We note immediately that for the majority of the impurity
or nonstoichiometric systems under study, answers to only
the first three questions have been obtained.

2.1 Doped oxides of sp metals
2.1.1 Cubic oxides of alkaline-earth metals. The first work in
which the authors focused on the possibility of the appear-
ance of magnetic moments in a diamagnetic ionic crystal
doped with nonmagnetic sp impurities was paper [82]. The
KKR±CPA method was used there to solve the problem of
electron and magnetic states of a broad-band (with the band
gap about 7.8 eV) semiconductorÐcubic calcium monoxide
CaOÐupon a partial substitution of its oxygen sublattice
sites by boron, carbon, and nitrogen atoms (Fig. 3). The
impurity bands of all dopants (X � B,C,N) located above the
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top of the O2p band of the matrix (in the region of the band
gap) are then spin-polarized; in this case, an insulating state is
realized for the high-spin subsystem: the X2p" orbitals are
completely filled and N"�EF� � 0. On the contrary, for the
low-spin subsystem, EF intersects the partially occupied band
of X2p# states, N#�EF� > 0, and the spectrum has a metallic
nature. The extent of the exchange splitting 2p" ± 2p# is quite
significant, for instance, given by approximately 1.2 eV for
CaO:C. The magnetic moments per unit cell for CaO:C and
CaO:N are respectively equal to 2.0 and 1.0 mB.

The effect was interpreted using the Stoner criterion,
which expresses the condition for the appearance of mag-
netic moments at impurity centers as U >W, where U is the
effective correlation energy andW is the width of the impurity
band intersected by the Fermi level. The effective correlation
energy is determined by the values of the total energies as

U � E�N� 1� � E�Nÿ 1� ÿ 2E�N � ;

where E�N� is the total energy of an N-electron system. In
turn, the width of the impurity band W depends on the
impurity concentration c as W � c 1=2, i.e., the parameters of
the impurity-induced magnetic state of the matrix depend on
the impurity concentration. The stabilization of the ferro-
magnetic state of the CaO:X systems (which was evaluated
from the difference DE � ESG ÿ EFM, where ESG is the total
energy of the CaO:X system in the spin-glass state, i.e., in the
state with arbitrary orientations of the magnetic moments of
impurities, and EFM is the total energy in the ferromagnetic
state) was explained in [82] in the framework of the Zener
theory of double exchange.

One of the basic problems in considering the use of the
CaO:X systems as DFS materials for spintronics is the
determination of the Curie temperature TC and its depen-
dence on the impurity content c [82, 83]. The value of TC was
evaluated in the Heisenberg model using the mean-field
approximation as kBTC � 2DE=�3c�. The results obtained

(Fig. 4) showed that the magnitude of TC increases with an
increase in c (up to TC � 450 K upon the doping of calcium
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oxide with 20% carbon); at the identical contents of C andN,
we haveTC�CaO:C� > TC�CaO:N�. Because the magnetiza-
tion of a system depends on the width of the impurity band,
various ways of controlling this parameter have been
considered, such as an additional emptying or filling of
this band. Changes in the impurity band width (in the
example of the CaO+5 at.% C system) were simulated by
the introduction of additional hole-type (potassium atoms)
or electron-type (scandium atoms) dopants (so-called
`codoping'). It turned out that at a fixed composition of
the CaO:C system, the TC temperature can in principle be
increased by � 10% in the presence of an electron
codopant, e.g., 2.5 at.% Sc. On the contrary, the hole-type
codoping (potassium impurity) worsens the ferromagnetic
characteristics of CaO:C [82, 83].

The laws governing changes in the electron and magnetic
states of cubic magnesium oxide (MgO) depending on the
nature of the dopants (boron, carbon, and nitrogen) for
systems with the formal composition MgO0.75X0.25, where
X � B, C, N, were considered in Ref. [84] using energy-band
calculations in the framework of the full-potential linearized
augmented plane-wave (FLAPW) method with a generalized
gradient approximation (GGA) of the exchange correlation
potential. The partial substitution of boron, carbon, and
nitrogen (p-type dopants) for oxygen leads to a total decrease
in the electron concentration per unit cell (by 3, 2, and 1 e for
MgO0.75B0.25, MgO0.75C0.25, and MgOP0.75N0.25 systems,
respectively). Then, according to the ideas of the well-known
rigid-bandmodel, a decrease in the electron concentration for
doped systems must lead, due to a partial emptying of part of
the upper bands occupied inMgO, to a shift of the Fermi level
into the region of the valence band; thus, MgO0.75X0.25

systems must become metallic. According to [84], the
rearrangement of the band structure of MgO0.75X0.25 has a
fundamentally different nature: a spectrum characteristic of
HMMs is formed; moreover, this state is formed as a result of
a spontaneous spin polarization of the 2p bands of the doping
atoms located above the valence O2p band of the matrix.

Interesting regularities in the variation of the electronic
and magnetic properties of these materials, depending on the
nature of the dopant X, were revealed in [84]. The maximum
(virtually complete) spin splitting (2p" ± 2p#) is characteristic
of the 2p orbitals of boron, which are located in the region of
the band gap of the matrix and are most remote from its O2p
band. With increasing the atomic number of the impurity
(and increasing the electron concentration in the system),
there occur a low-energy shift of the X2p band, its
progressive overlapping with the valence O2p band, and a
decrease in the splitting of the 2p" and 2p# bands. As a
result, we have the following situation for the sequence
MgO0.75B0.25!MgO0.75C0.25!MgO0.75N0.25: (1) in the
low-spin system, a gradual filling of the X2p# band and an
increase in the magnitude of N#�EF� occur; (2) in the high-
spin system, the width of the forbidden gap increases from
4.35 eV for MgO0.75B0.25 to 4.57 eV for MgO0.75C0.25 and
to 4.52 eV for MgO0.75N0.25; (3) the magnetic moments
at the dopant atoms monotonically decrease from 1.343 mB
for MgO0.75B0.25 to 0.623 mB for MgO0.75N0.25. For
MgO0.75X0.25, the maximum spin splitting is characteristic of
the 2p shells of the dopants, whereas the shells of the matrix
ions (Mg and O) are polarized only insignificantly; for
example, the MMs induced at the oxygen and magnesium
atoms nearest to a dopant, when these atoms are introduced
into the boron oxide, are only 0.166 mB and 0.096 mB,

respectively (for comparison, the MM of boron is 1.343 mB).
The MMs induced at Mg and O atoms decrease in a regular
way as the MM of the dopant in the MgO0.75B0.25!
MgO0.75C0.25!MgO0.75N0.25 sequence decreases.

Recently, systematic calculations were performed in [85]
for a series of carbon-doped oxidesMO, whereM �Mg, Ca,
Sr, and Ba. In Ref. [85], the Curie temperatures of these
materials were estimated using theMonte Carlo method, and
specific features of their electron structure were studied. It is
evident from Fig. 5 that all doped systems are half-metallic
magnets but reveal a number of differences depending on the
type of the alkaline-earth metal M. For MgO, which has a
minimum lattice parameter (a � 4:123 AA), the carbon C2p
states are located near the top of the valence band, which
leads to a noticeable p ± p hybridization of the impurity ±
matrix states. In this case, the width of the impurity C2p band
is maximum and the exchange splitting (J � 2:1 eV) is
minimum. As a increases in the MgO!CaO!SrO!BaO
sequence, the C2p# band is shifted upward on the energy
scale, and its width decreases noticeably. In the case of barium
oxide, which has the maximum lattice constant
(a � 5:520 A

�
), the narrow C2p# band is located near the

bottom of the conduction band of BaO, and J � 2:3 eV.
The estimates of the exchange parameters Ji j testify [85]

that (a) in MgO1ÿxCx, short-range interactions are the
strongest (the values of J01 are maximum), but as the
impurity concentration in MgO1ÿxCx increases, these
interactions weaken and become completely suppressed at
x � 0:20; (b) in (Ca,Sr,Ba)O1ÿxCx, an important role
belongs to exchange interactions J02; moreover, this role is
more significant the greater the a value os; (c) with
increasing x, the stability of the ferromagnetic state of
these systems increases. Estimates of the concentration
dependences of TC for doped oxides are shown in Fig. 6.
It can be seen that TC changes nonmonotonically for
MgO1ÿxCx, reaching a maximum at x � 0:10; at x > 0:15,
the ferromagnetic state of the material is destroyed. From
the standpoint of the electron structure, this situation can be
explained as a result of broadening and overlapping of the
bands corresponding to unlike spins, in which case a mutual
compensation of the C2p# and C2p" states occurs. For all
the other MO1ÿxCx compounds, the Curie temperature
increases with an increase in x, reaching TC � 110ÿ120 K
at x � 0:20. It is supposed that with a further increase in the
carbon content in these oxides, it will be possible to reach
TC values comparable to room temperature. At the same
time, the question of whether such high concentrations of
impurity carbon can be realized in the lattices of these
oxides remains open.

2.1.2 Wurtzite-like beryllium and zinc oxides. Together with
the above-considered oxides with a cubic structure, in which
the coordination polyhedra of cations and anions are
octahedra, a very important class of oxide materials is
comprised by tetrahedrally coordinated compounds, which
have structures of the wurtzite and sphalerite types. In the
context of the problems in question, we can note that, for
example, the oxide compound ZnO doped with transition dn

metals is considered one of the most promising materials for
spintronics [86 ± 96].

Another widely known material is the wurtzite-like
(structure type B4) beryllium monoxide BeOÐa nonmag-
netic insulator with a band of about 10 eV, which is widely
applied as a fireproof material in special metallurgy, for
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insulating heat-removing elements, for fuel elements in
nuclear reactors, and as neutron reflectors or neutron filters,
as well as in laser technology, radiation dosimetry, microwave
radio-engineering devices, etc. (see [97]).

The PAW±VASP program was used in [98] to investigate
the magnetic behavior of impurities of 2p elements (boron,
carbon, and nitrogen) in the BeO lattice (with the formal

composition of BeO0.97X0.03, where X � B, C, N). We note
that these sp elements can either enter the samples of
beryllium oxide ceramics during synthesis or be specially
introduced into the composition of BeO samples for the
modification of their properties; for example, the boron-
containing BeO ceramic is of interest as a shield material for
protection from neutrons of various energies [97].

The spectrum of BeO0.97C0.03 was found to have the form
characteristic of HMMs as a result of a spontaneous spin
polarization of the impurity carbon-atom 2p bands located
above the valence O2p band of the matrix, in which case an
insulating state is realized in the high-spin subsystem (the
C2p" orbital is wholly filled and N"�EF� � 0). On the
contrary, for the low-spin subsystem, the Fermi level EF

intersects the partially occupied band of C2p# states and the
spectrum has ametallic nature. Themaximum spin splitting is
characteristic of the 2p shell of the impurity center, whereas
the magnetic moments induced at the matrix atoms (ber-
yllium and oxygen) that are nearest to an impurity are
considerably smaller because of the hybridization of the
C2p, Be2s and 2p, and O2p orbitals (see the map of the
charge density r in Fig. 7); specifically, they are about 0.08
and 0.03 mB, respectively. The general picture of the magne-
tization of the BeO:C system is clearly demonstrated by the
map of the differential spin density Dr#" � r# ÿ r" (see
Fig. 7). We note that the Dr#" contours are noticeably
distorted in the direction of interatomic bonds, which
indicates the participation of the uncompensated spin
density in the bonding doping-impurity ±matrix states.

Depending on the nature of the doping impurity X, the
following possible scenarios can occur in the
BeO:B!BeO:C!BeO:N sequence: (1) the BeO:B system
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passes into a magnetic semiconductor state and the BeO:C
and BeO:N systems become half-metallic magnets; in the
BeO:C!BeO:N sequence, an increase in both the filling of
the X2p# band and the value of N#�EF� is observed; (2) in the
high-spin system, the bandgap width increases from 5.01 eV
for BeO:B to 6.27 eV for BeO:N; or (3) the magnetic moments
at the dopant atoms noticeably decrease: from 1.16 mB for
BeO:B to 0.42 mB for BeO:N. In the same order, the induced
magnetic moments at the Be and O atoms and the general
magnetization of the doped system decrease. Consequently,
the electron and magnetic characteristics of these materials
(atom magnetic moments, the density of spin carriers at the
Fermi level, and the bandgap width) depend on the doping
impurity type (and, naturally, on its concentration); in other
words they can be directionally regulated.

Recently, similar studies were performed for another
tetrahedrally coordinated oxide mentioned above, wurtzite-
like ZnO [99]. In these studies, three possible positions of
carbon atoms in the crystal were analyzed: in the oxygen
sublattice (CO), in the zinc sublattice (CZn), and in the
interstices (Ci). It has been found that the spin polarization
of the impurity is achieved only if it is located in the CO

position. In this case, the 2p band of carbon is located in the
forbidden band of the matrix and the C2p" states are fully
occupied, whereas the C2p# states are filled only partially, i.e.,
an HMM-type electron spectrum is realized. A single dopant
atom CO generates a magnetic moment of approximately
1.78 mB per unit cell, with theMMof carbon itself being equal
to 0.80 mB; the MMs induced at the atoms of zinc and oxygen
located in the nearest neighborhood of a C atom are small:
0.10 and 0.04 mB, respectively. Together with the calculations,
experimental studies of the magnetic properties of carbon-
doped ZnO have been performed. Samples in the form of thin
(200 nm thick) films were prepared by laser-assisted deposi-
tion onto a sapphire substrate at T � 673 K and the pressure
p � 10ÿ7 Torr using ZnO=Cx targets (with x � 0, 0.5, 1, 5,
and 10). The basic results of experiments on the measure-
ments of the magnetic properties of these films (Table 2)
suggest that zinc oxide doped with carbon is a ferromagnet
with a high (more than 650 K) Curie temperature; it can
therefore be considered a promising DMS material.

Magnetic behavior is also predicted for the nitrogen
impurity located in an oxygen-sublattice site in ZnO (see
[100]); in this case, the spin density of the nitrogen atom is
delocalized in the plane perpendicular to the c axis of the

crystal. The magnetic moment of the impurity is 0.66 mB;
the MM of the nearest oxygen atoms is no more than
0.03 mB.

In connection with the consideration of tetrahedrally
coordinated phases doped with sp impurities, we mention
one more hypothetical system, the so-called ferromagnetic
diamond. The problem of the possible magnetization of
diamond (Ca) with sp impurities was examined in Ref. [101].
Hydrogen placed in an interstice of the diamond lattice was
taken as the initial impurity. It was found that the impurity
band of hydrogen (in the forbidden gap of diamond) is
completely polarized in the Ca:H system, with the high-spin
states being completely occupied and low-spin states being
vacant. The energetically most advantageous state for Ca:H
turns out to be a spin-glass state. The stabilization of the
ferromagnetic state of Ca:H can be achieved [101] in the
presence of `codopants' of the electron (phosphorus) or hole
(boron) type, which substitute for carbon atoms. Their role
must amount to the regulation of the degree of filling of the
impurity band in Ca:H and, thus, to the creation of conditions
dictated by the Stoner criterion, under which the FM state is
formed via the Zener mechanism [101]. The general result is
illustrated in Fig. 8; it can be seen that under certain relations
between the interstitial hydrogen and the hole and electron
codopants (P/H and B/H), it is possible to realize an FM state
of diamond; at the hydrogen concentration under considera-
tion (1 at.%), the maximum Curie temperatures of such
systems is approximately 36 K in the presence of 0.4 at.%P
and about 68 K when 0.5 at.% B is introduced [101]. The
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Figure 7.Maps of spatial distributions of the total charge density r (a) and differential spin density Dr#" � r# ÿ r" (b) for the doped BeO:C system [98].

Table 2. Some electromagnetic parameters of ZnO films doped with
carbon [99].

Parameter/sample I II III

Carbon content, at.% 0 � 1 � 2:5

Magnetization at 300 K, emu cmÿ3 0 3.8 7.1

Magnetization at 300 K, emu cmÿ3 0 7.2 10.1

Curie temperature, K 0 � 670 � 850

Magnetic moment of carbon atom, mB ì 2.0 ë 3.0 1.5 ë 2.5

Electric resistivity, O cm 4 0.195 0.108

Concentration of charge carriers, 1018 cmÿ3 0.1 2.1 3.8
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question of the possibility of synthesizing such systems
remains open.

2.1.3 Silicon dioxide (a-quartz).As a promising matrix for the
creation of DMSs, the authors of [102] proposed the widely
known oxide, SiO2 (a-quartz); using the KKR±CPAmethod
[103], they studied the modification of its electronic and spin
states in the presence of 2p impurities (carbon and nitrogen)
substituting the oxygen atoms. It has been found that clearly
pronounced magnetic moments appear at the C and N atoms
introduced in a-quartz. Furthermore, the interconnection
between the type of magnetic ordering of the doped oxides
and the introduced 2p impurity type proved to be very
interesting. The estimates of the difference DE � ESG ÿ EFM

(where ESG is the total energy of Si�O1ÿxCx�2 or Si�O1ÿxNx�2
in the spin-glass state and EFM is the energy of the
ferromagnetic state) give DE > 0 for Si�O1ÿxNx�2, which
indicates the stabilization of the FM phase; this effect
increases as the impurity concentration increases. On the
contrary, when a carbon impurity is introduced into quartz,
we have DE < 0. Therefore, only the Si�O1ÿxNx�2 system can
be considered [102] a potential ferromagnet.

2.2 Doped sp chalcogenides and nitrides
Other groups of sp compounds that were given much
attention when searching for new sp magnetic materials
were chalcogenides and nitrides of nontransition elements.
For example, in Refs [83, 104], potassium sulfide K2S with a

cubic antifluorite structure (anti-CaF2) was regarded as the
matrix into which variable concentrations of Si and Ge were
introduced. It was found that both impurities were magnetic
when present in the sulfide, with the magnetic moment equal
to � 2:0 mB. The spectrum of doped systems is of the HMM
type with a ferromagnetic spin order, whose nature is
explained in Ref. [104] in terms of the Zener double exchange
between the partially occupied impurity p band and the wide
valence p-like band of the matrix. According to numerical
estimates of the concentration dependences of the Curie
temperature (Fig. 9), for both systems (K2S:Si and K2S:Ge),
TC reaches room temperature at the dopant content of
approximately 8 at.%. For systems with a fixed composition
(in particular, K2S0.9Si0.1), the effect of `codoping' has been
studied, i.e., the dependence of TC of the K2S0.9Si0.1
compound on the subsequent doping with holes or elec-
trons, which was imitated by respectively introducing
vacancies or chlorine atoms into the sulfur sublattice. In
Ref. [104], this method was used to vary the extent of filling
of the impurity band, i.e., the parameter W in Stoner's
criterion. It follows (see Fig. 9) that both effects exert a
negative effect on TC on the whole; with increasing the
concentration of holes, TC decreases noticeably; at 18%
electron doping, the ferromagnetic state of the system is
destroyed. The reason is the filling of the impurity p band,
which leads to the violation of the condition U >W.

In all the cases examined above, the sp dopants sub-
stituted for sites of the anionic sublattice of the matrix phases;
the authors of [105] examined the case where the impurity was
introduced into the cationic sublattice, taking aluminum
nitride (AlN) as the matrix and an impurity of Mg at the
positions of aluminum. It was found that the AlN:Mg system
passes into a magnetic state; in the low-spin subsystem, the
charge-carrier density at the Fermi level is N#�EF� > 0,
whereas the spectrum of the density of states of the charge
carriers with the opposite projection of spin contains a
forbidden gap (N"�EF� � 0). It is interesting that the intrinsic
magnetic moment of the impurity itself (0.12 mB) is half the
magnetic moment of each nitrogen atom located in the
nearest-neighbor shell of magnesium (0.23 mB). There occurs
a complete spin polarization of the atomic cluster, the
tetrahedron [MgN4] in the composition of AlN. Therefore,
the appearance of a ferromagnetic order, which is energeti-
cally more advantageous than the antiferromagnetic one
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(a 4 meV energy gain) in the doped nitride is attributed to the
effect of the double exchange mechanism between the
magnetic clusters [MgN4]. The values TC � 300 K can be
expected [105] when approximately 7 at.% magnesium is
introduced into the aluminum nitride.

The magnetization of hexagonal boron nitride (h-BN),
which is isoelectronic to aluminum nitride, with an impurity
of carbon was studied in [106]. This system is interesting, in
particular, in that in contrast to all the previously studied
crystals, in which the impurity had sixfold or fourfold
coordinations, the carbon atoms are located in the graphite-
like network of h-BN in threefold coordinated sites, CB3 or
CN3. It turned out that the introduction of a C atom into the
position of either boron or nitrogen leads to the appearance of
impurity C2p bands in the forbidden gap of the h-BN crystal
and to their spontaneous spin polarization. As can be seen
from Fig. 10, the type of substituted position (B or N)
influences the position and the general shape of the spectrum
(magnetic semiconductor) of doped h-BN:C; but the magni-
tude of the magnetic moment induced by an impurity (� 1 mB
per cell) is independent of the type of the substitution site.
Local magnetism also arises due to the presence of some other
sp elements (Si, Ge, and Sn) in the h-BN lattice [106]. Systematic calculations for sp impurities such as X � Be,

B, C, N, O, Al, and Si placed in B and N sites (XB, XN), and
also vacancies in the boron and nitrogen sublattices (VB, VN)
of the planar atomic network of hexagonal BN were
performed in [107]. It has been found (Fig. 11) that the
impurities of aluminum located at the sites of both types in
the two-dimensional lattice (AlB, AlN), just like the self-
defects of the `antisite' type (BN, NB), are not magnetic. The
majority of the other impurities and the nitrogen vacancies
lead to the appearance of identical magnetic moments (MM
� 1 mB per atom); their magnitude is independent of the
impurity ± impurity spacing R. On the contrary, the distance
R between a pair of vacancies VB or a pair of impurity atoms
BeN exerts a decisive effect on the magnitude of the MM; in
the first case, theMMdecreases rapidly with increasingR, but
in the second case it increases (see Fig. 11), which is attributed
to the specific features of the interactions of orbital states near
these defects [107]. The estimates of the exchange interaction
energies J led to the conclusion that the pairing of magnetic
moments forON, SiB, andVB impurities is ferromagnetic; that
for CN and VN impurities is antiferromagnetic; and for all
other impurities (XB and XN), we have J! 0. The estimates
of the Curie temperature using the Heisenberg model showed
that its value should be very small: TC � 72, 43, and 13 K for
BN with the respective ON, VB, and SiB defects located at
distances R < 10 A

�
. Upon increasing R to � 13 A

�
(i.e., with

decreasing the concentration of defects),TC sharply decreases
to 20 K for h-BN:(ON, VB) and to 7 K for h-BN:SiB.

2.3 Magnetism of nonstoichiometric sp phases
and d0-ferromagnetism
One additional interesting class of magnetic materials that
contain no ions of magnetic metals are nonmagnetic
compounds that manifest magnetic properties in the realm
of nonstoichiometry, i.e., in the presence of lattice vacancies.

Although the systematic study of the vacancy-induced
magnetism in nonmagnetic materials is at the initial stage, the
fact of a possible appearance of local magnetic moments in
semiconductors or insulators containing lattice defects was
noted sufficiently long ago. For example, it was established as
long ago as 1964 [108] that a positive-charged vacancy in
silicon (with the configuration a21t
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relaxation) has the magnetic moment MM� 1 mB; and in
1983 [109], that a neutral vacancy of gallium in GaP (with the
configuration a21t

3
�t

0
ÿ) has the magnetic moment MM� 3 mB.

The magnetic effects in imperfect carbon materials (e.g., in
graphite with radiation-induced vacancies) are discussed in
Ref. [33]. But these defects do not lead to the appearance of
itinerant-electron-related magnetic phenomena because the
exchange interactions are extremely small and short-range.

2.3.1 Magnetism of sp phases with cation nonstoichiometry.At
present, the attention of researchers is mainly focused, as has
already been mentioned, on the explanation of the following
two problems: (1) in what materials and what types of lattice
vacancies can induce local magnetic moments and (2) what
the conditions are for the interaction of these moments that
lead to the appearance of a net magnetization of crystals.

To answer the first question, the problem of the appear-
ance of a magnetic state in a crystal containing one vacancy
(per cell chosen) is usually solved in computational quantum
theory (using ab initio band-structure methods [82, 110]). The
authors of Ref. [110] used the simple cluster model of tight
binding to examine the scheme of orbitals of a cubic ionic
crystal M 2�X 2ÿ containing a cation vacancy; they showed
that the ground state for this system must be a triplet (1Ag),
i.e., a magnetic state. They assumed that these triplet states
can interact, leading to an FM order. More precise estimates
were carried out (in the example of CaOwith cation vacancies
VCa) using the tight-binding TB ±LMTO method for a
supercell of the oxide with the effective concentration
VCa � 3:125%. The spectrum of this system is similar to
that of an HMM, and a single vacancy induces a magnetic
moment of 2 mB per cell, of which 88% are distributed
between six oxygen atoms nearest to the vacancy. On the
contrary, the introduction of oxygen defects (anionic vacan-
cies) into the CaO lattice does not lead to a change in the
initial diamagnetic state of the calcium oxide crystal [110].

It has been demonstrated in experimental works [111 ±
113] that the cation vacancies in binary oxides, such asCaOor
MgO, have incompletely filled (open) electron configura-
tions, which can lead to the formation of nonzero magnetic
moments.

We note the results in Ref. [81], where the authors
developed principles of searching for DFS materials in the
framework of computational quantum theory. These princi-
ples are illustrated in Ref. [81] in the example of CaO with
cation vacancies VCa. It has been found that the doubly
charged defect V2�

Ca is not magnetic, whereas the singly
charged defect V1�

Ca and the neutral defect V0
Ca create the

respectivemagnetic moments 1 and 1.9 mB; thus, in the case of
V0

Ca, a triplet spin state (S � 1) is formed, which was revealed
in experiments [111, 113]. This magnetic state is energetically
more favorable than the nonmagnetic one by 0.01 eV. At the
next stage, the authors of Ref. [81] determined the possible
energy gain for the FM state (as compared to the AFM state)
upon variation of the distance d between the pair of defects
V0

Ca ÿ V0
Ca as DE�d � � DEFM�d � ÿ DEAFM�d �. It was dis-

covered that the exchange energy Ji j ! 0 if the defects of the
V0

Ca ÿ V0
Ca pair are separated by more than four nearest-

neighbor atoms. Simple estimates show that for the realiza-
tion of the direct interaction of defects (vacancies V0

Ca ÿ V0
Ca

located at adjacent sites), their content in the CaO crystal
should be cmax � 20%, whereas the limiting condition for the
existence of an FM state (interaction of defects through four
atoms) requires that cmin � 4:9%, which corresponds to the

vacancy concentration 1:8� 1021cmÿ3. It has been shown by
calculating the vacancy formation energy that at p � 1 atm,
even at high temperatures comparable to the melting point of
CaO (Tm � 2900 K), the thermodynamically allowed (equi-
librium) content of V0

Ca does not exceed 0.003% (i.e.,
1:0� 1018 vacancies per cm3), which is three orders of
magnitude less than the minimum concentration necessary
for the transition of the nonstoichiometric CaO into the
ferromagnetic state. It is concluded in [81] that for `incom-
plete' calcium oxide to become ferromagnetic, a `thermo-
dynamically nonequilibrium factor' should exist, which
would increase the concentration of calcium vacancies by a
factor of thousand. Such factors apparently can be a thin-film
or nanosize state of the system (see Section 3).

To the above cation-deficient systems, aluminum nitride
AlN can also be referred, in which the presence of a neutral
vacancy VAl leads to the appearance of the magnetic moment
MM� 3:0 mB per unit cell; this magnetic moment is mainly
formed due to the spin polarization of p states of the nitrogen
atoms nearest to the VAl center, at each of which an
MM� 0:65 mB is localized. At the same time, estimates in
[105] testify that the formation of vacancies on the aluminum
sublattice is an endothermic, i.e., thermodynamically unfa-
vorable process. With the use of the calculated energy of
formation of a single Al vacancy (+6.41 eV), the authors of
Ref. [105] estimated the maximum equilibrium concentration
of VAl in AlN, which turned out to be extremely small
(1:8� 10ÿ10 cmÿ3); this excludes the possibility of experi-
mentally detecting the predicted effect.

2.3.2 Nonstoichiometric oxides of Group IVA metals;
d0-ferromagnetism. To the materials related to nonstoichio-
metric sp phases with magnetism initiated by the presence of
cation vacancies, the dioxides of Group IVA metals are
attributed, which contain atoms with closed ionic shells, for
example, fHf2� : �Xe�4f 14 and O2ÿ : �Ne�g in HfO2. The
hafnium dioxide was the first compound in which the
presence of anisotropic ferromagnetism was fixed experimen-
tally in thin films [37] (the value of the magnetic moment was
about 0.1 mB per formula unit). The mechanism of this
phenomenon [37, 39, 114], which was proposed to be
regarded as a special case of the so-called d0-ferromagnetism
[115], relates the formation of the magnetic state to the
presence of anionic vacanciesÐdefects in the oxygen sub-
lattice (VO).

The general idea of d0-ferromagnetism [115] is completely
obvious: it is assumed that the decisive role in the formation
of magnetic effects in wide-bandgap nonmagnetic semicon-
ductors is played by impurities (or defects), which form
impurity bands in the forbidden gap of the matrix that can
experience spin splitting under specific conditions. The well-
known Stoner criterion can be taken as such a condition, i.e.,
N�EF� I > 1, whereN�EF� is the density of states at the Fermi
level, I � �U=2� 2D�,U is the interatomic interaction, andD
is the direct interatomic exchange [116]. In Ref. [115], three
possible types of d0-ferromagnets were suggested; their
models are illustrated in Fig. 12. The first model supposes a
spontaneous polarization of the impurity-band state; the
above-considered oxides with sp impurities can be taken as
examples of such materials. The magnetic effects of the
second type can arise due to splitting of the impurity band in
the presence of a second (magnetic) impurity. The thirdmodel
illustrates a possible spin polarization mechanism in the
matrix containing d0 (e.g., Sc3� or Ti4� ions in ZnO), in
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which case the introduction of an impurity favors the partial
filling of the vacant d0 band, and the spin polarization of the
impurity states is achieved due to the overlap with this band.
Strictly speaking, the last case corresponds to the `classical'
dn-ferromagnetism with n5 1 rather than to a `pure' d0-
ferromagnetism.

Returning to hafnium dioxide, we note that in the
framework of the model examined, its magnetization is
related to the presence of oxygen vacancies VO, which serve
as donorsÐelectronic dopants favoring a partial occupation
of vacant 5d states of the Hf4� ions at which magnetic
moments are localized.

But recent electron-structure calculations [117] showed
that no localized magnetic moments exist on the adjacent Hf
atoms in the presence of oxygen vacancies O and, on the
contrary, the shells of oxygen atoms that surround the defect
acquire spin polarization with the appearance of metallic
vacancies VHf. In this connection, an alternative interpreta-
tion of the effect [37] is that it is caused by the nonstoichio-
metry in the metallic sublattice. An attempt at describing
ferromagnetism in CaO, HfO2, and ZrO2 was undertaken in
the framework of a unified phenomenological model [118] in
which cation vacancies are considered the basic factor. It is
noted that the ferromagnetism of these oxides can be achieved
not only when defects in themetallic sublattice are present but
also in the case of a partial substitution of its sites by atoms of
a lower valence, e.g., by ions of alkali metals Li, Na, K, Rb, or
Cs. Numerical estimates of atomic magnetic moments in
HfO2 induced by the presence of hole-type dopants such as
VHf or by impurities such as Al, Sr, and K in the Hf sublattice
show [119] that these values (per unit cell) are equal to 1.0 mB
for Al, 1.99 mB for Sr, 3.00 mB for K, and 3.99 mB for VHf ;
therefore, the number of holes introduced by the dopant
(defect) is equal to the total number of Bohr magnetons
induced in the unit cell of HfO2; i.e., it is proportional to the
extent of the `emptying' of the upper near-Fermi O2p bands
of the dioxide.

Another scenario of the participation of oxygen defects in
themagnetization of the dioxides ofGroup IVAmetals (in the
example of the titanium dioxide TiO2 (rutile)) is discussed in
Ref. [120]; to take Coulomb correlations into account, the
well-known LSDA+U formalism is used [121]. It has been

established that the removal of oxygen atoms (formal
nonstoichiometric composition TiO2ÿx) leads to the appear-
ance of a narrow s-symmetry band centered at the vacancy in
the forbidden gap of the oxide (with the width about 3 eV);
this band is mainly formed due to the decoupling of titanium
d states from the edge of the conduction band. For the neutral
state of a vacancy, this band is completely occupied, and the
TiO2ÿx phase is nonmagnetic. On the other hand, for a
charged vacancy, i.e., an F� center (physically, this state
corresponds to the presence of `double' defects in the system,
e.g., one titanium vacancy + four oxygen vacancies), the
TiO2ÿx crystal transforms into a magnetic state with the
magnetic moment about 1 mB per unit cell (Fig. 13). The
vacancy-induced magnetism can be responsible for the
intensification of the general magnetic properties of the
corresponding oxides, for example, TiO2 doped with cobalt
[120], or ZnO with impurities of d metals [38]. In the latter
case, to explain the ferromagnetism observed at room
temperature, the authors of Ref. [38] use the model of
vacancy F� centers. Indirect evidence of the active role of
oxygen vacancies in the ferromagnetism of the doped titanium
dioxide TiO2:Co is that the samples prepared in a gaseous
medium with an oxygen excess proved to be nonmag-
netic [122, 123].

An analysis of the competition between the FMandAFM
types of ordering in TiO2ÿx showed that in the case of an
AFM structure, the energy gain of 50meV occurs; the authors
of Ref. [120] explain this on the basis of the Hubbard model.

In the context of the vacancy-inducedmagnetism, we note
the already mentioned experimental works [50 ± 56], which
report on the ferromagnetism of low-dimensional forms
(nanoparticles or thin films) of oxides of sp metals, such as
ZnO, SnO2, In2O3, and Al2O3. Typical results with a
pronounced hysteresis in the M�H� curves are shown in
Fig. 14. The general factor responsible for the phenomenon
is attributed in [55] to the nonstoichiometry with respect to
oxygen, especially in the outer atomic layers of nanoparticles.
As an argument for the presence of O vacancies, the authors
of Ref. [55] indicate that the interatomic distances (lattice
parameters) in the oxide nanoparticles are greater than those
for the stoichiometric crystalline phases and that the massive
samples prepared by sintering nanoparticles in oxygen or air
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are diamagnetic. A similar explanation of the nature of the
ferromagnetism discovered in thin films of TiO2 and In2O3

was proposed in Ref. [49]. The ferromagnetic behavior (at
temperatures up to T � 340 K) of polycrystalline (with grain
sizes more than 500 nm) samples of ZnO synthesized by the
`micellar' method, preventing the presence of magnetic
impurities, was reported in [124]. The mechanism proposed
postulates the formation of a paramagnetic center, i.e., a
charged oxygen vacancy V1�

O , which generates a singly filled
level in the forbidden band of ZnO, with the subsequent
clustering of these centers, which form ferromagnetic
domains. The electronic and magnetic properties of lattice
vacancies (oxygen vacancy VO and zinc vacancy VZn) were
investigated in Refs [100, 125] in the framework of the
computational band theory. In particular, according to the
estimates in [100], the magnetic moment localized at V1�

O and
at four adjacent Zn atoms is approximately 0.55 mB; however,
a pair of magnetic vacancies 2V1�

O can easily be dispropor-
tionate to nonmagnetic defects of two types: V0

O and 2V2�
O . In

connectionwith this, we note that the authors ofRef. [124] did
not consider the possibility of magnetizing samples due to the
presence of an impurity of carbon, although it is clearly fixed
by chemical analysis.

The ferromagnetism (TC � 303 K) revealed for gallium
sesquioxide (monoclinic b-Ga2O3) [126] was attributed to the
presence of paramagnetic centersÐoxygen vacancies in
O(3)-type positions, whose presence was confirmed by
photoluminescence data [126]. The ferromagnetism arises as
a result of association of vacancies into chains (the so-called
dislocations of `magnetic vacancies') in the b-Ga2O3 crystal.

Apparently, the group of d0-ferromagnets under discus-
sion may also be considered to include hexaborides of
alkaline-earth metals MB6 (where M � Ca, Sr, Ba), whose
ceramic and film samples with nominally stoichiometric
(B=M � 6) and nonstoichiometric compositions, as well as
solid solutions with isovalent substitution (Ca1ÿxBaxB6),
reveal weak ferromagnetism [35, 36, 127 ± 131]. In Ref. [132],
the effect was explained by the presence of structural
vacancies; it was shown that the removal of a neutral
octahedral group B6 from the CaB6 lattice leads to the
formation of a magnetic moment � 2:36 mB (per supercell of

size 3� 3� 3) localized at the six B6 octahedra that surround
the defect in the cubic structure of CaB6ÿx. The ferromagnetic
ordering can be a consequence of `double exchange' [133]
between the magnetic clusters formed in the crystal lattice by
the defect and nearest Ca2� and B2ÿ

6 ions. But the formation
of defects due to the removal of B6 clusters from the lattice is
thermodynamically unlikely.

To conclude this section, we note that the defects in
regular crystals are frequently classified in terms of their
dimensionality. According to this classification, lattice
vacancies (just like impurity atoms) are related to the so-
called zero-dimensional defects. It can be assumed that the
effects of spontaneous spin polarization and magnetism in
the nonmagnetic materials can arise when defects of other
dimensionality are present, i.e., one-dimensional (disloca-
tions), two-dimensional (surfaces and interfaces), etc. In the
example of the monoclinic b-Ga2O3, we have already
considered the possible scenario of the appearance of
magnetization in systems with one-dimensional defects
[126], where the formation of a magnetic state in a crystal
is connected with the appearance of chains of oxygen
vacancies ordered along a preferred crystallographic orien-
tation, which were called dislocations of `magnetic vacan-
cies' in Ref. [126].

The authors of recent works [134, 135] have noted the role
of 2D defects (interfaces) in the magnetization of nonmag-
netic materials upon their contact. The general idea of these
works can be illustrated with the simple model proposed in
Refs [136, 137] for explaining the differences in the properties
of thin films of LaAlO3 obtained on an SrTiO3 perovskite
substrate depending on the type of outermost layers of the
substrate, i.e., SrO or TiO2. In the first case, the interface is
insulating; in the second case, it becomes n-type conducting.
With the formal valence of the atoms taken into account, the
polarity of the contacting faces can correspond to either
�SrO�0ÿ�AlO2�ÿ or �TiO2�0ÿ�LaO��. Analogous situa-
tions occur in the LaTiO3/SrTiO3 contact [137, 138], where
the unit cell of the interface concentrates half the `excess'
electrons that fill the empty (in the insulating perovskite)
conduction band. This leads to a change in the conductivity
type and also creates conditions for the spin polarization of
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partially occupied Ti 3d states in the region of the contact and
for an FM ordering in the region of the interface [134, 135].
Recently, these theoretical predictions were experimentally
confirmed in Ref. [139], where a weak ferromagnetism of the
interface between LaAlO3 and the TiO2 surface of SrTiO3 was
explained by the ordering of the local magnetic moments of
Ti 3� ions.

In Section 3, we consider the currently existing informa-
tion on the possible appearance of magnetic effects in a
number of nanostructured materials, e.g., sp nanotubes.

3. New magnetic nanomaterials on the basis
of nonmagnetic nanotubes

The study of the magnetism of nanotubes (NTs) as an
important physical characteristic of these sufficiently new
nanostructured forms of matter started soon after the
discovery of carbon nanotubes (CNTs) [140] and the first
successes in the synthesis of a number of other (including
inorganic) tubular nanostructures [141, 142]. In recent years,
in connection with the general development of various
nanotechnologies, considerable attention has been focused
on the problem of the creation ofmagnetic nanotubes. Special
attention is being paid to the search for nanotubular
ferromagnetic structures with increased Curie temperatures,
which are intended to use as functional units of spintronics, as
materials for nanodevices intended for the acquisition and
processing of information, etc.

The strategy of seeking magnetic nanotubular materials is
developed along two quite obvious directions. In the frame-
work of the first, the effort is concentrated on obtaining
nanotubes from magnetic `precursors,' i.e., alloys or com-
pounds that have magnetic properties in the condensed state,
assuming that these properties are preserved in their tubular
nanoforms. The second rapidly progressing direction com-
prises works on the transformation of nonmagnetic nano-
tubes (first and foremost, carbon and boron nitride) into a
magnetic state using doping. The best known method is the
doping of NTs with magnetic impurities. This method, which
is also known as `functionalizing' of nanotubes, can be
realized via

(1) the introduction of magnetic atoms into the internal
cavity of an NT (so-called endohedral functionalizing) or
between adjacent nanotubes in their bundles;

(2) the substitution of atoms of the NT wall by magnetic
atoms (doping);

3) the adsorption of magnetic atoms on the external
surface of the NT (exohedral functionalizing) [143 ± 146].

As an example, Fig. 15 depicts models of CNTs with a
cobalt nanorod placed inside it (Con@CNT, endofunctio-
nalizing) and of a tube coated with a layer of cobalt atoms
(CNT@Con, exofunctionalizing). In such `hybrid' systems,
significant magnetic moments can be formed [147] (mainly,
on Co atoms); the degree of spin polarization P is
approximately 1.4 mB (86%) for Con@CNT and 1.2 mB
(84%) for CNT@Con. The effect is caused (see Fig. 15) by
the spin splitting of near-Fermi d-bands of cobalt atoms.
Similar results were obtained in studying other related
hybrid systems, e.g., carbon nanotubes with iron [148 ±
150] and with various alloys (e.g., Fe/Co, Fe/Ni). The
methods of synthesis and the magnetic properties of such
nanomaterials have been discussed in detail in recent
reviews [151] and [152]. We also note a rather unexpected
result obtained in Ref. [153], which indicates a very large
magnetic moment (1.5 ±1.9 mB) formed at titanium atoms
upon their adsorption on both the external and internal
surfaces of a CNT wall; the carbon atoms nearest to the
adsorbed atom also obtain a noticeable induced magnetic
moment (� 0:2ÿ0:7 mB).

A large number of works on the synthesis and simulation
of hybrid transition-metal ± noncarbon-nanotube systems
have been carried out in the last few years. For example,
magnetic characteristics of such nanosystems formed upon
the encapsulation of 3d metals in nanotubes of boron nitride
[154, 155] and borocarbonitride (B/C/N) [156] have been
studied with chromium and manganese substituted for the
atoms in the walls of silicon [157], GaN [158, 159], and
AlGaN [160] nanotubes or upon adsorption of d-metals on
the surface of BN nanotubes [161].

Another prospect for controlling the magnetic states of
inorganic nanotubes is connected with their functionaliza-
tion by nonmagnetic sp atoms or with the creation of
specific types of structural defects. The corresponding
results are presented in Sections 3.1 ± 3.3. This area of
nanotubular sp materials develops ideas similar to those
used in creating magnetic materials based on organic
substances (the so-called organic, or molecular, magnetic
materials; see reviews [162 ± 166]).
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3.1 Magnetism of carbon nanotubes.
The role of topological defects
As is known, the basic allotropic forms of carbon, i.e.,
diamond, graphite, fullerenes, and nanotubes, are typical
diamagnets [33, 157] (Table 3). At present, investigations of
the possibility of the appearance of paramagnetic or ferro-
magnetic properties in carbon nanotubes (see reviews [141,
142, 146, 151, 168 ± 186] for the problems of their synthesis,
classification, and properties) are being developed in parallel
with the study of similar phenomena for other (condensed,
filmlike, and nanostructured) forms of carbon, in which the
appearance of para-, ferro-, ferri-, or antiferromagnetism can
be expected for three basic cases: (1) specially created `purely
carbon' structures; (2) carbon structures with lattice vacan-
cies; and (3) carbon structures with impurities of sp atoms
(B, N, Al).

Thus, the appearance of ferromagnetism was expected to
be possible [187, 188] in an artificially created monoclinic
structure [so-called intermediate graphite ± diamond (IGD)]
with equal numbers of alternating carbon atoms with sp2 and
sp3 configurations. An indirect confirmation of the validity of
this model is the recent experimental detection [189] of
paramagnetism (and, in some samples at T < 90 K, of even
ferromagnetism with a narrow hysteresis) in so-called
nanofoamÐa specific low-density carbon material obtained
by laser ablation of glasslike carbon. The authors of
Refs [189, 190] relate the nature of magnetism in such
materials to the presence of hyperbolic schwarzite-like
carbon sheets and the combination of nonequivalent electro-
nic configurations of carbon: sp2 and sp3. We note that the
unique ability of carbon to assume various `mixed' electronic
configurations (sp3/sp2/sp) apart from the `classical' config-
urations sp3 (diamond), sp2 (graphite), and sp (carbene)
leads to the existence of a rich collection of allotropic
forms of carbon (see reviews [191 ± 194]). For example,
besides graphite, there are also known quasi-two-dimen-
sional sp2 allotropic forms such as the so-called pentahep-
tides, haeckelites, graphynes, graphdienes, etc. [194], which,
obviously, can also be considered promising systems for the
search for magnetic carbon materials. Most of these
substances [194] are located in the configuration phase
diagram of carbon [191] in the region between the angles
corresponding to the sp2 and sp3 configurations.

One structure that is transitional from the condensed
forms of carbon to nanotubes and can conveniently be used
to illustrate the basic mechanisms of the appearance of
magnetism in CNTs is two-dimensional graphite, i.e.,
graphene, which has become in the focus of attention
recently in connection with its possible application in carbon
spintronics as a material for spin valves, spin filters, etc. (see
[195 ± 200]). These prospects of applying graphenes are
determined [197] by the special features of its bands of
electron (p) and hole (p �) states, which in the near-Fermi

region have a cone-shaped topology and are in contact at the
Dirac point (Fig. 16). Under the action of various factors
(e.g., a local `buckling' of the graphene sheet, the presence of
structural vacancies, edge effects, impurity centers, etc.),
perturbation of these energy bands leads to the appearance
of localized near-Fermi states. This situation is shown in
Fig. 17, which displays the energy bands of graphene obtained
via computer simulation of its breaks, with the formation of
edge structures of the `armchair' and `zigzag' types [201]. As a
result, the spectrum of the graphene sheet contains a quasi-
planar near-Fermi p(pz) band localized at the atoms that form
the zigzag edge of the sheet. The spin splitting of this band
leads to the appearance of local magneticmoments at the edge
atoms of the carbon sheet responsible for its paramagnetism
[201, 202]. On the contrary, in the case of a graphene sheet
with edges of the armchair type, no such band is formed. A
similar picture appears in graphene in the case of the
formation of structural vacancies [203]. The para- or

Table 3. Magnetic susceptibility w of the main allotropic forms of carbon
[167].

Allotropic
form

Diamond Graphite Nanotubes Fullerene C60

w,
10ÿ9 m3 kgÿ1

ÿ5.6 ÿ5.0
.
ÿ375 ÿ215

.
ÿ652 ÿ4.4

Note. Data with a slash indicate values of w across and along the

crystallographic axis c.

Holes

Electrons

K 0

G

K

Figure 16. Topology of electron (p) and hole (p �) bands of graphene [197].
K, K 0, and G are points in the Brillouin zone.

Zigzag)

k
pÿp

0

ÿ1

1

2

0

E, eV

p
k

0

E, eV

2

1

0

ÿ1

Armchair

Figure 17. Energy bands of graphene for `breaks' of the armchair and

zigzag types [201]. k is the magnitude of the wave vector.

October, 2007 Magnetic effects induced by sp impurities and defects in nonmagnetic sp materials 1045



ferromagnetic state of graphene can be achieved via its
electron or hole doping [203 ± 206]. In Ref. [204], a mechan-
ism of stabilization of the FMphase of doped graphene due to
the exchange interaction of Dirac fermions was suggested.

In many respects, similar magnetic phenomena are
observed in carbon nanotubesÐquasi-one-dimensional
extended nanostructures whose walls are formed by gra-
phene sheets rolled up into seamless cylinders. The basic
factors responsible for differences in these phenomena
between graphene and nanotubes are connected with the
strong dependence of the band spectrum of nanotubes on
their diameter and chirality (see [33, 141, 142, 168 ± 173, 186]).

It has been established that magnetism in a CNT can be
due to `broken' bonds around the defects (atomic vacancies
on their walls) [207 ± 209] or some states of the topological
defects of the CNT walls, e.g., their regions with a negative
curvature [210]. A review of the magnetic properties of CNTs
with wall defects is given in Ref. [211]. In particular, it has
been noted that for metal-like CNTs with vacancies, the
ordering of magnetic moments should be of a predominantly
ferromagnetic nature, and for semiconductor-like CNTs,
antiferromagnetic. The important factors for controlling the
magnetic properties of CNTs with wall defects are their
chirality and the configuration and concentration of vacan-
cies.

The formation of magnetic moments was fixed at atoms
near the `cuts' of open nanotubes [212 ± 215]; the type of spin
ordering in the rings of magnetic atoms in the tube slices
depends on their radius, length, and slice type (armchair or
zigzag) [216].

The induced magnetization of CNTs can arise due to the
adsorption of various atoms on their external walls. Thus, a
carbon atom located in the CNT wall can acquire a magnetic
moment of about 1 mB upon adsorption of a hydrogen [217,
218] or nitrogen [219] atom. In Ref. [220], the co-existence of
ferromagnetism with orbital and spin magnetism of conduc-
tion electrons has been revealed in experiments on the
measurements of the magnetization of CNTs doped with
boron.

As the basic mechanism of magnetization of CNTs, the
authors of [33, 221 ± 224] considered the local disturbance of
the upper occupied p bands of the nanotube by a defect
(impurity) and the formation of planar near-Fermi bands
with a small dispersion, whose spin splittings lead to the
formation of new local spin states near EF and magnetic
moments of atoms near the defects.

In Refs [225, 226], the authors discussed a special case of
the appearance of magnetism in the so-called `self-doped'
systemsÐ `purely carbon' structures on the basis of CNTs
containing additional carbon atoms (or various groups of C
atoms) adsorbed on the external walls or introduced into the
internal cavity of the tubes. Such materials are also known as
carbon ± carbon composites. The general origin of paramag-
netism [225] or ferromagnetism [226] in these systems can be
the presence of nonequivalent sp2 and sp3 electron configura-
tions of carbon in them.

The appearance of magnetization in CNTs upon their
contact with magnetic materials has also been noted; this so-
called `contact magnetism' [227] manifests itself in the
magnetization of CNTs on the surface of cobalt or magne-
tite. According to the estimates in [227], the spin transfer in
the region of the interface between the tube and the magnet
reaches approximately 0.1 mB per carbon atom contacting the
substrate.

3.2 Magnetic nanomaterials based on boron nitride
and aluminum nitride nanotubes doped with sp elements
In Section 2, wementioned the possibility of magnetization of
hexagonal boron nitride (h-BN) in the presence of a
substitutional impurity of carbon. An extremely attractive
feature of the tubular forms of h-BN (BN nanotubes) is their
stable dielectric properties, i.e., a weak dependence of the
band gap (4 ± 5 eV) on the diameter of tubes and atomic
structure of their walls (chirality), which, in combination with
the high chemical inertness and high thermomechanical
characteristics, substantially broadens the potential fields of
application of BN nanotubes [228 ± 236].

The possibility of the appearance of magnetic moments in
tubular C/BN heterostructures was first noted in 2003 [237] in
studying itinerant-electron states for the different variants of
the atomic structure of synthesized boron ± carbon ± nitrogen
nanotubes [238 ± 240]. It was found that in the forbidden gap
of the system, there are formed quasi-planar bands genetically
related to states in the region of the contact of the carbon and
boron ± nitrogen segments of the nanostructures (Fig. 18),
whose spin polarization leads to the formation of atomic
magnetic moments. The net magnetic moment of the unit cell
of the C/BN heterostructure depicted in Fig. 18 is approxi-
mately 1.7 mB. It is interesting that the maximum magnetic
moments are characteristic of carbon atoms participating in
C ±B bonds, whereas the minimum magnetic moments are
characteristic of carbon atoms bound with nitrogen. It is
assumed that the creation of quasi-one-dimensional ferro-
magnetic nanomaterials can be achieved by an artificial
`assembling' of C/BN heterostructures with a periodic
alternation of C/BN segments.

Investigations of the magnetization of B/C/N nanotubes
were continued in [241, 242]. It was established that the
substitution of a single atom of nitrogen or boron in a BN
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tube by a carbon atom leads to the appearance (due to the
spin splitting of C2p orbitals) of a magnetic moment of about
1 mB (per unit cell) [241]. In other words, the magnetization of
a carbon atom in a BN nanotube is independent of the type of
the substituted atom. The carbon atoms that enter the
composition of a BN nanotube pass into the spin-polarized
state only if they do not form direct C ±C bonds but are in an
isolated state, i.e., enter the composition of the atomic
`clusters' CB3 or CN3 in the tube walls [242]. According to
[242], these groups, called `spin polarizers,' are responsible for
the magnetic properties of B/C/N nanotubes.

A simple method of controlling the magnetization of
carbon-doped BN tubes (BN:C nanotubes) was suggested in
[243]. The authors examined the process of hydrogen
adsorption on these tubes and found that it has a selective
nature; because the energy of binding betweenH andC atoms
incorporated into the BN-nanotube wall is higher than the
energy of H ±B orH±N bonds and because no energy barrier
is present for the adsorption of hydrogen at C centers, the H
atoms are primarily adsorbed at the C centers of the BN:C
nanotube. Furthermore, the binding of an H atom with the C
center leads to the destruction of its magnetic state. Thus,
during a dosed hydrogenation of magnetic BN:C nanotubes,
the possibility appears of directionally changing the number
of `free' magnetic C centers, i.e., of controlling the total
magnetization of such tubes.

An analysis of states of a BN nanotube with isolated
atoms of impurity silicon that substitute for B orN atoms (SiB
and SiN) in the walls of a BN nanotube of the armchair type,
i.e., with the chirality indices (n, n), showed [244] that the SiB
and SiN atoms suffer radial displacements `outward' (up to
0.1 ± 1.0 A

�
) from the tube wall with the formation of

tetrahedral configurations SiBN3 and SiNB3. The energies
of substitution are positive and are quite significant (about
4 eV for SiB and 8 eV for SiN), and therefore the `substituted'
BN:Si nanotubes are metastable. With both types of substitu-
tion, the impurity becomes magnetic (the magnetic moment
of Si is � 1 mB); the nature of the effect is explained [244] as a
result of the introduction into the system of an additional p
electron (of an unpaired spin state) by each impurity atom.
The spin states of Si are located inside the forbidden gap
(whose width is about 4.4 eV) of the BN tube; the correspond-
ing bands have small k dispersion, i.e., they are highly
localized. As a result, the magnetic state of the BN:Si
nanotube arises as a result of splitting of the filled Si3p"
band and the vacant Si3p# band.

However, the calculations for a BN:Si tube of the zigzag
type (n, 0) led the authors of Ref. [245] to the conclusion that
the exchange splitting of spin states occurs only with one type
of substitution, namely, when an SiN center is formed, where
silicon plays the role of an electron acceptor, whereas the SiB
impurity (electron donor) generates a single occupied band
located in the forbidden band of the tube approximately
1:6 eV above the top of the valence band. No experimental
confirmation of the assumptions made in [244, 245] has thus
far been obtained.

Magnetic effects similar to those supposed in Refs [244,
245] can be expected in recently synthesized nanocomposites,
so-called nanocables SiC@BN [246], which consist of
nanowires of silicon carbide sheathed by hexagonal boron
nitride with a partial diffusion of silicon (or carbon) atoms
from the wire into the BN sheath.

We note the possibility of the appearance of magnetic
effects in `pure' BN nanotubes related to the so-called `edge

effects' at the ends of open nanotubes, similarly to how this
occurs in the above-considered case of the slices of carbon
tubes. These slices can be considered a special type of
structural defects in NTs. The authors of [247] studied a set
of BN tubes of different chiralities, which had a finite length
and different possible types of the end `slice,' namely, polar
[the atomic ring of the tube slice is formed by atoms of boron
or nitrogen in the case of chiral (n,m) or zigzag (n, 0) tubes] or
nonpolar [the slice is formed by atoms of boron and nitrogen
in comparable quantities (B/N � 1), which is realized for BN
tubes of the armchair type]. Tubes of the last type remain
nonmagnetic. For polar slices, each end atom of boron (or
nitrogen) has an unpaired electron due to the presence of
`broken' bonds. But in the case of boron atoms, these broken
bonds in the process of structural relaxation become closed
between the pairs of adjacent boron atoms, thus forming B2

dimers at the end of the tube. These tubes, depending on the
number (even or odd) of boron atoms in the slice, can be
nonmagnetic (all boron atoms form dimers) or magnetic, in
which case the `remaining' unpaired boron atom acquires a
magnetic moment of approximately 1 mB. By contrast, in the
case of nitrogen atoms, the repulsive interactions between
their pz orbitals prevent the appearance of new N±N bonds.
A detailed analysis [247] of the magnetic states of open BN
nanotubes revealed a clear dependence between their chiral
indices n,m and the value of themagneticmoment localized at
the end atoms of the tube. For example, for a polar slice of the
N type, the magnetic momentM of the tube (measured in mB)
is related to its chiral indices asM � nÿm. We note that the
magnetic characteristics of the ends of BN tubes can be
regulated by adsorbing hydrogen atoms at the slice; the
appearance of B ±H and N±H bonds causes the transition
of the end atoms of boron and carbon into a nonmagnetic
state, as in the above-mentioned case of magnetic BN:C
nanotubes. A fine `tuning' of the magnetic state of the open
end of a BN tube can be performed by means of an additional
introduction of carbon atoms C into the tube wall, i.e., as a
result of the interaction of magnetic moments that appear on
C centers with the magnetic moments of the end atoms of the
BN tube.

One of the interesting consequences of the effect revealed
can be the use of open BN tubes with `magnetic slices' as
efficient emitters of spin-polarized electrons, for example, as
tips in magnetic microscopy or in magnetic exchange force
microscopy (MExFM).

Obviously, an analogous effect of the magnetization of
the ends of open nanotubes (or groups of atoms of the `butt
ends' of monolithic nanofibers) can be expected for nano-
structures of other III ±V semiconductors, for example, AlN
or GaN. It is important that the methods of obtaining these
nanomaterials have already been developed to a sufficiently
good level (e.g., see [248, 252]).

In synthesizing the above-mentionedAlNNTs (30 ± 80nm
in diameter) [250 ± 252], it was revealed that their walls can
contain diverse defects under different experimental condi-
tions, the most common defects being the atomic vacancies
and impurities of carbon and oxygen. The authors of
Ref. [253] investigated the electronic and magnetic properties
of AlN nanotubes of the zigzag (10, 0) type (taken as an
example) in the framework of the DFT model (code DMol3)
in the presence of defects such as vacancies (VN, VAl), so-
called `antisite defects' (atoms of nitrogen or aluminum
placed in `wrong' positions, i.e., AlN and NAl), and substitu-
tional impurities (carbon and oxygen in Al and N positions,
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i.e., CAl, CN, OAl, and ON). It has been established that the
most drastic effect on the properties of AlN nanotubes (wide-
bandgap semiconductors with the bandgap about 3 eV) is
exerted by vacancies; in the presence of vacancies, local
segments of the AlN-tube walls near a defect acquire notice-
able magnetic moments (about 3 mB for VAl and 1 mB for VN);
in this case, the total spectrum of the AlN:VN tube is
characteristic of a half-metallic magnet and the spectrum of
the AlN:VAl tube of a magnetic semiconductor with the
bandgap � 0:7 eV. A spin polarization of states is also
noted when some substitutional defects, such as CN and OAl,
are present in the tubes. All the above-mentioned defects
create quasi-planar bands near EF in the forbidden gap of
`pure' AlN nanotubes, which provides conditions for their
spin splitting and also determines the localization of the
magnetic moment at the defect and its nearest-neighbor
environment. We note that a metallic type of conductivity of
AlN tubes twisted into a spiral was observed recently with the
aid of scanning tunnelingmicroscopy (STM) [254], which was
attributed [253] to the presence of the above-mentioned
atomic defects VAl, CAl, and ON in their composition.

3.3 Impurities and magnetic properties of MgO nanotubes
Together with the above-mentioned nanotubes of carbon,
h-BN, and other III ±V nitrides, a large number of various
nanotubes of oxides of d- and sp-metals have been success-
fully obtained recently [146, 255]. Recalling the above-
mentioned possibility of the appearance of magnetization in
crystalline nonmagnetic sp oxides containing sp impurities or
lattice defects, and also the experimental evidence for the
existence of ferromagnetism in nanoparticles of some sp
oxides [50 ± 56], it can be supposed that similar phenomena
can occur in oxide nanotubes.

The possibility of the appearance of impurity-induced
magnetism in oxide nanotubes was first discussed inRef. [256]
in the example of nanotubes of carbon-doped magnesium
monoxide MgO. We note that these MgO nanotubes are
multilayered, have characteristic `faceted' walls, and are
polygonal in cross section [257, 258]. The model of a three-
layer tube with a square cross section has been examined; an
analysis (calculations with the aid of the SIESTA program
packet) was carried out for the nonequivalent positions of
substitutional oxygen atoms in the tube wall with a single
carbon atom having different coordination numbers (CN=6,
5, and 4, see Fig. 19). In all the cases, a spin polarization of the
system was revealed, whose magnetic state proved to be 0.8 ±
0.9 eV energetically more advantageous than the nonmag-
netic state.

This effect is related to the spin splitting of the impurity
C2p band located in the lower part of the forbidden band of
the MgO nanotube. In this case, the C2p" band is fully filled
and separated from the highest nonbonding O2p states by a
forbidden band, whereas the 2p# band is occupied only partly
(see Fig. 19). As a result, the impurity atoms acquire an
uncompensated magnetic moment (see the map of the
differential spin density of Dr � r# ÿ r" in Fig. 20), and the
spectrum of the MgO:C tube acquires a typical half-metallic
form. The spin polarization of the Mg and O states adjacent
to the impurity atoms is insignificant; the induced magnetic
moments of the Mg and O atoms nearest to the impurity do
not exceed 0.002 and 0.025 mB, respectively. It is interesting
that the values of the magnetic moments of the impurity and
the shape of the spectrum of the MgO:C nanotube depend

substantially on the position of the carbon atom in the tube
wall. Thus, the maximum magnetic moment (� 1:82 mB) is
characteristic of the carbon atom with a minimum coordina-
tion number CN=4, which is located at the edge of the tube;
the minimum magnetic moments (� 1:56 mB) are typical of
carbon atoms with an octahedral coordination. The decrease
in the CN by unity leads to an increase in the magnetic
moment of the impurity by � 0:13 mB; the corresponding
changes in the spin densities of states are shown in Fig. 19.

In conclusion, we note that similar effects can also occur
in other synthesized quasi-one-dimensional nanostructures
doped with sp impurities (both hollow, such as nanotubes,
and monolithic, such as so-called nanorods), namely, in
nonmagnetic oxides such as the monoxide ZnO or dioxides
MO2, where M � Si, Sn, Ge, Pb, Ti, etc. Moreover, similar
phenomena can be expected in the interface regions in
composite nanostructures, such as CNTs coated with
nanolayers of various oxides, e.g., AlOx and ZnOx [259].
Naturally, the verification of this assumption in each specific
case requires a separate study.
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4. Conclusions

In this article, we attempted to generalize information on the
magnetization of nonmagnetic sp crystals and nanostructures
under the effect of their doping with nonmagnetic impurities
or in the presence of structural vacancies. This phenomenon
was discovered and became the subject of systematic experi-
ments relatively recently.

The first predictions concerning the appearance of spin
magnetic moments in CaO due to the introduction of atoms
of carbon, boron, and nitrogen into its lattice were made in
2004 [82, 83]. The possibility of the magnetization of BN:C
nanotubes was first noted in 2003 [237]; in the same year,
works on a detailed study of magnetism of carbon nanotubes
(CNTs) with defects in their walls began [198 ± 200]. Although
isolated works concerning the possible role of lattice
vacancies in the magnetization of nonmagnetic phases
appeared as long ago as 1970 ± 1980 [108, 109, 111 ± 113],
systematic studies of this phenomenon [110, 114] began only
in 2002 ± 2005. Nevertheless, numerous theoretical and
experimental data on the possible appearance of impurity-
or vacancy-induced magnetic moments are already obtained
presently for a broad class of nonmagnetic insulators. Among
them, there are compounds such as cubic oxides of alkaline-
earth metals, SiO2, wurtzite-like monoxides BeO and ZnO,
d0-dioxides of Ti, Zr, and Hf, nitrides AlN and BN, a number
of metal borides, and K2S. For some of these materials,
theoretical estimations of the possible appearance of mag-
netic structures in them have been performed.

To summarize the preliminary results of the investigations
conducted, we note that the appearance of magnetism can be
expected in a nonmagnetic matrix upon doping with non-
magnetic sp impurities or its passage into the state of a
magnetic semiconductor or a half-metallic magnet for a
broad class of related systems, ionic insulators or semicon-
ductors. These may be, e.g., oxides, chlorides, or fluorides of
alkali or alkaline-earth metals with an ionic type of inter-
atomic bonding. Table 4 lists the best known oxide materi-
alsÐ the so-called `functional' oxides [260]Ð for which the
appearance of spin magnetic moments in the presence of sp
dopants (or lattice vacancies) has been discovered or can be
expected. The dopants themselves must be chosen such that
the orbital energies of their p states are above the energy of the
p band of oxygen (or chlorine, fluorine) in the matrix, such

that these states are localized in the forbidden band of the
initial crystal and conditions for their spontaneous spin
polarization are thereby created. The values of the orbital
energies can serve as guiding values for this choice, which are,
e.g., e2p � ÿ8:4293 eV for the 2p orbital of boron,
ÿ11:7885 eV for carbon, and ÿ15:4387 eV for nitrogen,
whereas for oxygen, which forms the valence band of the
oxide matrix, e2p � ÿ17:1877 eV [261].

No general theory of magnetic phenomena in these
materials has been developed so far. As a rule, the observed
effects in each specific case are explained on the basis of
qualitative models using known ideas, such as the Stoner
model, the Hubbard model, or the Zener theory of double
exchange. It is important to note that very successful tools for
predicting the behavior of these materials and numerically
estimating the parameters of their magnetic spectrum are
provided by the modern computational methods of the band
theory, the so-called `first-principle design' [11] of new sp
magnetic materials.

From the practical standpoint, the basic motivation of the
above-discussed works is searching for new efficient dilute
ferromagnetic semiconductors (DFSs) as materials for spin-
tronics that would most fully satisfy operating requirements.
We note that these problems are far from being solved
presently. It is obvious that the basic obstacle for obtaining
the desired materials (for example, on the basis of ionic sp
oxides) is the thermodynamic factor, which determines the
small solubility of impurities in such crystals (and the narrow
field of nonstoichiometry in the cationic and anionic sub-
lattices). This prevents (under usual equilibrium conditions)
reaching the necessary concentration of impurity atoms
(vacancies) required for the interaction of spin magnetic
moments induced by these defects, i.e., the organization of
magnetic order in the system.

Mg

C

Mg

Mg

O

Figure 20. Map of the differential spin density Dr � r# ÿ r" in the cross

section of an MgO nanotube with a carbon impurity [256].

Table 4. Best known `functional' oxides as possible matrices for obtaining
magnetic materials using doping with nontransition sp elements or lattice
defects [260].

Oxide *
Forbidden-band width, eV

Experiment Theory**

MgO
SiO2

Al2O3

ZnO
CdO
SnO2

HfO2 (cub)
ZrO2 (cub)
ZrSiO4

La2O3

LaAlO3

SrTiO3

PbTiO3

SrZrO3

SrCu2O2

CuO2

CuAlO2

CuGaO2

CuInO2

Ga2O3

7.8
9.0
88
3.4
2.6
3.6
6.0
5.8
7.0
6.2
5.7
3.2
3.4
5.5
3.3
2.2
3.5
3.6
3.9
4.7

7.7
9.2
9.3
4.1
2.9
4.5
6.1
6.0
7.0
6.9
6.7
3.2
2.0
6.1
4.1
2.3
4.2
3.5
2.9
4.4

* The oxides in boldface are those for which the magnetic behavior in
the presence of suitable sp dopants or lattice vacancies has been
predicted.
** Estimates of the electron density in the average weighted approxima-
tion [260].
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Nevertheless, some hopes for obtaining sp ferromagnetic
materials are related [49 ± 56] to the passage into the region of
the nanostructured state of matter, where it is possible to
reach a much greater degree of deviation from the `stoichio-
metry' (and, thus, to strongly increase the effect of magnetiza-
tion of structurally or chemically imperfect nanomaterials)
compared to that observed in the corresponding crystals. In
this respect, a very promising material for the `matrices' for
creating new sp magnets can be various inorganic nanotubes,
for which the problems of synthesis have already been
successfully solved. Work in this direction is rapidly develop-
ing at present.
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