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Abstract. In the first part of this article a review of relevant papers dealing with the magnetic
properties of nickel doped titanium dioxide is presented. Each paper is shortly described, includ-
ing information about sample preparation method, used magnetic detection techniques, and the
main results from the investigated materials. A short summary of the reviewed papers is pre-
sented and the main ideas relevant to the room temperature ferromagnetism (RTFM) observed
in many samples of Ni:TiO

2
 are discussed and possible mechanisms of RTFM are formulated.

In the second part, the investigations of nickel and nitrogen co-modified titanium dioxide
nanocomposites, nNi,N-TiO

2
 (where n = 1, 5, and 10 wt.% of Ni), by dc magnetisation measure-

ments in 2-300K range and in external magnetic field up to H=7 T, are presented. Complex
magnetic behavior of the studied nanocomposites has been revealed. The samples showed
weak ferromagnetism with Curie temperature above room temperature. No superparamagnetic
behavior was registered in the studied temperature range. Comparison of the obtained mag-
netic parameters (saturation magnetisation, remanent magnetisation and coercive field) of nNi,N-
TiO

2
 with previously studied similar nanocomposites, nFe,N-TiO

2
 and nCo,N-TiO

2
, is presented

and the conclusions about the nature of their ferromagnetism are drawn. Small value of Ni
magnetic moment indicate that RTFM in nNi,N-TiO

2
 nanocomposites originate mostly from me-

tallic nickel nanoparticles.

1. INTRODUCTION

Titanium dioxide (TiO
2
) is the most widely used semi-

conductor-based heterogeneous photocatalyst. This
material is nontoxic, cheap, resistant to photo-cor-
rosion, and has a high oxidative power. It permits
the sunlight to be used for the destruction of toxic
pollutants, allows selective redox transformations
in certain organic compounds, is used in produc-
tion of hydrogen, and is applied in the conversion of
solar energy to electric power [1-4]. One important
disadvantage of this material for photocatalysis is
its wide band gap (above 3 eV) that prevents an
effective absorption of the visible part of the solar
radiation. To remedy this drawback TiO

2
 was doped

with both transition metal (e.g. Fe, Co, Ni, Cr, Cu,
V) and non-metal (e.g. N, S, C, B) impurities [5].
On one hand doping had decreased the
photothreshold energy for TiO

2
 but on the other hand

it also reduced its overall activity through introduc-
tion of recombination centres for electrons and holes.
Doping also brought one unexpected result as their
magnetic properties are concerned – TiO

2
 showed

ferromagnetism (FM) at room temperature (RT).
The first report on room temperature ferromag-

netism (RTFM) in TiO
2
 thin films was published in

2001 [6]. Since the discovery of Matsumoto et al.,
a lot of research has been carried out on RTMF in
TiO

2 
samples having different forms (thin films,

nanopowders, nanocrystals, nanorods, etc.). The
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main reason of such an enormous interest followed
from the potential wide applications of these mate-
rials in microelectronic devices based on the spin
degree of freedom of an electron (spintronics). Ear-
lier theoretical works indicated that the introduction
of Mn into GaN, GaP as well as ZnO and other ox-
ide materials could produce RTFM [7]. The proposed
model, called the free carrier mediated exchange
model, explained the FM by the exchange interac-
tion between carriers and the localized spins i.e.
the magnetic property was mediated by the charge
carriers of the materials. Unfortunately, this model
can be applied only to materials having high hole
concentrations and thus is not suitable for low car-
rier concentrations. The double exchange mecha-
nism model is more suitable in that case [8]. It puts
forward the idea that magnetic ions in different charge
states couple with each other by virtual hopping of
an extra electron from one ion to the other. In effect,
the 3d electron in the partially occupied 3d orbitals
of the metal ion is allowed to hop to the 3d orbitals
of the neighbouring metal ion, provided that they
have parallel magnetic moments [9]. In yet another
model proposed by Coey et al. the FM exchange is
mediated by shallow donor electrons that form bound
magnetic polarons (BMP), which in turn overlap to
create a spin split impurity band. Magnetic ions in
different charge states are coupled by virtual hop-
ping of the ‘extra’ e]ectron from one ion to the other
[10]. Since that time many papers have been de-
voted to the subject of the so-called diluted mag-
netic semiconductors (DMS) in which non-magnetic
semiconductors are doped with magnetic atoms [11].
Typical DMS oxides are ZnO, In

2
O

3
, TiO

2
, SnO

2
,

CuO, and HfO
2
 [12]. The subject of DMS is still very

controversial. Numerous reports have ascribed the
RTFM to intrinsic causes, while a large number of
others attributed these RT magnetic effects exclu-
sively to impurities. Thus the observed RTFM phe-
nomenon in insulating samples is still a challenge
both for experimentalists and materials science theo-
rists.

The reason for the broad interest in DMS lies in
their potential applications in spin electronics
(spintronics). It is expected that DMS will be the
future solution to downsize the current microelec-
tronic devices into the size of even nanometers
[13,14]. DMS materials offer the control of charge
carrier spin to carry information and they can be
used in such devices as e.g. spin valves, spin tran-
sistors and spin light emitting diodes (LEDs). A spin
valve is a device which utilizes the giant magneto-
resistive effect, it functions by alternating its electri-
cal resistance depending on the alignment of the

magnetic layers. The device can be made highly
resistive or highly conductive depending on the di-
rection of the applied magnetic field in the conduct-
ing layers. Spin transistors are similar to typical
metallic semiconductor transistors, and may func-
tion as switches or amplifiers, or for data storage. A
spin transistor is a device which uses the fact that
electrons exist in one of two spin states, spin up or
spin down. The electrons are set in a particular spin
state to store information, for example spin up and
spin down being analogous to a 1 and a 0 in binary
numbering. A LED functions similar as typical semi-
conductor-based LED, with the additional advantage
of controlling the spin state. LEDs function by in-
jection of a charge carrier, usually an electron, from
a ferromagnet into a semiconductor layer where it
combines with a hole supplied by the substrate,
resulting in the emission of light. The emitted light
will then have a polarization depending on the spin-
polarization of the charge carriers involved in the
recombination. Although a lot of important discover-
ies concerning useful properties of DMS in applica-
tions in spintronic devices have been published,
there is still need for further investigations with vari-
ety of characterisation techniques, especially includ-
ing measuring the number and type of free carriers.
This will clarify the nature of the FM phenomenon in
these very interesting materials and make it con-
trollable so that it can be more easily incorporated
into device structures.

In this article a review of papers devoted to the
magnetic investigation of Ni doped TiO

2
 will be pre-

sented first, followed by the description of a new
magnetic results concerning nickel and nitrogen co-
modified titanium dioxide nanocomposites (nNi,N-
TiO

2
). The obtained magnetic characteristics for

Ni,N-TiO
2
 nanocomposites with different concentra-

tions of nickel dopant (n=1, 5, and 10 wt.%) will be
compared with previously acquired similar data for
nFe,N-TiO

2
 and nCo,N-TiO

2
 nanocomposites and

conclusions will be drawn on their magnetic struc-
ture and magnetic interactions in these systems.

2. REVIEW OF MAGNETIC
INVESTIGATIONS OF NICKEL
DOPED TITANIUM DIOXIDE

In Table 1, the relevant information on the published
papers that deal with magnetic characterization of
nickel doped titanium dioxide, is presented [15-42].
Three important features of the presented papers
(column 1) are selected and described: sample
preparation method and the obtained sample struc-
tural properties (column 2), the used magnetic de-



409Magnetic properties of nickel doped titanium dioxide: a case of Ni,N-TiO
2
 nanocomposites

Table 1. Review of papers devoted to magnetic characterisation of nickel doped TiO
2
.

The fo]]owing abbreviations are used: FM – ferromagnetic, ferromagnetism; RTFM – room temperature
ferromagnetism; PM – paramagnetic, paramagnetism; SPM – superparamagnetic, superparamagnetism;
H

c
– the coercive fie]d; M

s
 – saturation magnetisation; T

b
 –the b]ocking temperature; NP – nanopartic]e; OV

– oxygen vacancy; EPR – e]ectron paramagnetic resonance; FMR – ferromagnetic resonance; ZFC – zero
fie]d coo]ing; FC – fie]d coo]ing.

Ref.

15

16

17

18

19

20

21

22

23

Samplepre paration method and
structural properties

Thin films grown by the laser ab-
lation on LaAlO

3
 and SrTiO

3
 sub-

strates
Magnetic Ni NP (3-18 nm) embed-
ded in TiO

2
 single crystals syn-

thesized by ion implantation
Thin films grown by a pulsed la-
ser deposition technique on
LaAlO

3
, SrTiO

3
 and silicon sub-

strates, 4.3% of Ni
Single crystals of TiO

2
 rutile im-

planted with high fluence of Ni ions

Ni nanocrysta]s with 3–20 nm in
dimensions embedded in TiO

2

rutile matrix synthesized by ion
beam implantation

Single crystals of TiO
2
 rutile doped

with Ni (0.41%) in form of elon-
gated needles grown with the flux
method
Single crystals of Ti

1–x
Ni

x
O

2
 (x =

0.0008) with rutile structure grown
by floating zone method

Thin films grown by sol-gel method
deposited on Al

2
O

3
, nickel concen-

trations up to 9 at.%

Thin films epitaxially grown by re-
active magnetron sputtering on
SiO

2
 substrates

Detection method

 SQUID magnetom-
etry

 SQUID magnetom-
etry; M(H), M(T) in FC/
ZFC modes

SQUID magnetom-
etry; M(H), M(T)
 Magnetic force mi-

croscopy at RT
 SQUID magnetom-

etry; M(H), M(T)

 SQUID magnetom-
etry; M(H), M(T)

 SQUID dc magne-
tometry; M(T), M(H) at
RT

 SQUID magnetom-
etry M(H), M(T)

 Vibrating sample
magnetometry
 SQUID magnetom-

etry

 Vibrating sample
magnetometry
 Magnetic force mi-

croscopy

Main conclusions about magnetic
properties

 FM is not due to Ni segregations
but due to Ni:TiO

2
 matrices

H
c
 of Ni NPs was about 210 Oe at

10 K
T

b
 was about 85K

 RTFM does not stem from any kind
of dopant clusters
 Magnetic moment strongly depends

on growth temperature
 ZFC magnetisation displays SPM

behaviour with T
b
= 50K

 Nanometric sizes of Ni metallic
clusters
 SPM Ni NPs with T

b
= 85K

H
c
 of Ni NPs was about 210 Oe at

10K
 The mean-magnetic moment per

MP calculated from Langevin fitting
was 11064 

B

 Superposition of FM and PM
behaviour observed at RT
 Only a small fraction of ions is in-

volved in FM ordering at RT
 FM can be observed in crystals

grown in a pure nitrogen gas, while
only weak PM can be found even at
4K in crystals grown in a pure oxy-
gen gas
 Inhomogeneous model of magne-

tism that assumes FM domains im-
bedded in PM matrix
 A higher Ms [m

B
/Ni] is obtained for

a lower dopant concentration (x<6
at.%)
 Metallic clusters form for x>6 at.%
 RTFM involves localized (by OV)

electrons
 Thin films show FM at RT
 Magnetic moment per Ni increases

with Ni concentration up to 8%
 Magnetic domains are homoge-

neous, have regular shapes
 FM originate from doped matrix and

OVs play important role
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24

25

26

27

28

29

30

31

32

33

TiO
2
 with 5 at.% Ni obtained by

thermal treatment

Needle-shaped rutile crystals
(Ni<0.5%) grown by flux method

Theoretical paper

Nanobelts with different Ni2+ con-
tents prepared by combining ion
exchange with hydrothermal treat-
ment
Theoretical paper: Ni doped ana-
tase TiO

2

Ni-implanted rutile single crystals
subjected to different annealing

Ni-doped (up to 10 at.%) TiO
2
 NPs

synthesized by the non-hydrous
comp]ex-po]ymer so]–ge] method

0.05 and 0.5 mol.% Ni-doped TiO
2

powders prepared by a modified
so]–ge] route

Single crystal rutile TiO
2
 with un-

intentional Ni contamination

Ni-doped TiO
2
 films deposited on

Si substrates by so]–ge] technique

 Vibrating sample
magnetometry M(H) at
RT, AC susceptibility
M(T)
 EPR
 SQUID magnetom-

etry M(T) and M(H)

 Calculations using
series of supercell
density functionals

 SQUID magnetom-
etry; M(H) loops at RT

 The calculations per-
formed with the local
spin density approxi-
mation based on den-
sity functional theory
 SQUID magnetom-

etry; M(T) in ZFC/FC
modes and M(H) loops

 SQUID magnetom-
etry; M(T) in ZFC/FC
modes and M(H) loops

 Vibrating sample
magnetometer; M(H)
at RT
 Magnetic force mi-

croscopy

 SQUID magnetom-
etry; M(H) loops

 Vibrating sample
magnetometry at RT,
M(H) loops

 FM due to unreacted Ni atoms
 Magnetic moment (0.67 

B
/Ni) lower

than in thin films

 No EPR signal from Ni
 Prevailing PM response with a weak

FM contribution
 RTFM is connected with non-

homogenously diluted Ni in TiO
2
 ma-

trix together with free charges related
to oxygen sub-stoichiometry.
 OVs plays a key role of FM in Ni-

doped TiO
2
, and the magnetic origin

is of Ni3+ ion
 A vacancy-mediated direct-ex-

change mechanism is proposed
 Dominating PM response with a

weak FM contribution at RT

 Electronic structure calculated
 PM ground state for nickel doped

anatase

 FM is due mostly to metallic nickel
nanocrystals
 Nanocrystalline size increased with

annealing temperature
T

b
 increased with annealing tem-

perature
 Samples mostly PM
 The presence of NiTiO

3
 with an AFM

peak at 23K
 SPM component from NiO NP (12

nm)
 0.5 mol.% Ni:TiO

2
 is PM, 0.05

mol.% Ni:TiO
2
 is FM

 FM from the spin ordering through
exchange interaction between holes
trapped in oxygen 2p orbital adjacent
to Ni

Ti
 site and its propagating influ-

ence through hole mediation
 Segregated surface layer of Ni gives

rise to the observed FM
 Under vacuum annealing Ni segre-

gates to the surface over a 50 nm
layer where the Ni concentration ex-
ceeds 10%–20% and drops with sub-
sequent air annealing
 Important role of anatase-rutile junc-

tion
 FM-PM-FM properties with Ni con-

centration increase
 F-centre bound magnetic polaron

as a possible source of FM
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34

35

36

37

38

39

40

41

42

Nanowires synthesized by
solvothermal method.

TiO
2
 films deposited on Si sub-

strates by a so]–ge] process

Nanorods (diameter 80-120 nm)
synthesized from anatase TiO

2

and Ni nitrate by one-step hydro-
thermal reaction
Ni doped (2-10%) anatase TiO

2

NPs prepared by sol-gel method
(sizes 7.3-8.3 nm)
Ni2+ (up to 1.8 at.%) doped TiO

2

NPs (15-20 nm) synthesized by
shape transformationof titania
nanotubes in the presence of Ni2+

ions, as precursors, in extended
hydrothermal treatment

Ni doped (8 wt.%) titanate
nanotubes with outer and inner di-
ameters of ten and six nm syn-
thesized via thehydrothermal
method

Ni doped (3 and 6 mol.%) TiO
2
 by

sol-gel method, NPs sizes 30-40
nm

Nickel (1, 5, 10 wt.%) and nitro-
gen co-modified TiO2prepared by
impregnation of amorphous tita-
nium dioxide

Theoretical paper; rutile
Ti

0.75
Ni

0.25
O

2

 Vibrating sample
magnetometer at RT,
M(H) loops

 Vibrating sample
magnetometer at RT,
M(H) loops

 Vibrating sample
magnetometer, M(H)
loops at RT
 EPR spectrometry
 ESR spectroscopy
 SQUID magnetom-

etry, M(H) loops at 5 K
 SQUID magnetom-

etry, M(H) loops

 Vibrating sample
magnetometer at RT
 SQUID magnetom-

etry, M(H) at 40K, M(T)

 Vibratingsample
magnetometer, M(H)
loops at RT

 EPR/FMR spectros-
copy in 4-290K range

 Density functional
theory with the plane
wave self-consistent
field method

 Surface defects such as Ti3+ and
OVs play more important role in real-
izing RTFM than Ni doping
 Undoped TiO

2
 nanowire shows

RTFM
 M

s
 increases with Ni doping (up to

5 at.%)
 Magnetisation of doped samples

decrease with increasing metal ele-
ment contents
 Magnetic properties may be related

to the influence of the anatase-rutile
transformation on the magnetic po-
larons
 FM at RT
 Ni atoms are incorporated into the

titanate lattice

 PM behaviour
 No EPR signal from nickel

 Weak FM at RT in all samples
 No metallic Ni and no clustering of

Ni
 M

s
 decreases on increasing Ni con-

tent
 The super-exchange d–d interaction

between the neighbouring atoms is
not responsible for the observed
RTFM
 OVs play a role of mediator of ex-

change interaction between magnetic
dopant atoms
 Dopant Ni atoms exist as a triva-

lent species, which interact with H+

in the nanotubes’ inter]ayers.
 Weak SPM effect is due to the in-

teracting spins with relatively larger
Ni-doped nanotubes
 FM is due to interaction of Ni3+ with
titanate’s 3d e]ectrons
 M

s
 increases with concentration

increase, but M
r
and H

c
 decrease (be-

cause of more PM NiTiO
3
)

 FM is due to the carriers exchange
coupling
 Broad FMR lines in 4-290 range and

narrow EPR lines attributed to Ti3+ on
grains’ surface
 FMR line decomposed on three

components: one from metallic Ni
clusters, two from Ni in TiO

2
 lattice

 Magnetic properties can be ex-
plained by spin polarization of d states
of Ti with dopants
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tection methods (column 3), and the main conclu-
sions concerning magnetic properties of the stud-
ied samples (column 4). As it can be read from col-
umn 2, the following sample forms of Ni:TiO

2
 were

produced: thin films [15,17,22,23,33,35], crystals
and nanocrystals [16,18-21,25,29,32], nanopowders
[24,30,31,37,38,40,41], nanobelts [27], nanowires
[34], nanorods [36], and nanotubes [39]. The con-
tent of nicke] in different samp]es varied – from neg-
ligible to up to 10 at.% (nominally, but actually prob-
ably much smaller). The methods of sample syn-
thesis were also very different, depending on the
required final form of the sample. In case of thin
films, laser ablation on different substrates, pulsed
laser deposition, sol-gel method, and epitaxy by
reactive magnetron sputtering, were applied. Crys-
tals and nanocrystals were synthesized by nickel
implantation of crystals, grown by floating zone
method, by flux method, or by using unintentional
contamination by Ni ions of TiO

2
 single crystals.

Nanopowders were mostly produced by different
variations of sol-gel and hydrothermal methods.
Nanobelts, nanowires, nanorods and nanotubes
were synthesized by ion exchange combined with
hydrothermal treatment, by solvothermal method,
and by hydrothermal reaction.

It is well known that TiO
2
 has three main poly-

morphs found in nature: rutile (tetragonal), anatase
(tetragonal), and brookite (orthorhombic). However,
only two former phases play any role in the applica-
tions of TiO

2
. The thermodynamically favourable

phase is rutile with 6 atoms in the units cell forming
a slightly deformed octahedron. Anatase TiO

2
 has

also the tetragonal crystal structure, but its octahe-
dron is more deformed in comparison to rutile phase.
After the TiO

2
 nanoparticles reach a certain size

(depending on preparation method, a crossover size
is roughly 30 nm) anatase phase transforms to rutile
structure which becomes prevailing for larger
nanoparticles. Also the heat treatment during syn-
thesis of particles plays a vital role in this phase
transformation. An anatase to rutile phase transfor-
mation undergoes usually in the range from 600-
700 °C, but it is influenced by preparation condi-
tions, impurities, precursors, oxygen vacancies,
particle sizes etc. It has been reported that this
transformation temperature is increased by dopants
such as Si, Al, and Zr, while it is decreased by ad-
dition of Co, Mn and V. Most samples listed in Table
1 has a rutile structure with exceptions of nanorods
[36] and nanopowders [37]. In Ref. [33] an impor-
tant role of the anatase-rutile junction, in creating
magnetic properties of these materials, was stressed
[33]. They noticed that with increasing concertation

of Ni, the anatase phase diminishes and for Ni con-
tent of 7 mol% only the rutile phase survives. The
anatase-rutile junction can effectively destroy mag-
netic polaron (by separating the carriers) and thus
to diminish magnetic property of Ni:TiO

2
. In addi-

tion, the higher the Ni concentration, the smaller
the number of oxygen vacancies [33].

The role of oxygen vacancies in modifying the
magnetic properties of doped TiO

2
 is not to be un-

derestimated [43]. When Ti4+ site is substituted by
Ni2+, two oxygen defects are also introduced. These
vacancies can trap carriers. As TiO

2
 shows a strong

po]aronic effect due to strong e]ectron–phonon in-
teractions, a polaronic electron will be trapped near
the vacancy and form an F-centre. The trapped elec-
tron orbital has a large radius and can overlap the d
orbitals of the neighbouring magnetic ions. Conse-
quently, a possible origin of FM in TiO

2
 doped with

magnetic ions is an F-centre bound magnetic po-
laron (BMP), which is formed by an electron trapped
in an oxygen vacancy and neighbouring magnetic
doped ions. It should be also remembered that as
oxygen vacancies can be easily generated by an-
nealing in oxygen-deficient environments, anneal-
ing temperature and annealing atmosphere can play
an important role in magnetism of these materials.
Annealing temperature has an effect on the crystal
structure of TiO

2
 (rutile or anatase) as well on an

average size of nanoparticles. Higher annealing tem-
perature can also influence the phase content of
sample, e.g. new phases involving doped ions may
be formed.

In column 3 of Table 1, the detection methods
used in study of magnetic properties of Ni:TiO

2

samples are presented. These are: dc and ac mag-
netometry using SQUID or vibrating sample mag-
netometer, magnetic force microscopy and electron
paramagnetic resonance/ferromagnetic resonance
(EPR/FMR) spectroscopies. Typical magnetic
characterisation done by magnetometers include
measurements of temperature dependence of mag-
netic susceptibility (T) (where = M/H), and iso-
thermal magnetization M(H) in form of a magnetic
loop in case of FM material. Often the existence of
superparamagnetic (SPM) phase is detected in
comparing M(T) dependence registered in ZFC (zero
field cooling) and FC (field cooling) modes. Tem-
perature, at which M(T) curve in ZFC mode reaches
a maximum, is called the blocking temperature T

b
.

Magnetic force microscopy can be used to obtain
magnetic scans of material surface and thus iden-
tify e.g. domain walls or metallic clusters. Magnetic
resonance spectroscopy in form of EPR or FMR
variants can detect the presence of small amounts
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of paramagnetic phases or impurities as well as FM
nanoparticles or clusters and help understand their
dynamics.

In column 4 of Table 1 the main conclusions
reached in each paper are listed. The main ques-
tion the authors try to answer is whether a specific
sample is FM at RT and if so what is the mecha-
nism that produces FM at that high temperature.
Most of the synthesized Ni:TiO

2
 samples displayed

FM at RT [e.g. 15,22,24,29,36,38], but few samples
were only paramagnetic (PM) or SPM [e.g.
25,27,30,37]. Such a broad spectrum of magnetic
behaviour shou]dn’t be surprising taking into account
a large number of samples synthesized by using
so much different techniques and very different pre-
paratory conditions. What’s more a given samp]e
can be magnetically inhomogeneous and be par-
tially FM, and in part PM, SPM or AFM [20,30].
Because so many factors have a crucial influence
on the magnetic state of Ni:TiO

2
, it can be impos-

sible to present one coherent picture of FMRT in
these materials. To the list of the most important
factors that shape the magnetic characteristics the
following may be counted: the type of crystal struc-
ture of TiO

2
 (anatase or rutile), the presence of ana-

tase-rutile junction, the presence of oxygen vacan-
cies, the growth temperature, the annealing tem-
perature, the annealing atmosphere (oxygen,
vacuum), the content and distribution of Ni dopant,
the presence of secondary phases, the sizes of
nanoparticles.

The most important question related to RTFM in
Ni:TiO

2
 is whether the FM originates from intrinsic

(i.e. mediated by carriers or intentional defects in-
side the host semiconductor) or extrinsic (e.g. na-
tive or dopant-introduced defects, formation of FM
secondary phases, metallic clusters) causes. This
question is especially difficult to answer in case of
magnetic dopants like Ni, Fe, and Co, which are
FM in nature. As a matter of fact RTFM might be
originating from both types of causes in Ni:TiO

2
 sys-

tem, even in the same sample at the same time.
Wheatear intrinsic or extrinsic cause is realized in
particular sample depends on the above mentioned
factors. Extrinsic origin of RTFM (metallic clusters)
can be identified from magnetic measurements by
calculation of the magnetic moment per single Ni
atom (from the saturation magnetisation M

s
 derived

from hysteresis loop) or by observation of the tem-
perature dependence of magnetization in ZFC and
FC modes. For metallic Ni clusters the magnetic
moment per single Ni atom should be similar to what
is obtained for pure bulk Ni metal (0.61 

B
/Ni). On

the other hand, for Ni2+ in octahedral complexes,

experimentally observed spin-only magnetic moment
is in 2.9-3.3 

B
/Ni range. If Ni metal cluster can be

treated as a magnetic nanoparticle suspended in
TiO

2
 matrix, SPM behaviour is expected and can

be registered in M(T) dependence in ZFC mode as
magnetisation maximum at the so-called blocking
temperature T

b
. From T

b
 value the size of a

nanoparticle can be estimated (the bigger the par-
ticle, the higher the blocking temperature).

The most popular model of RTFM in transition
metal doped TiO

2
, treating it as an intrinsic effect,

was proposed by Coey et al. [10]. It is a donor im-
purity band model which is the extension of the BMP
model, to describe the properties of defect (e.g.
oxygen vacancies) derived n-type dilute magnetic
oxides. Oxides are n-type, due to oxygen vacan-
cies, and have a high dielectric constant. Shallow
donors are associated with defects form BMPs, via
which FM ordering of magnetic moments of dopants
is mediated. At a sufficiently high BMP concentra-
tion, the polarons overlap, thus leading to a spin-
split impurity band in the band gap and FM ordering
throughout the material follows. Although such model
of RTFM was favoured in many papers discussing
magnetic characteristics of Ni:TiO

2
 materials

[22,23,26,31,33,35,38,39,42], the nature of RTFM
in metal doped titanium dioxide still remains an open
question.

3. EXPERIMENTAL

Water suspension of an industrial grade amorphous
titanium dioxide (TiO

2
/A) from sulphate technology

supp]ied by “Chemica] Factory Po]ice S.A.” (Po-
land) was used as a starting material. Commercial
TiO

2
 P25 (Evonik, Germany) was used for compari-

son. About 20 g of TiO
2
 water suspension, contain-

ing ca. 35 wt.% of titanium dioxide and ca. 8 wt.%
of residual sulfuric acid as related to TiO

2
 content,

was introduced into a beaker containing aqueous
solution of Ni(NO

3
)

2
 and stirred for 48 h. The amount

of Ni introduced to the beaker was of 1, 5 or 10
wt.% relative to TiO

2
 content. These samples will

be designated further as 1Ni,N-TiO
2
, 5Ni,N-TiO

2
, and

10Ni,N-TiO
2
, respectively, or in short n=1, 5, and 10

wt.%. After water evaporation, samples were dried
at 80 °C for 24 h in an oven. Subsequently, the
material was calcined for 4 hours at 800 °C in NH

3

flow.
The phase composition of the obtained samples

was investigated by XRD and is rather complex. In
case of 1Ni,N-TiO

2
 sample it is difficult to find any

other phase than rutile. Thus, we have assumed
that if any other crystalline phase is present in the
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structure of 1Ni,N-TiO
2
, its amount is negligible. In

samples 5Ni,N-TiO
2
 and 10Ni,N-TiO

2
, a metallic

nickel was detected. In sample 5Ni,N-TiO
2
 also TiN

phase appeared after the modification process.
DC magnetisation measurements (in ZFC and

FC modes) were carried out by using a MPMS-7
SQUID magnetometer in the temperature range 2-
300K and in magnetic field up to 70 kOe.

4. RESULTS AND DISCUSSION

Fig. 1 presents the temperature dependence of dc
magnetic susceptibility  (defined as = M/H) in
ZFC and FC modes of nickel and nitrogen co-modi-
fied TiO

2
 nanocomposites, nNi,N-TiO

2 
(n = 1, 5, and

10 wt.%), registered at different external magnetic
fields (H = 10, 100, 500, 6000, and 70000 Oe). All
nanocomposites, independent on Ni concentration,
exhibit a rather similar behavior. The ZFC and FC
curves show temperature dependence of suscepti-
bility which is typical for FM materials. As ZFC and
FC branches of magnetic susceptibility, 

ZFC
 and

FC
, split at the temperature higher than RT, no SPM

phase exists below RT and the Curie temperature

must be accordingly much higher than 300K. In
external fields smaller than ~1 kOe the 

FC
 branch

do not shows much temperature change when
samples are cooled from RT down to 2K. On the
other hand 

ZFC
 branch decreases significantly on

cooling the nanocomposites from RT. As the differ-
ence of the susceptibilities, 

FC
-

ZFC,
 is a measure

of magnetic anisotropy it can be seen that in weak
magnetic fields (below ~1 kOe) the anisotropy in-
creases initially with the increase of Ni concentra-
tion (up to 5 wt.%), but for higher dopant content it
remains constant. In external magnetic fields stron-
ger than few kOe the 

ZFC
 and 

FC 
branches attain a

similar thermal evolution and both branches are hard
to discriminate. Temperature dependence of the
susceptibility in strong magnetic fields, in the high
temperature range (above ~100K), can be approxi-
mated with the Curie-Weiss law, producing a nega-
tive Curie-Weiss temperature indicative of an effec-
tive AFM interaction at high temperatures. In the
low temperature range (below ~100K) that interac-
tion weakens considerably and PM-type behavior
is observed. It is interesting to notice that the
strength of AFM interaction weakens also with in-

Fig. 1. Temperature dependence of the dc magnetic susceptibility  of nNi,N-TiO
2
 samples in ZFC and FC

modes in different applied magnetic fields H: (a) n = 1%, (b) n = 5%, and (c) n = 10%. The insets in the
bottom row show the temperature dependence of the inverse magnetic susceptibility (1/ ).
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Fig. 2. Isothermal magnetisation at T = 2K of the three studied nanocomposites: (a) n = 1%, (b) n = 5% and
(c) n = 10%. Bottom row shows magnified view of the central part of the registered hysteresis loops.

cut

Fig. 3. Isothermal magnetisation at T = 300K of the three studied nanocomposites: (a) n = 1%, (b) n = 5%
and (c) n = 10%. Bottom row shows magnified view of the central part of the registered hysteresis loops.

creasing concentration of nickel dopant. The tem-
perature dependence of dc susceptibility presented
in Fig. 1 for nNi,N-TiO

2
 nanocomposites shows many

similarities with what was previously registered for
nFe,N-TiO

2
 and nCo,N-TiO

2
 [44,45]. It is very prob-

able that a few magnetic components are present
in nNi,N-TiO

2
 nanocomposites producing a rather

complicated magnetic response in an external mag-
netic field. Comparison of magnetic response of
nNi,N-TiO

2
 nanocomposites in low (H<1000 Oe) and

in high (H~a few kOe and more) applied magnetic
fields shows that many of these components are
very weakly bounded magnetic entities that can be
easily destroyed by not so strong external mag-
netic field. These magnetic centers might include

different kinds of structural defects, involving nickel,
titanium, nitrogen and oxygen atoms. They may be
in form of magnetic clusters with both FM and AFM
interactions.

In Figs. 2 and 3 the isothermal magnetisation
registered at T = 2K and T = 300K of the three
studied nanocomposites is shown. The
magnetisation is rather small and magnetic loops
are very narrow evidencing the presence of a rather
weak FM at RT and at low temperature. The dia-
magnetic response of TiO

2
 lattice (decreasing

magnetisation with increasing magnetic field) is also
clearly visible, for all samples at high temperature
(300K) and for n = 1 wt.% sample at T = 2K. The
three parameters characterizing the magnetic loop
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Fig. 4. Comparison of the saturation magnetisation
M

s
 for Fe, Co and Ni doped and N co-doped TiO

2

nanoparticles measured at T = 300K (top panel)
and 2K (bottom panel) for three different concentra-
tions (1, 5, 10 wt.%) of doped 3d ions. Data of nFe,N-
TiO

2
 nanocomposites is taken from Ref. 44, while

for nCo,N-TiO
2
 from Ref. 45.

Fig. 5. Comparison of the remanent magnetisation
M

r
 for Fe, Co, and Ni doped and N co-doped TiO

2

nanoparticles measured at T = 300K (top panel)
and 2K (bottom panel) for three different concentra-
tions (1, 5, 10 wt.%) of doped 3d ions. Data of nFe,N-
TiO

2
 nanocomposites is taken from Ref. 44, while

for nCo,N-TiO
2
 from Ref. 45.

Fig. 6. Comparison of the coercive field H
c
 for Fe,

Co, and Ni doped and N co-doped TiO
2
 nanoparticles

measured at T = 300K (top panel) and 2K (bottom
panel) for three different concentrations (1, 5, 10
wt.%) of doped 3d ions. Data of nFe,N-TiO

2

nanocomposites is taken from Ref. 44, while for
nCo,N-TiO

2
 from Ref. 45.

Fig. 7. Dependence of the magnetic moment per
metal ion (Fe, Co, and Ni) on the nominal concen-
tration of metal ions in TiO

2
 nanocomposites. On

the right-hand side the values of the magnetic mo-
ments in bulk metals are indicated.

(saturation magnetisation M
s
, remanent

magnetisation M
r
 and the coercive field H

c
) have been

calculated for each sample and are presented in
Figs. 4, 5, and 6. For comparison, the data of simi-
lar measurements on previously studied nFe,N-TiO

2

and nCo,N-TiO
2
 nanocomposites has been used and

are shown in these figures [44,45].
The saturation magnetization M

s
 of nNi,N-TiO

2

nanocomposites (Fig. 4) increases with concentra-
tion of Ni ions both at low (2K) and at high tempera-
ture (300K). Besides, M

s
 has similar values at these

two temperatures in nNi,N-TiO
2
 samples. In com-

parison with the other two nanocomposites, nNi,N-
TiO

2
 is generally magnetically weaker than nFe,N-

TiO
2
 and nCo,N-TiO

2
. This is not unexpected as the

spins of these three magnetic ions present in these
nanocomposites are considered. Surprisingly, if only
n=10 wt.% nanocomposites are taken into account,
10%Co,N-TiO

2
 sample has the largest saturation

magnetisation. It could mean that in the other two
nanocomposites the AFM interactions are reducing
their magnetism.

A different picture of magnetism in these
nanocomposites emerges when the magnetic mo-
ment per a single doped magnetic ion is calculated
from the saturation magnetisation (Fig. 7). Magnetic
moment calculated on a single Ni atom is 0.38,
0.41, and 0.28 

B
/Ni in n = 1 wt.%, 5 wt.%, and 10

wt.% nanocomposites at 2K, respectively. At 300K
the moment is slightly smaller and equals 0.27, 0.38,
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and 0.26 
B
/Ni in 1 wt.%, 5 wt.%, and 10 wt.%

samples, respectively. The tendency is easy to no-
tice: magnetic moment increases initially with in-
creasing nickel concentration, but for higher then 5
wt.% Ni content it decreases significantly. A similar
trend was already observed in other Ni:TiO

2
 samples

[22]. It is interesting to compare these values with
the saturation magnetisation in ferromagnetic bulk
Ni which is equal to 0.61 

B
/Ni. Thus the magnetic

moment of a single Ni ion in our nanocomposites is
not larger than 2/3 of the magnetic moment of Ni in
a bulk metallic state. In nFe,N-TiO

2
 nanocomposites

the magnetic moment on one Fe ion decreases with
Fe concentration. This is in strong contrast to what
is observed for nCo,N-TiO

2
 nanocomposites – there

the bigger Co content, the higher the magnetic
moment of a single Co ion (Fig. 7). The obtained
small values of Ni magnetic moment in nNi,N-TiO

2

samples strongly indicate that the FM phase in
these nanocomposites originates from external
causes – meta]]ic Ni inc]usions. Besides, such
metallic phase was already discovered in XRD study
of our samples. Decrease of Ni magnetic moment
in sample with high concentration of nickel (10Ni,N-
TiO

2
 nanocomposite) can be explained either by an

increased amount of spurious phases (PM like
NiTiO

3
 or AFM like NiO) containing Ni atoms or be

attributed to an increase in the AFM superexchange
coupling strength between two neighboring Ni ions
via a nearby O2- ion in case of an intrinsic RTFM
[22].

The remanent magnetisation (remanence) M
r
 of

nNi,N-TiO
2
 nanocomposites at T = 300K increases

with increasing concentration of Ni, but at T = 2K
that increase saturates for n = 10 wt.% sample (Fig.
5). This behavior is quite the opposite of what is
registered for nCo,N-TiO

2
 samples. Here a decrease

of remanence with increasing content of Co ions is
observed. For the nFe,N-TiO

2
 nanocomposites, the

dependence of M
r
 on Fe concentration is weak or

absent and the n = 5 wt.% sample seems to have
the smallest remanence.

The coercive field H
c
 of nNi,N-TiO

2
 samples at

T = 300K increases with Ni content (similar as in
the case of M

r
), but at T = 300K this tendency is

upset by a very large H
c
 of n = 1 wt.% sample (Fig.

6). The coercive field of nCo,N-TiO
2
 samples seems

to decrease with the concentration at both low and
high temperatures, and at the later temperature this
effect is quite impressive. There is no clear concen-
tration dependence of the coercive field of nFe,N-
TiO

2
 nanocomposites and the values of H

c
 for these

samples are generally smaller than for nCo,N-TiO
2
.

5. CONCLUSIONS

Review of papers dedicated to the study the mag-
netic properties of nickel doped titanium dioxide has
shown that RTFM detected in most investigated
samples can have two origins: external and inter-
nal. Because of a wide range of techniques that
were used to synthesize samples, no single mecha-
nism can explain RTFM in all Ni:TiO

2
. In some cases

FM was due to the nickel metal clusters or inclu-
sions (an external cause), while in others a donor
impurity band model which is an extension of the
BMP model was successful in explaining RTFM (an
internal cause). It was found that a large number of
different factors during sample fabrication can have
significant influence on its magnetic characteristics,
including RTFM. Magnetisation measurements of
three nickel and nitrogen co-modified titanium diox-
ide nanocomposites, nNi,N-TiO

2 
(n=1, 5, and 10

wt.%), has revealed a weak FM behaviour at RT
and at lower temperatures that is mostly due to an
external cause. Temperature dependence of dc sus-
ceptibility in ZFC and FC modes has indicated on
the presence of a few magnetic components, in-
cluding metallic nickel clusters and spurious
phases. Comparison with previously studied simi-
lar systems, nFe,N-TiO

2
 and nCo,N-TiO

2
 has shown

that nNi,N-TiO
2
 nanocomposites displays a unique,

very interesting magnetic characteristics.
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