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A B S T R A C T

Studies of magnetization of undoped and Mn-doped nanosized titanium dioxide powders showed that its 
dependence on the magnetic field can be approximated by the function that is a linear combination of two 
Langevin functions with different parameters. The linear part along with the diamagnetic contribution typical for 
metal oxides is due to the contribution of two types of paramagnetic centers. The first one is present in both 
undoped and doped powders. As follows from the published models, the centers are complex lattice defects Ti+3 

ions + O− vacancies. The second is the vast majority of the manganese ions (and related oxide vacancies) in the 
doped powders that are uniformly distributed over all nanoparticles. The nonlinear part, even present in the 
undoped samples, is caused by the contribution of a small number of regions with a high magnetic moment 
(ferromagnetic clusters). These regions do not interact magnetically, and the powder as a whole exhibits 
superparamagnetic behavior. According to our estimates, the introduction of Mn into the TiO2 lattice mainly 
leads to the predominance of the paramagnetic contribution to the magnetization over the diamagnetic 
contribution characteristic of the TiO2 lattice and a small increase in the number of the ferromagnetic clusters.   

1. Introduction

After ferromagnetism was detected at room temperature in thin TiO2 
films doped with Co [1] and in pure HfO2 films [2], a lot of experimental 
[3-38] and theoretical [48-61] studies of this phenomenon were carried 
out in different materials. These are nanocrystalline powders [3-17] and 
thin films of metal oxides, pure and doped with magnetic ions [18-38]. 

The vast majority of these studies addressed the fundamental ques
tion of where the magnetic moment is localized in these unusual mag
netic materials. In the case of TiO2, various models of the magnetic 
center were proposed [8-24], but the following one is generally accepted 
at present. The local magnetic moment is associated either with the 
defective complex Ti+3 + O− in pure titanium dioxide or with Ti+3 +

Mn+2 + O− in TiO2 with Mn, and it is mainly distributed over three 
neighboring Ti atoms that are in immediate proximity to the oxygen 
vacancy. 

A thorough analysis of all existing experimental data shows that the 
magnetizations in the region of ferromagnetic saturation of titanium 
dioxide in the form of nanofilms and nanopowders doped with Mn differ 
by 2–3 orders of magnitude (for example, data from works 

[10,19,26,29]). Accordingly, if we assume that all Mn ions participate in 
the ferromagnetic ordering, then the magnetic moment of the centers 
associated with them should differ by the same 2–3 orders of magnitude. 

Although it cannot be argued that the magnetic moments associated 
with Mn in the films and powders should exactly match, such a big 
difference seems incredible. 

However, this can be understood if we assume that in the vast ma
jority of nanoparticles there is no spin ordering of magnetic moments (i. 
e., they are not ferromagnetic), and a very small part of them is involved 
in the appearance of ferromagnetism. 

Thus, this work aimed to find out whether the directions of all 
magnetic moments of individual magnetic centers are correlated in each 
TiO2 powder nanoparticle or only in some of them (or some set of 
nanoparticles). 

We studied the magnetization of nanosized powders of both pure and 
Mn-doped titanium dioxide. To characterize the samples in which we 
observed ferromagnetism, we also measured X-ray diffraction and 
Raman spectra. This work is a continuation of the works published in 
[39,40], where some characteristics of such powders were obtained. 
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2. Samples and experimental details

Titanium dioxide powders were synthesized by the sol–gel method
using titanium isopropoxide as a precursor and a solution of C2H5OH/ 
H2O/HCl [39]. Manganese in the form of MnCl2⋅4H2O was introduced at 
the stage of the sol–gel process. Non-ionic amphiphilic triblock copol
ymer surfactant Pluronic (P123) and acetylacetone were used as a 
template and complex-forming agents. The syntheses were carried out at 
room temperature. 

The obtained powders were dried and annealed at different tem
peratures up to 400 ◦C (for a more detailed description see [39,40]). It is 
known [44-49], that after such treatment the titanium dioxide already 
exists in the nanocrystalline form. Then, powders were successively 
annealed in the air for 3 h at temperatures of Tan = 400, 500, 600, and 
650 ◦C, and after each stage of annealing, all measurements were per
formed at room temperature. 

The concentration of Mn (defined as the ratio of the number of 
manganese ions and the sum of titanium and manganese ions) was 
determined from the weight ratio of the manganese and titanium com
pounds used for the synthesis. After synthesis, this ratio was not 
checked. Powders were synthesized with concentrations of Mn 0%, 1%, 
2.9%, 4.7%, 6.5%, 9.1%, 16.6%, 23%. 

XRD analysis of crystalline phases was carried out on a DRON-4–07 
diffractometer (CuK2 radiation with Ni filter) with Brag-Brentano 
registration geometry (2θ = 10–80◦). 

Raman spectra were obtained in quasi-backscattering geometry at 
room temperature using a 488-nm Ar/Kr laser line and a Horiba Jobin- 
Yvon T64000 triple spectrometer with an integrated micro-Raman 
scattering setup – an Olympus BX-41 microscope and a Peltier-cooled 

CCD detector. Magnetostatic measurements were carried out on an 
LDJ-9500 magnetometer with a vibrating sample. At the beginning of 
each measurement, the magnetic field rapidly increased to a maximum 
value of +Hmax. Then the magnetic field decreased with a step of 10 G, 
passing through zero, and again increased in the opposite direction to 
− Hmax. The magnetization was measured at each point. Then the mea
surements were repeated in the range from -Hmax through +Hmax. We 
note that both curves obtained in this way are somewhat different from 
each other, especially at small field values. Due to the significant scatter 
of the measured points, we could not find the reason for this difference. 
All data below correspond to measurements with a change in the mag
netic field from − Hmax to +Hmax. 

TiO2 nanocrystals stick together, forming agglomerates of nano
particles. TEM images show that these agglomerates have dimensions in 
the range of 0.2–0.5 µm. X-ray and Raman measurements were per
formed for all synthesized samples with an Mn concentration of 0–23%. 
Fig. 1 (as an example) shows X-ray diffraction patterns (a, c) and Raman 
spectra (b, d) of TiO2 powders with Mn concentrations of 0–4.7% at 
various annealing temperatures. This choice is not accidental since in 
this concentration range the appearance of ferromagnetic regions is 
most pronounced. The X-ray diffraction studies show that these “large” 
formations contain a mixture of nanocrystals of two crystalline phases - 
anatase and rutile. 

Some unstructured background at small diffraction angles (X-ray 
amorphous phase) is characteristic of nanocrystalline powders [3]. Line 
shape can be well described by the Voigt function. The position, width 
and integral intensity of the anatase lines 25.30 (101) and 480 (200) 
and rutile line 27.40 (110) were used to determine the composition of 
the mixture and the average size of nanocrystals. The composition (i.e., 

Fig 1. X-ray diffraction patterns (a, c) and Raman spectra (b, d) of TiO2 powders with Mn: (a, b) – at various Mn concentrations after annealing at 400 ◦C; (c, d) −
4.7% Mn after annealing at different temperatures (with a zero offset along the Y-axis). 
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the rutile fraction in the anatase - rutile mixture) of the powder (WR) was 
determined by the integral intensities of the anatase AA (101) and rutile 
AR (110) lines according to the Eq. (1) [42,43]. 

WR =
AR

0.886AA + AR
(1) 

Fig. 2 shows the dependence of WR on the Mn concentration after 
annealing the powders at different temperatures. 

It can be seen that the fraction of the rutile phase in the mixture 
decreases with increasing concentration of Mn. If it exceeds 6.5%, the 
rutile component cannot already be detected within the accuracy limits 
of the measurements (about 1% as estimated). Note that the rutile 
content is practically independent of the annealing temperature. 

One should be emphasized that X-ray diffraction analysis shows that 
the presence of Mn in our samples does not lead to the appearance of 
new phases or compounds (at least, not more than 1%) [JCPDS file No. 
21-1272]. It only changes the ratio of phases that exist in undoped TiO2.

The average size of the nanocrystals was calculated by the Scherrer
formula [41], assuming a spherical shape of particles without taking into 
account a possible contribution of defects to the line width. 

Fig. 3 shows the dependence of this size on the Mn concentration for 
the anatase phase after annealing the powders at various temperatures. 

First of all, it can be seen that the diameter of nanocrystals increases 
with increasing Tan, as expected. On the other side, the diameter tends to 
decrease when Mn concentration grows, at least at low concentrations of 
Mn. The presence of these two trends, probably, is the origin of irreg
ularities in the dependence of the size of nanoparticles on the concen
tration of Mn at higher concentrations of manganese. 

The size of nanocrystals in the rutile phase is larger (by 3–5 nm) than 
in the anatase phase, and depends on the Mn concentration, similarly to 
the anatase phase. 

Given the size of the nanocrystals, their number per gram of the 
powder can be calculated. It varies from 5.6∙1016 to 6∙1017, depending 
on the temperature and manganese concentration. 

Like X-ray spectra, all Raman spectra (one example is shown in Fig. 1 
(b,d)) contain only lines characteristic of anatase and rutile. As in the X- 
ray spectrum, the rutile lines rapidly decrease in intensity with the 
introduction of Mn into TiO2 powder. 

The positions of the Raman peaks and their full width at half 
maximum (FWHM) are independent of the annealing temperature (at 
least within the spread of the points). However, the Raman shift and 
FWHM obtained by approximating the line shape by the Voigt function 
increase with increasing Mn concentration. 

3. Results of the magnetization measurements

Systematic measurements of the magnetization M(H) of the TiO2 
powders were carried out for the samples with the Mn concentrations of 
0, 2.9, 4.7, and 6.5%. Ferromagnetism is confidently observed in sam
ples with such a concentration of Mn. Several measurements were made 
also for other concentrations. For example, Fig. 4 presents the de
pendencies of M(H) for the undoped TiO2 powder after annealing at 
400 ◦C and 650 ◦C. 

Both curves can be considered as a sum of two different curves. The 
first one is a straight line with a negative slope. It is most obviously 
expressed in the region of strong fields. This means that the powder in 
this region is mainly diamagnetic. The second one is a nonlinear curve 
with a positive curvature in the region of a weak field. The non-linear 
curve tends to saturate at the magnetic fields of the order of 2 to 2.5 kOe. 

The M(H) curves in the entire range of H are practically independent 
of the annealing temperature up to Tan = 650 ◦C. However, at Tan =

650 ◦C the nonlinear contribution in M(H) at weak magnetic fields in
creases sharply while the linear diamagnetic contribution remains 
almost unchanged. When Mn is added into the TiO2 powder, the linear 
component of the magnetization changes qualitatively. Its slope 

Fig 2. Dependence of composition of the powder mixture WR on the concen
tration of Mn after annealing at different temperatures. 

Fig 3. Dependence of the dimensions D of nanocrystals of the anatase phase on 
the concentration of Mn after different annealing temperatures. 

Fig 4. Dependences of magnetization on the magnetic field strength for the 
undoped powder after annealing at temperatures of 400 and 650 ◦C. 
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becomes positive (that is, the powder becomes paramagnetic, see Fig. 5 
(a)), and the slope increases with increasing Mn concentration and is 
practically independent of the annealing temperature below 650 ◦C. 
However, the nonlinear component (as well as its value at saturation and 
the value of the magnetic field at the beginning of saturation) change 
insignificantly and unsystematically with the concentration of Mn and 
annealing temperature below 650 ◦C. 

Annealing of powders at the temperature of 650 ◦C significantly af
fects the M(H) curves. On average, the slope of the linear component at 
certain Mn concentrations decreases compared to its value at other 
temperatures, but the saturation of the nonlinear component sharply 
increases (as in the case of undoped TiO2 powder). It should be noted 
that the magnetization values in the saturation region of the nonlinear 
component both for the undoped and doped powders fall into the range 
of published data [10,13,15,27,29,30]. 

Both components of magnetization can be described sufficiently well 
by the Langevin function L(x) (see Fig. 5(a) and 5(b)) 

L(x) ≈ coth(x) −
1
x

(2) 

We use its expansion for |x| < 1 in the case of the linear component 

L(x) ≈ CH =
x
3

(3) 

and the whole function (expression (2)) for the nonlinear one. The 
argument x in L(x) is connected with the value of the magnetic moment 
m of the magnetic centers, which differs for the linear ml and nonlinear 
mn components of magnetization 

x =
mH
kT

(4)  

where T is the temperature of measurements, k is the Boltzmann con
stant. The linear and nonlinear components of magnetization are given 
by 

Ml,n(H) = ml,nNl,nL(x) (5)  

were Nl,n is the concentration of magnetic moments ml,n. 
Hereinafter, all quantities of Ml,n(H), Nl,n, the number of nano

particles, magnetic moments, etc. refer to one gram of a substance. 
Fig. 6(a) shows the dependence of the linear part of the magnetic 

susceptibility χl on the Mn concentration obtained by fitting the 
measured data using the sum of the expressions (2) and (3): 

M = mnNn

[

coth
(

mnH
kT

)

−
kT

mnH

]

+ χlH, where χl =
m2

l Nl

3kT
(6) 

Despite the scatter of χl values and without taking into account pe
culiarities in the range between 5 and 10% of Mn (the possible origin of 
the irregularities will be discussed below) it can be approximated by a 
straight line for all annealing temperatures. By the aforesaid, these lines 
practically coincide with the annealing temperatures of 400, 500, and 
600 ◦C, but the line for 650 ◦C has a smaller slope. 

One point should be made about Fig. 6(a). We associate the 
diamagnetism in the undoped titanium dioxide with the TiO2 lattice (see 
discussion later). In samples doped with Mn, it is not visible against the 
background of the larger paramagnetic component. We reckon that this 
diamagnetism should be present in the measured magnetization in all of 
our powders. Therefore, for a correct assessment of the paramagnetic 
component caused by doping of TiO2 with Mn ions, it should be sub
tracted from the total measured magnetization. The data obtained pre
cisely by this way for the linear paramagnetic component of the 
magnetic susceptibility are depicted in Fig. 6(a). 

The dependences of the magnetic moment mn of the regions with 
correlated magnetic moments and their concentration Nn (the nonlinear 
magnetization component) on the Mn concentration after annealing at 
the temperatures of 400, 500 and 650 ◦C are presented in Fig. 7(a) and 
(b), respectively. 

It should be noted that we determine these values with relatively low 
accuracy (~30%). Therefore, it cannot be unambiguously concluded 
that they depend on the Mn concentration and the annealing tempera
ture. In general, a significant increase in Nn is observed only for the 
powder with the Mn concentration of 4.7% after annealing at a tem
perature of 650 ◦C. 

The values of mn and Nn for the nonlinear magnetization component 
were calculated using relationship (6) to fit the measured points M(H). 
The results are given in Table 1. 

4. Discussion

In an overwhelming majority of papers, it is assumed that ferro
magnetism at room temperature, both in the doped and “pure” metal 
oxides, is connected anyhow with the presence of the oxide vacancies 
(VO). The experiments with cyclic annealing of TiO2 films or powders in 
a vacuum (or in the hydrogen flux) and then in air confirm this fact. 
Indeed, when the samples are annealed in a vacuum and the vacancies 
concentration is increased, the magnitude of the magnetization satura
tion in the nonlinear region increases sharply [6,9]. Conversely, it de
creases or even disappears completely after annealing samples in air or 
the oxygen ambient [9]. According to these experiments, there is no 
doubt that the presence of the oxide vacancies is necessary to form a 

Fig 5. Magnetization dependences on magnetic field H for the undoped and doped TiO2 after annealing at 650 ◦C: (a) measurement results; (b) the nonlinear 
component of M(H) after excluding the linear component from data in Fig. 5(a) (point-experiment, solid line - approximation using relationship (6) to fit the 
experimental of M (H). 
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local magnetic moment and collective magnetism. 
Although there are different models for a specific role of the oxide 

vacancies [6-26], the following one is now generally accepted. The local 
magnetic moment in the undoped films and bulk powders is associated 
with the defect Ti+3 + O− complex and the magnetic moment is mainly 
distributed over three neighboring atoms of Ti closest to VO. Below we 
use the term “magnetic moment of vacancy” only in this respect, for 
simplicity. 

As follows from the literature [7,8,16,19,31], Mn ions in the TiO2 
lattice replaces tetravalent titanium ions mainly in the form of divalent 
ions. For our powders, this is confirmed by measurements of the XPS 
spectra published previously by some co-authors [39]. 

To maintain charge neutrality, upon the introduction of the divalent 
Mn ion at the site of the tetravalent Ti ion, an oxygen vacancy appears at 
the site of the oxygen atom closest to the Mn ion. It means that these 

vacancies appear additionally in the volume of the nanoparticle. 
Our Raman spectra confirm this. As shown in [62], the introduction 

of impurities of foreign atoms into the TiO2 lattice does not change the 
Raman spectrum, but the introduction of oxygen vacancies causes the 
shift and broadening of some spectral lines. 

Fig. 8 shows the dependence of the position of the most intense 
Raman peak of anatase (Eg) on the concentration of Mn measured in this 
work (points on the graph correspond to different annealing tempera
tures of powders). The solid line in this figure is the calibration curve of 
the dependence of the position of the same peak on the concentration of 
oxygen vacancies, which we obtained using relevant data from [62]. 

Fig 6. Dependence of the magnetic susceptibility χl (a) and magnetic moment ml of manganese ions (b) on the concentration of Mn for the linear component M(H).  

Fig 7. The dependencies of mn(a) and Nn (b) on the Mn concentration after annealing at temperatures 400, 500, 600, and 650 ◦C.  

Table 1 
The results of the approximation of the experimental curves M(H) using 
dependence (6) for 400 ◦C and 650 ◦C where Mn % is the Mn concentration, NMn 
is the amount of Mn ions, Nnp is the number of nanoparticles per gram of powder, 
mn and Nn are the magnetic moments and the number of ferromagnetically or
dered regions, respectively.   

T = 400 ◦C T = 650 ◦C 

Mn 
% 

NMn ×

1020 

[g− 1] 

Nnp ×

1017 

[g− 1] 

mn ×

104 

[μB] 

Nn ×

1013 

[g− 1] 

Nnp ×

1017 

[g− 1] 

mn ×

104 

[μB] 

Nn ×

1013 

[g− 1] 

0 0 5.2  0.78  0.72  1.5  1.0  2.9 
2.9 2.1 8.9  0.65  1.1  2.3  1.3  2.4 
4.7 3.4 6.7  0.56  1.0  2.3  0.93  7.4 
6.5 4.6 14  0.58  1.2  1.5  0.81  2.0  

Fig 8. The dependencies of Raman shift Eg anatase line on the Mn concentra
tion (symbols - our results) and the O− concentration (curve - restored ac
cording to the results of [71]). 
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It can be seen that our measured peak positions satisfactorily 
correspond to the calibration curve. This means that the concentrations 
of Mn ions and oxygen vacancies are equal, i.e., the introduction of each 
Mn ion is indeed accompanied by the appearance of an oxygen vacancy. 

The bulk TiO2 is diamagnetic with magnetic susceptibility about 
− 10− 6 g− 1 [24]. However, the magnetic susceptibility of our undoped 
TiO2 powder is by about 3 times less. We associate this difference with 
the presence of a large amount of the oxide vacancies in the powder 
grains and their paramagnetism, which partially compensates for the 
diamagnetism of the TiO2 lattice. If this is the case, then the concen
tration of vacancies in our powders should be about 2.5∙1020 g− 1. For 
this estimate, we used the magnetic moment of the vacancy for undoped 
TiO2 equal to 2μВ, as calculated in [49,57]. 

At first glance, this value contradicts the data given in Fig. 8, ac
cording to which the concentration of vacancies in our undoped TiO2 
powder is close to zero. Indeed, due to the high formation energy 
(4.2–4.4 eV) [49,50], in a volume of pure TiO2 the equilibrium con
centration of vacancies inside nanoparticles should be negligible. Oxy
gen vacancies, however, can be present near the surface of nanoparticles 
where formation energy has to be essentially smaller. These vacancies 
are distributed more or less evenly near the surface of all nanoparticles; 
they cannot be detected in our Raman measurements. 

We believe that the magnetic moments associated with these va
cancies do not interact with each other for most particles and cause the 
paramagnetic component of magnetization in pure TiO2. Introducing 
the Mn2+ ions into TiO2 in the process of the sample synthesis, we 
cannot properly take into account the contribution of these near-surface 
vacancies to paramagnetism. Their different contributions in different 
powders can be the reason for the scatter of the measured points and 
irregularities in the dependence of χl on the concentration of the Mn 
ions, as mentioned above (Fig. 6(a)). 

Nevertheless, there are areas in the powders where the concentration 
of the oxide vacancies and their amount can be large enough to cause 
collective magnetism. These could be, for example, near-surface regions 
of relatively large nanoparticles or contact regions between nano
particles (including nanoparticles of different phases). 

We estimated the total number of vacancies in such regions in pure 
TiO2 using both the maximal value of the saturation magnetization for 
the nonlinear component (~0.003 emu/g for Tan = 650 ◦C) the value of 
the magnetic moment of the vacancy 2μВ, given above, as 2.7∙1017g− 1. 

A similar estimate for the Mn-doped TiO2 (even if we assume that all 
the magnetization in saturation is due to the magnetic moment con
nected with Mn, and not to “native” vacancies of the undoped TiO2 and 
Mn together) gives the value 6.9∙1017g− 1. 

This value is much less than the amount of the Mn ions included in 
TiO2 (column 2 in Table 1). Therefore, we assume that the amount of the 
Mn ions responsible for the linear part of sample magnetization to be 
practically equal to the amount of the Mn atoms introduced into the 
TiO2 matrix. Consequently, according to the data in Fig. 6(a), it is 
possible to determine the local magnetic moment associated with the Mn 
ions. The results are shown in Fig. 6(b). As can be seen, the average 
magnetic moment is about 2.4 μB for Tan = 650 ◦C and 2.9 μB for the 
other annealing temperatures. These values do not contradict the data 
obtained in experiments with the TiO2 films doped by Mn 
[7,17,23,29,38]. The value of 2.9 μB is also consistent with the theo
retically calculated value of 3.4 μB [30]. 

The effective magnetic moment mn responsible for the nonlinear 
component of magnetization in both undoped and doped samples is 
much larger than in the linear region and has a value of about 104μB. 

Such a large value gives evidence for the magnetic moment to be 
connected with areas of correlated behavior (magnetic ordering) of a 
large number of local moments, as mentioned above. The number of 
these Nn regions is close to 1013 g− 1, being several orders of magnitude 
less as compared to the number of nanoparticles (columns 3 and 6 in 
Table 1). Thus, most nanoparticles are not ferromagnetic, but rather 
paramagnetic. They contribute only to the linear component of 

magnetization. And only a very small part of them is about 10− 4, has a 
pronounced ferromagnetic ordering and is responsible for the nonlinear 
part of M(H). The magnetic moments of these magneto-ordered regions 
do not interact with each other. In the magnetic field their ensemble 
does not behave as a ferromagnetic material, but rather as a super
paramagnetic one with the magnetization saturation at relatively weak 
fields and without a pronounced hysteresis loop. 

As follows from the data presented in Fig. 7 and Table 1, the 
nonlinear component of the TiO2 magnetization is almost not affected by 
the introduction of Mn into the TiO2 matrix. A clearly pronounced in
crease in the value of saturation magnetization occurs only at relatively 
high concentrations of Mn (3–5%). At first glance, this result is unex
pected. However, we have to keep in mind that the magnetic moment 
and concentration of “native” vacancies in our samples of the undoped 
TiO2 are comparable to the magnetic moment and concentration of the 
Mn ions. Consequently, the replacement of the Ti ion with Mn ion in the 
magnetically ordered region does not significantly change its effective 
magnetic moment mn. 

We would like to point out that the saturation values of magnetiza
tion in the nonlinear region M(H) in our experiments are of the order of 
10− 3–10− 2 emu g− 1. It coincides more or less (recall that our samples 
were annealed in the air) with the previously published data both for the 
doped and undoped powders [4,6,10,13,15,25,27,29]. 

Finally, we would like to discuss briefly the question of why the vast 
majority of nanoparticles in our measurements do not exhibit ferro
magnetism. We assume that for small particles a decisive role play 
conditions on the surface of the nanoparticle. First of all, we note that, 
for example, for a ball-shaped nanoparticle about 10 nm in size, the 
volume of the surface layer (with a thickness of the constant “a” of the 
TiO2 unit cell) takes about 10% of its total volume. Most of the oxygen 
vacancies with which the magnetic moment is associated are located in 
this layer. 

If the particles are not flat, the surface area vector changes its di
rection at small distances along the surface. Thus, there is no well- 
defined one direction for the spin ordering of magnetic moments, and 
therefore a single nanoparticle cannot possess ferromagnetism. 

In this regard, nanoparticles are fundamentally different from 
nanofilms, where the surface is flat and there is at least one distin
guished direction on the entire surface. 

5. Conclusion

We found that the manganese ions included in the TiO2 powder do
not lead to the appearance of ferromagnetism as a common phenomenon 
for all nanoparticles of the powder. The manganese ions are substan
tially homogeneously distributed in the bulk of all sample particles and 
provide the paramagnetic contribution into the magnetization of the 
powder with the magnetic susceptibility proportional to the Mn con
centration. On the other hand, the sample contains a small number of 
regions with the ferromagnetic ordering of the unpaired spins, which do 
not interact with each other, and their ensemble in the magnetic field 
behaves like superparamagnetic. Such regions appear in the samples 
both doped and undoped with the Mn ions. The presence of manganese 
ions increases the number of such regions but not changes their mag
netic moment essentially. 
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