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Nanopowder TiO,-0.73% Mn was synthesized by the sol-gel method. Thermal treatment of the samples was
carried out in vacuum at a temperature of 500°C. Magnetic properties were studied in the temperature range
from 2 to 850 K. The effects of electron irradiation and vacuum annealing on the EPR spectra and magnetic properties
of TiO,-Mn powder are discussed. It was established that a part of manganese ions in the anatase crystal lattice interacts
antiferromagnetically, which causes a decrease in magnetization as compared to the result of the calculation for non-
interacting ions. Vacuum annealing leads to the formation of oxygen vacancies and, at the same time, to a noticeable
increase in the ferromagnetic contribution to magnetization, especially, after preliminary electron irradiation.
We assume that the ferromagnetic contribution to the magnetization appears either due to incomplete compensation of
antiferromagnetically directed moments of manganese ions, or due to positive exchange interactions of Mn ions via defects
in the TiO, lattice. It is shown that the temperature of magnetic disordering in samples with a spontaneous magnetic moment
exceeds 600°C.
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Hanonopomox TiO,-0.72 % Mn 6b11 10Ty YeHbI 307Tb-T€/IbHBIM METOJIOM 13 M30IMPONMIOKCH/IA TUTAHA ¥ XTOPH/IA MapPTaHIa.
[Tocne mpuroTOBNIEHNS M OTMBIBKY KCeporenb KanbLuHuposacs npu 300°C. Pasmep 9acTnil cOCTaBII OKOJIO 4 HM II0 JIaH-
HbM BET. Tlo sannpiM XRD HaHOYACTUIBI MMEIOT CTPYKTYPY aHaTa3a. bplin mpoBefieHbl TepMOOOPabOTKIM B BaKyyMe IIpU
500°C. VI3y4eHbl MarHUTHBIE CBOJICTBA B TeMIIepaTypHOM nHTepBae 2-850 K. B pabore 06cyxpaeTcs BIuAHNe 0OTydeH
SMEKTPOHAMU ¥ BaKyyMHOTO OTkura Ha JIIP creKTphbl M MarHuTHBIE CBOVCTBa mopomka TiO,-Mn. Beino ycTanosmeHo,
YTO YacTh VIOHOB MapraHIla B KPUCTA/UIMYECKOI! pellleTKe aHaTas3a B3aMMOJEIICTBYIOT aHTU(epPOMAarHUTHBIM 00pa3oM, B
pe3ynbTaTe 4ero MpOMCXOAUT CHYDKEHNE HAMAarHMYeHHOCTH IO CPaBHEHUIO C PACYETOM /Il HEB3aMMOJIEMICTBYIOLINX VIOHOB.
OIIP cnextp nopokos TiO,-Mn xapakTepusyeTcs HaM4YMeM IMPOKOTO CUTHAIA, KOTOPbI 00yClOB/IeH 0OMEHHO CBA3aH-
HbIMM VIoHamyt Mn?*. O1tu DTIP maHHBIe XOPOLIO COIIACYIOTCS € pe3y/IbTaTaMy MaTHUTHBIX M3MepeHUIl. BakyyMHBIIT oT>Kur
IPUBOAUT K 00pa30BaHNIO KVCTIOPOIHBIX BAKAHCUIL 1 OHOBPEMEHHO K 3aMETHOMY POCTy (peppOMarHiTHOIO BK/Iafia B Ha-
MarHM4eHHOCTDb 0COOEHHO II0CIe IIPeIBapPUTENIbHOTO 0OTydeH s 9/1eKTpOoHaMu. MBI IpefIonaraeM, 4To eppOMarHUTHIbII
BKJIaJ] B HAMarH4eHHOCTDb BO3HVKAET IMOO 113-3a HEIIOJIHOJ KOMITeHcaluy aHTU(eppOMMAarHiTHO OPYEHTUPOBAaHHBIX MO-
MEHTOB JIOHOB MapraHiia (06pa3oBaHue CKOIEHHBIX CIITHOBBIX CTPYKTYP) MO0 13-3a IIOOKUTEIbHBIX 0OMEHHbIX B3aJMIMO-
ZieiicTBMiT MoHOB Mn ApyT ¢ AipyroM depes fedekThl (BakaHcuu 10 Kucnopopnoii noppentetke) B TiO,. Boino mokasano mpu
IIOMOLIIY BBICOKOTEMIIEPATyPHBIX MATHUTHBIX I3MEPEHMIT, 4YTO TeMIepaTypa MarHUTHOTO Pa3ylopsAo4YeHs B 00pasLax co
CTIIOHTAaHHBIM MarHUTHBIM MOMEHTOM IpeBbimiaeT 600°C.

Krmrouespie cnoBa: nanonopoutky TiO,-Mn, o6mydenne snexrponamu, peppomaraernsm, 1IP.

1. Introduction in the metallic state is proved to be antiferromagnetic, as are
its known oxides, except for ferrimagnetic Mn,O, that has
Titanium oxides doped with 3d-elements have recently the Curie point below 100 K. Therefore, when analyzing the
been intensively studied, because there still remains magnetic properties of titanium oxide TiO,-Mn, if there are
uncertainty in understanding the nature of the ferromagnetic ~ any manifestations of ferromagnetism at room temperature,
state, which as reported, is realized in such compounds they cannot be attributed to the possible existence of
synthesized in various ways. A number of conceptions have manganese-based phases. It has to be admitted that among
been suggested to explain the effect. In a remarkable paper the large number of studies published on the magnetism
[1], several mechanisms are discussed for the appearance of doped titanium oxides, there are not so many published
of spontaneous magnetic moment in dilute semiconductors studies on titanium oxides doped with manganese [3-5].
doped with 3d metals, based on models of intrinsic nature =~ Most of the studies report that the ferromagnetic contribution
(for instance, conceptually in the frame of the localized is comparatively small and amounts to tenths or hundredths
magnetic moments (RKKY interactions between 3d-spins, of emu/g units. Such a small contribution corresponds
bound magnetic polarons (BMP)) and delocalized electrons to a very low value of the average magnetic moment per
(e.g., Stoner ferromagnetism, including Rashba spin-orbit manganese atom, which is also as small as on the order of
coupling and giant orbital paramagnetism). The emergence hundredths of Bohr magneton: which is orders of magnitude
of extraneous magnetic phases, which cannot be excluded less than the magnetic moment of the manganese ion with a
from consideration as a probable cause of the appearance charge of 2+ and the spin value of $=5/2. To our knowledge,
of the ferromagnetic contribution, is discussed to a lesser the reason for such discrepancy is not practically discussed
extent. These phases are often extremely difficult to detect in the literature; there is no analysis of the paramagnetic
using traditional diffraction methods, for example, due contribution into magnetization being provided.
to the high dispersion of these phases. In [2], the strong The ferromagnetic state in TiO,-Mn compounds,
influence of the surface contribution to the magnetism of as in other titanium oxides, is most often interpreted
undoped TiO, nanoparticles due to presence of oxygen using the model of bounded magnetic polarons (BMP).
vacancies and Ti** spins on the surface was proposed. This model assumes the presence of oxygen vacancies
However, it should be noted that the surface is the as a necessary component. Oxygen vacancies can be
preferable sink of both defects, such as oxygen vacancies created either during synthesis, provided that certain
and impurities of 3d-metals, which are present in conditions are met, or can be introduced using special
small amounts in the TiO, matrix. Hence, one cannot heat treatments, most often it is annealing in vacuum.
completely exclude the formation of foreign magnetic phases  There is also another process known to increase the number
on the surface as a result of the accumulation of defects and of oxygen vacancies: electron irradiation of the sample.
3d impurities on the surface. In [6], it was reported that due to irradiation of TiO, powders
In fact, even the origin of the experimentally observed with an electron beam (at a dose of several MGy), the Ti/O
ferromagnetic phenomenon is often questioned: what if this  ratio essentially increases as the powder becomes depleted
ferromagnetic behavior is the result of the presence of phases ~ with oxygen ions. With the crystal structure remaining the
other than the TiO,-based matrix? This question becomes same, such depletion can only be ensured by an extremely
especially critical when such elements as Fe, Ni and Co are  high density of oxygen vacancies.
used as dopants, so far as such materials are characterized The purpose of this work is to study changes in the
by a high spontaneous magnetization in the metallic state. ~structure and magnetic properties of manganese-doped
This is the main physical reason why manganese is added as  titanium oxide under the effect of an electron beam and
a dopant. The situation looks somewhat less complicated: Mn  annealing in vacuum. A special attention was paid to the
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features of the magnetization curves plotted for titanium
oxide powders in different states by analyzing both the
ferromagnetic component and the paramagnetic component
of the total magnetization.

2. Materials and Methods

Titanium oxide nanoparticles were synthesized by the sol-gel
method based on the technique described in [4]. Titanium
isopropyl oxide was dissolved in isopropyl alcohol and then
a MnCl, solution acidized with hydrochloric acid to a pH
of 1 was added . The resulting gel was held in a water bath
at a temperature of 80°C for two hours, after which it was
centrifuged out and then rinsed with isopropyl alcohol and
water to neutral pH and dried out.

After synthesis, the powders were annealed in air at
300°C for 2 hours to remove the remaining traces of organic
contaminants and water. Chemical analysis of the sample
revealed that the content of manganese is 0.5 wt.% (0.73 at.%).
Electron irradiation was carried out using a URT-1IM
nanosecond electron accelerator [7]. The accelerating voltage
was 800 kV, and the pulse duration was approximately 90 ns,
the cross section of the electron beam was 5x40 cm. The
radiation dose was equivalent to 50 MGy. Thin layers of
powders were scattered and wrapped in aluminum foil with
a thickness of 9-10 micron to obtain a pack of ~60x20 mm
in size, and the thickness of the powder layer was no more
than a fraction of mm. Annealings were carried out at
500°C in an oil-free vacuum of 10~ Torr for 0.5 hours. The
heat treatment arrangements and marking of the samples are
as follows: S1 — annealing at 300°C for 2 hours in air; 2 —
annealing at 300°C for 2 hours in air +annealing at 500°C for
0.5 hours in vacuum; S3 — annealing at 300°C for 2 hours
in air+electron irradiation; S4 — annealing at 300°C for
2 hours in air +electron irradiation + annealing at 500°C for
0.5 hours in vacuum.

The structure of the powders was investigated using
an Empyrean X-ray diffractometer in the filtered copper
radiation by scanning with a step of 0.013 degrees. Primary
data processing and parameter calculations were carried
out using the HighScore Plus 4.1 software package. The
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specific surface was measured using N, adsorption with a
SORBI-M sorptimeter. Magnetic properties were measured
using an MPMS-5 SQUID magnetometer in the temperature
range from 2 to 300 K. The magnetization curves in the
temperature range 300 - 850 K (20-580°C) were measured in
Ar atmosphere using Faraday balance.

Measurements of electron paramagnetic resonance
(EPR) were performed on a Bruker ELEXSYS 580 pulse
spectrometer in the stationary mode. The sample powder was
placed in a special quartz tube with a diameter of 4 mm. The
sample volume ranged from 2 to 5 mm?®. The spectra were
recorded in the stationary mode at room temperature with
Super High-Q rectangular resonator. The frequency of the
microwave field was about 9.40 GHz. The interval of change
of the magnetic field strength B ranged from 480 to 6000 Oe.

The FTIR spectra were recorded on a Nicolet 6700
FTIR spectrometer (Thermo) by the method of attenuated
total reflectance on a diamond crystal in the range of
4000-600 cm™.

3. Results

The X-ray diffraction revealed that the TiO,-Mn samples
before and after vacuum annealing have the anatase
structure (Fig. SI, Supplementary Material). The size of
coherent scattering domains, determined from the line
broadening, was of the order of 4 nm. The specific surface
area was 270 m?’/g, which corresponds to the particle
size of the powder, determined from the size of coherent
scattering domains. After the electron irradiation, the
specific surface area was 290 m?*/g, with the size of coherent
scattering domains increasing up to 7 nm. This interesting
result appears most probably because during the electron
irradiation, heating causes an increase in the particle size,
but at the same time there are more defects growing on the
particle surface, which results in a nominal growth of the
specific surface, despite the growing particle size.

The EPR spectra of powders S1-54 are shown in Fig. 1a
and 1b. The spectra mainly contain a sextet attributed to
the Mn?* ions superimposed on a wide spectrum with the
g-factor 2, having a width of about 500 Oe. This type of
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Fig. 1. EPR spectra of the samples S1 and S2; the arrow marks the position of the oxygen vacancy line (a). EPR spectra of the samples S3 and

S4; the arrow marks the position of the oxygen vacancy line (b).
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spectrum is typical for manganese ions in the octahedral
environment of oxygen ions in titanium sites. Presumably,
the broadening of this line is caused by the dipole-dipole and,
possibly, the exchange interaction between the Mn?* ions. The
spectrum, measured in the field range up to 6000 Oe, in fact,
demonstrates, in addition to the dipole-dipole broadening,
the existence of at least one wide line above 2000 Oe, which
can be connected to the Mn atoms involved in the exchange
interaction (Fig. S2, Supplementary Material).

It should be noted that after irradiation (83, Fig. 1b),
the intensity of sextet lines increases significantly from the
paramagnetic Mn?* ions modulating the wide line. During
the subsequent vacuum annealing, the intensity of these lines
decreases again. At the same time, the wide line becomes less
intense. The microscopic nature of this effect is still unclear.
The line with g-factor 2, corresponding to oxygen vacancies,
appears only after vacuum annealing (samples S2 and $4, the
lines are marked with arrows in the Fig. 1a,b). Contrary to
expectations, after irradiation (sample S3), no evidences of
oxygen vacancies are observed in the EPR spectrum. This may
be due to exposure conditions, namely the influence of the air
atmosphere. Under the action of an electron beam in the air
atmosphere, ozone is formed, which can heal the nucleated
vacancies. Oxygen vacancies can also interact with water
vapor in the air atmosphere. An increase in the amount of
adsorbed water was detected when comparing the IR spectra
of samples S1 and S3 (Fig. S3, Supplementary Material).

The magnetization curves plotted for all the samples
appear to be linear in the fields ranging from 14 to 30 kOe
at temperatures ranging from 80 to 300 K. From these linear
functions, the paramagnetic susceptibility was found at each
temperature within the range, and then the susceptibility value
as a function of inverse temperature was plotted; and some of
such dependences are presented in Fig. S4 (Supplementary
Material). As can be seen from Fig. S4, irradiation does not
affect the magnetic susceptibility of the TiO,-Mn powder. All
dependences were fitted with the linear functions from the
slope of which the Curie constants and effective magnetic
moments were determined (Table 1) .

As can be seen from Table I, the effective magnetic
moments of the Mn ion, determined from the magnetic
susceptibility data, are somewhat lower than the value 5.9 uB
characteristic of the Mn*" ion. Probably, this difference is
caused by the presence of antiferromagnetic (AF) interactions
between Mn ions, which reduces the magnetic susceptibility

Table 1. Curie constants and effective moments of Mn?* of different
samples.

Sample Curie constant, Effective magnetic
K-cm’/g moment, {1,
S1 3.56-10 5.61
S2 3.70-10* 5.67
S3 3.51-10™ 5.55
S4 3.31-10 5.42

and, consequently, the susceptibility-derived moment is
also reduced. The same correlations, apparently, lead to
a considerable disagreement between the magnetization
curves calculated in accordance with the Brillouin function
for a temperature of 2 K and the magnetization curves
obtained experimentally (Fig. 2). This disagreement reaches
its maximum for the sample S4 subjected to the electron
irradiation and annealing; and in this case, even a decrease
in the Mn content to 0.35 wt.% does not yield a satisfactory
fitting, because the slope of the curve is much greater in the
fields of 20 -40 kOe. This slope also indicates the presence
of antiferromagnetic interactions between the magnetic
moments of the Mn ions. This conclusion agrees well with
the EPR study, where one can observe the broadened lines
(more than 500 Oe), which could be attributed to the AF
correlations.

Extrapolating the linear part of the magnetization curve
onto the zero field at different temperatures, the ferromagnetic
contribution into magnetization (FCM) was determined for
each sample in the temperature range from 80 to 300 K.

As can be seen from Fig. 3a, annealing in vacuum
(samples S2 and S4) results in a strong growth of the FCM,
but the absolute value of specific magnetization is not so high
in the range from 0.002 to 0.017 emu/g. The FCM practically
does not change in value over the temperature range from 80
to 300 K (Fig. 3b).

The magnetization curves of sample S2 were measured
in the temperature range from 20 to 580°C. Some of these
curves are shown in Fig. 4. By extrapolation to zero field, the
temperature dependence of the FCM value was determined
in the mentioned temperature range. This dependence is
presented in Fig. 5. The dependences M(T) for bcc-iron
and iron oxide Fe,O,, taken from the literature, are shown
exclusively for comparison. As can be seen from Fig. 5,
the temperature dependence of the magnetization does
not correspond to either iron or iron oxide. The critical
temperature of the disappearance of magnetic order for
sample S2 is in the range of 600-700°C. We do not use
the term "Curie temperature” or "Néel temperature",
since we do not have data on the type of magnetic order.
The total amount of manganese ions involved in this
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Fig. 2. Field dependencies of specific magnetization of powders S1,
S3 and S4 at 2 K. Curves 1 and 2 are the Brillouin function for the
spin state of $=5/2 and Mn ion content of 0.5 wt.% and 0.35 wt.%,
respectively.
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Fig. 3. Magnetization curves for TiO,-Mn samples S1, S2 and S$4 at 300 K (a). Temperature dependence of saturation magnetization of the
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Fig. 4. Magnetization curves of S2 sample at 24°C (1), 100°C (2),
200°C (3), 400°C (4) and 580°C (5).
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Fig. 5. Temperature dependence of FCM for S2 sample (1) and
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magnetic phase can be estimated from the deviation of
the effective magnetic moment from the calculated value
for the spin S=5/2 (Table 1 and Fig. 2). This value ranges
from 15 to 30% of the total number of Mn ions. Based
on the value of the ferromagnetic contribution to the
magnetization (FCM), the magnitude of the uncompensated
moment per manganese atom in this antiferromagnetic
phase can be estimated as 0.1 pB. Thus, the magnetically
ordered regions formed during the vacuum annealing of
TiO,-Mn nanopowders can have antiferromagnetic ordering
with incomplete compensation of magnetic moments.
The incomplete compensation makes it possible to estimate
the temperature of the magnetic disordering by measuring
the magnetization curves versus temperature. One can
suggest that a paramagnetic state, antiferromagnetic
correlations and the regions of AFM interactions with
incomplete compensation of magnetic moments can coexist
in the sample simultaneously.

Up to now, we do not exclude the another nature of
ferromagnetic contribution but it takes a special investigation
in the future.

4. Conclusion

Analysis of the magnetization curves and the EPR spectra
allows us to conclude that, at least for a part of the manganese
ions in titanium oxide, there is a negative interaction of
exchange nature. It can be assumed that this interaction is
a well-known Mn-O-Mn superexchange. Vacuum annealing
leads to the appearance of a ferromagnetic contribution
to the magnetization. This contribution may be the result,
for example, of incomplete compensation of the magnetic
moments of manganese in the TiO, lattice in the presence
of oxygen vacancies. Another explanation is that, along with
the AF interactions between the Mn ions, the ferromagnetic
ordering of the Mn atoms in the TiO, lattice near the defects
arising during vacuum annealing can occur. Analysis of the
temperature dependence of the magnetization demonstrates
a sufficiently high temperature of magnetic ordering of about
600-700°C. The nature of the strong exchange interaction,
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which ensures such a high temperature, is still unclear, and
additional studies will be needed in the future to clarify this
phenomenon.

Electron irradiation significantly affects the EPR
spectrum of manganese ions, increasing the intensity of the
lines, but does not lead to the appearance of a signal from
oxygen vacancies. Probably, to create and preserve oxygen
vacancies, it is necessary to perform the irradiation in an
inert gas environment or in a vacuum.
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