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Structure, room-temperature magnetic and
optical properties of Mn-doped TiO; nano
powders prepared by the sol-gel process™
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TiO2 nano powders with Mn concentration of 0 at%—12 at% were synthesized by the sol-gel process, and were
annealed at 500 °C and 800 °C in air for 2 hrs. X-ray diffraction (XRD) measurements indicate that the Mn-TiO2
nano powders with Mn concentration of 1 at% and 2 at% annealed at 500 and 800 °C are of pure anatase and rutile,

respectively. The scanning electron microscope (SEM) observations reveal that the crystal grain size increases with

the annealing temperature, and the high resolution transmission electron microscopy (HRTEM) investigations further

indicate that the samples are well crystallized, confirming that Mn has doped into the TiOg2 crystal lattice effectively.

The room temperature ferromagnetism, which could be explained within the scope of the bound magnetic polaron

(BMP) theory, is detected in the Mn—TiO2 samples with Mn concentration of 2 at%, and the magnetization of the
powders annealed at 500 °C is stronger than that of the sample treated at 800 °C. The UV-VIS diffuse reflectance
spectra results demonstrate that the absorption of the TiO2 powders could be enlarged by the enhanced trapped electron

absorption caused by Mn doping.
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1. Introduction

Since TiOg-based diluted magnetic semiconduc-
tor (DMS) with room temperature ferromagnetism
was successfully prepared by Matsumoto et al.,!
this material has been drawing rapidly increasing at-
tention from researchers because of its potential in
magneto-electronic applications.[>3] TiOy doped with
Fe, 5] Co,[6-91 v [10.11] ¢y 2] Mp[3-18] and other
elements have been prepared by PLD,[!9) MBE,[2"
magnetron sputtering,!”-16 ion implantation, 81 sol-
gel, 1317181 and other methods.5! Although ferro-
magnetism in Mn doped TiOs has been reported for

13,14,16-18,21-26] fow report has been

several times,!
given on the effect of annealing treatment on ferro-
magnetism and optical absorption of Mn-TiO5 nano
powders.

In this work, Mn-doped TiOs powders were syn-
thesized by sol-gel process and were annealed at dif-
ferent temperatures in air for 2 hrs. The structure,

morphology, and composition of the samples were in-

vestigated by XRD, HRTEM, SEM, and energy dis-
persive x-ray spectrum (EDX). The magnetic proper-
ties were measured by vibrating sample magnetometer
(VSM). The diffuse reflectance spectra were taken on
a UV-VIS spectrophotometer. We report herein the
structure and phase transformation in the Mn-doped
TiOs nano powders, and moreover the magnetic and
optical properties of the powders are also discussed.

2. Experimental

The Mn-doped TiO; nano powders were syn-
thesized by sol-gel process, and were annealed at
500 °C and 800 °C in air for 2 hrs.
cess of precursor colloid is as follows. First, 1.2 ml
acetic acid (CH3COOH) and 5.7 ml titanium butoxide
(Ti[O(CH3)3CHs)4) were dissolved into 10 ml anhy-
drous ethanol and mixed by stirring for 15 min to form

The pro-

ethanol solution A. Second, a mixture B composed
by 10 ml anhydrous ethanol and 1.2 ml manganese
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acetate ((CaH302)2Mn-4H50) hydrosol with certain
concentration was put into ethanol solution a drop by
drop. Third, the solution was stirred for 30 min at
25 °C to form homogeneous colloid. After that, the
colloid with varied Mn concentration was heated at
100 °C in air to form dried gel. Finally, the dried gel
was annealed at 500 and 800 °C in air for 2 hrs to
form Mn-doped TiO5 nano powders. The Mn concen-
tration is defined to be Ny /(Navn + N1i), and con-
trolled by the concentration of ((CoHz02)2Mn-4H50)
hydrosol during the synthesis process, where Ny, and
Ny represent the amount of the Mn and Ti atoms in
a certain sample, respectively.

These powders were investigated by XRD,
HRTEM, SEM, EDX, and VSM. XRD studies were
carried out on an X’Pert Pro XRD system with x-ray
Mirror PFX and with an operating voltage of 40 kV
and a current of 40 mA. The shape of the samples
and the concentration of Mn content were measured
on a FEI-SIRION SEM. The amount of doping, mea-
sured by EDX, is denoted as the fraction (at %) of
number of impurity atoms to the sum of those of Ti
and impurity atoms in the powders. The HRTEM mi-
crographs were obtained on a JEM-2010 TEM. The
magnetic properties of the films were measured on a
Lake Shore-VSM7404 VSM at room temperature. The
diffuse reflectance spectra were taken on a UV-VIS
spectrophotometer.

3. Results and discussion

3.1. The composition and morphology of
Mn-doped TiO; nano powders

The Mn concentrations of the samples were
measured by EDX. Figure 1 shows a typical spec-
trum of the Mn-doped TiOs nano powder sam-
The cal-
culated Mn atom composite Nyin/(Nyn + N1i) =
4.11/(4.11 + 35.65) = 10.3% is in accordance with the
designed concentration. SEM images (Fig. 2) show

ple with Mn concentration of 10 at%.

that the grain sizes of the powders annealed at either
500 °C or 800 °C are uniform. The diameter of the
grains in Fig. 2(a) is about 10 nm and that in Fig. 2(b)
is over 200 nm, which indicates that the crystal grain
size increases with the annealing temperature.

ELem wt%  at% T
0K 33.27 60.24
TiK 58.95 35.65

MnK 7.78 4.11
o total 100.00

100.00

0.8 1.6 24 3.2 4.0 48 56 64 7.2

Fig. 1. EDX spectrum of the Mn-doped TiO2 nano pow-
der sample with Mn concentration of 10 at%.

Fig. 2. SEM images of the Mn-doped TiO2 nano powder sample with Mn concentration of 2%. (a) Annealed

at 500 °C or 2 hrs, the insert shows a micrograph with high magnification for the same area; (b) Annealed

at 800 °C for 2 hrs.

3.2. The structure of Mn-doped TiO; nano powders

Figures 3(a) and 3(b) show the XRD results of the powders annealed at 500 °C and 800 °C for 2 hrs,
respectively. It is recognizable from Fig. 3(a) that the samples with the Mn concentration of 0 at%-9 at% are

of anatase structure. A second phase, MnyO3z, appears when the Mn concentration is as high as 12%.

From Fig. 3(b), one can see that among the powders annealed at 800 °C, the un-doped ones are mixed

with anatase and rutile, and the samples doped with 1% and 2% Mn are rutile structure without any second

phase. The powders with Mn concentration higher than that of 2% are mixed with rutile and MnyQO3, and the

intensity of the second phase increases with the Mn concentration.
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Fig. 3. XRD patterns of TiO2 nano powders doped with Mn concentration of 0 at%—12 at% annealed for 2 hrs. (a)

at 500 °C (b) at 800 °C.

It is noted that the reflection peaks in Fig. 3(a)
are broadened than those in Fig. 3(b), it is because the
average grain size in the samples annealed at 800 °C is
larger than that of the samples annealed at 500 °C, as
shown in Fig. 2. Structural analysis of the XRD data
also suggest that the increase of annealing tempera-
ture for the Mn-doped TiOs could effectively increase
phase transition from anatase to rutile in contrast with
what observed in TiOs, this fact is in agreement with
that reported by Arroyo et al.[27]

Figure 4 shows a HRTEM micrograph of the Mn-
doped TiO5 sample with Mn concentration of 1 at%,
annealed at 500 °C for 2 hrs. The insets display
the selected area diffraction (SAED) pattern and the
low magnification image of the powder sample. It is
seen from the low magnification image that the grain
size of the sample is about 10 nm, the same as the
SEM results.
marked, and is consistent with the inter-planar dis-

The inter-planar spacing, 0.35 nm, is

tance of (101) crystal planes of anatase TiO3. Both
the HRTEM image and the SEAD pattern confirm
that these powders have the anatase structure.
Figure 5 shows the HRTEM micrographs along
the [001] zone axis of a crystal in the Mn-doped TiO,
powder sample with Mn concentration of 1 at%, an-
nealed at 800 °C for 2 hrs. The insets show the en-
larged image of the smaller selected area and the fast
Fourier transform (FFT) pattern of the area marked

with the larger frame.

Fig. 4. HRTEM micrographs of the Mn-doped TiOg pow-
der sample with Mn concentration of 1 at%, annealed at
500 °C for 2 hrs. The insets are a selected area diffraction
pattern and a bright-field TEM image.

The unit cell of rutile TiO2, as below shown in
Fig. 6(a), is tetragonal (a = b = 4.584 A, ¢ = 2.953 A
(1 A =0.1nm), space group P42/mnm).126 The struc-
ture has only one crystallographic Ti site. These Ti
atoms are surrounded by a slightly distorted octahe-
dron of oxygen atoms. The Mn atoms which are ex-
pected to substitute for Ti have also one crystallo-
graphic site in the Mn—TiO5 crystal.

The distance 0.46 nm marked in the upper in-
sert of Fig. 5 is consistent with the lattice constant
a of rutile TiOs. It can be clearly seen that the lat-
tice in the same graph is in agreement with that in
Fig.6 (b) which is simulated by the Materials Studio
software. The HRTEM images of both the powders
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annealed at 500 °C and 800 °C show that the samples
are well crystallized without any impurity phase being
detected, indicating that Mn has doped into the TiO,
crystal lattice effectively.

|

Fig. 5. HRTEM micrographs of the Mn-doped TiO2 nano
powder sample with Mn concentration of 1 at%, annealed
at 800 °C for 2 hrs. The insets show the enlarged image of
the rectangular area and the fast Fourier transform (FFT)
pattern of the area marked with the larger frame.
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Fig. 6. The crystal lattice of rutile TiO2 (Ti: gray balls,
O: white balls): (a) unit cell; (b) along the [001] zone axis.

3.3. The room-temperature ferromag-
netism and optical properties of
Mn-doped TiO; nano powders

Figure 7 shows the room temperature hysteresis
loops for Mn-doped TiO5 powder sample with Mn con-
centration of 2 at%, annealed at 500 °C and 800 °C for
2 hrs, illustrating the ferromagnetism in the present
samples. The magnetization of the powders annealed

at 500 °C is visibly larger than that of the sample
treated at 800 °C.
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Fig. 7. The room temperature hysteresis loops for Mn-
doped TiOg nano powder samples with Mn concentration
of 2 at%, annealed at 500 °C and 800 °C for 2 hrs. The
inset shows the low-field part of the loops for the two sam-
ples (1 Oe = 79.5775 A/m).
As mentioned above, the XRD and HRTEM re-
sults confirm that Mn has effectively doped into the
crystal lattice of TiO5. On the other hand, oxygen va-

cancies in Ti0,28:29]

could be produced by annealing
treatment. The ferromagnetism (FM) in Mn doped
TiO, have been reported for anatasel'3! and rutile['”]
and explained within the scope of the bound mag-
netic polaron (BMP) theory.[*”) When the concentra-
tion of shallow defects exceeds the percolation thresh-
old, defects such as oxygen vacancies can overlap many
doped ions to yield BMPs, which can result in FM cou-
pling between doped spins. Xu et al discovered that
the ferromagnetism was enhanced as the phase tran-
sition from anatase to rutile occurs.??l In their ex-
periment, the annealing temperatures for anatase and
mixed phase were almost the same. But in the case of
the present work, the annealing temperature (800 °C)
to obtain rutile is much higher than that of anatase
(500 °C). When the samples are annealed under high
temperature in air, the oxygen deficiency could be re-
duced because some oxygen vacancies would be gen-
erally diminished or eliminated. As a result, the mag-
netization of the powders annealed at 500 °C is larger
than that annealed at 800 °C.

Figure 8 shows the diffuse reflectance spectra of
the undoped and Mn-doped TiOs powders. Figure
8(a) shows an absorption tail in the 350-450 nm
region. According to the equation (1).[31] The re-
flectance data R% were converted into Kubelka—Munk
function F'(R), which is proportional to the absorption

coefficient «.
(1-R)?

F(R) =55

(1)
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Fig. 8. Diffuse reflectance spectra (a) TiO2 samples annealing at different temperatures, insert shows the original reflectance

data R% curve; (b) Transformed Kubelka—Munk function vs. excitation energy for pure TiO2 samples; (¢) Mn-doped TiO2

nano powders with Mn concentration of 2 at% annealing at different temperatures, insert shows the original reflectance

data R% curve.

And the absorption coefficient « of an indirect
semiconductor near the absorption threshold can be

expressed as:

_ Bi(FE - F )2
o= @

where E, is the band gap of indirect allowed tran-
sition (eV), E is the energy of the light (eV), B; is
the absorption constant. Therefore, the transformed
Kubelka—Munk function can be constructed by plot-
ting [F(R)* E]/? values against excitation energy and
allows to evaluate the band gap energy.3? It can be
evaluated from Fig. 8(b) that the E; of the undoped
TiOy powders annealed at 500 °C is 2.70 eV, bigger
than that of at 800 °C, 2.62 eV, because the E, of
anatase is bigger than that of rutile.

Figure 8(c) shows the diffuse reflectance spectra
Mn-doped TiO5 nano powders with Mn concentration
of 2% annealing at different temperatures. One can
see that the reflectance data R% of the powders an-
nealed at 500 °C and 800 °C are low over the visual

region, indicating that the absorption of samples is

\
large because of the Mn doping. A broad peak at
about 560 nm for the powders annealed at 500 °C
can be seen in Fig. 8(c). Compared with the re-
ported literatures,®334 this peak may be ascribed to
the enhanced trapped electron absorption caused by

the doped Mn ions.

4. Conclusions

In summary, TiO2 nano powders doped with Mn
concentration ranging from 0 at% to 12 at% were
synthesized by sol-gel process and were annealed at
500 °C and 800 °C in air for 2 hrs. Both the XRD pat-
terns and HRTEM images confirm that Mn has doped
into the TiOs crystal lattice effectively. Ferromag-
netism is detected in the Mn—TiO5 powders and could
be understood as BMP enhanced ferromagnetism. Mn
doping can enlarge the absorption of the TiO5 powders
by means of enhanced trapped electron absorption.
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