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Preparation of zinc oxide nanopowders doped
with manganese, which have ferromagnetic
properties at room temperature.
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The paper analyzes magnetic properties, crystal structure and EPR spectra of ZnO:Mn
nanocrystals obtained by ultrasonic spray pyrolysis. It has been investigated influence of
the type of carrier gas - air and nitrogen on the magnetic properties of the nanocrystals
at room temperature. Also it has been investigated effect of heat treatment at T = 800°C
and phase of Mn,0; presented in the nanocrystals of ZnO:Mn, on the magnetic properties.
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Wccnemopanbl MarHUTHBIE CBOICTBA, KPUCTANINUYECKAA CTPYKTypa U cueKTpbl IIIP Hza-
HokpucTtawios ZnO:Mn, mojayyeHHBIX METOLOM yJAbBTPA3BYKOBOI'O IIMPOJIM3a asposod. Hccie-
IOBAHO BJIHAHNE THUIIA rasa-Hocuress (BO3AYX, a30T) HA MATHHTHBIE CBOMCTBA HAHOKPHCTAJI-
JIOB TIPM KOMHATHO! TeMmmepatype. Ompemesero BamaHme Tepmoodpabotrku mpu T = 800°C u
daser Mn,O,, npucyrerByiomeii 8 HaHokpucerawiax ZnO:Mn, Ha MarHHTHEIe CBOKCTBA O6PABIIOB.

OTpuMaHHs HAHOHOPOLIKIBE OKCHAY IIMHKY, JEeroBaHUX MapraHinem, sikKi mamts depo-
MAar”iTHi BaactuBocti npu KimHaTtHi# Temmueparypi. B.FO.Boposcvruii, O.B.Kosanenko,
O.I.Kywnepvos, O.B. Xmenenro

Hocaig:keHo Mar"iTHi BJIaCTHBOCTI, KPHUCTANiIUHY cTPYKTYpPyY Ta cuekrpu EIIP manoxkpwuc-
ranis ZnO:Mn, orpumanux MeTomoM YJIBTPa3BYKOBOI'O MMiposidy aeposonto. Hocuaimgxeno
BILIWB Tasy-HOCiA (IOBiTPA, a30T) HA MATHITHI BJIACTHMBOCTI HAHOKPUCTAJIB TPW KiMHATHIH
TeMIepaTypi. BusHaueno Bmius Tepmoo6pobru mpu T = 800°C Ta dasu Mn,0O,, axa mpucyr-
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Ha y HapoKpucranax ZnO:Mn, ma marmiTHi BIaacTtusocTi 3paskis.

1. Introduction

Zinc oxide (ZnO) doped with transition
metals, for example, with manganese (Mn)
belongs to the Diluted Magnetic Semicon-
ductors (DMS) that are drawn attention due
to possibility of construction spintronic de-
vices for storing and recording of informa-
tion on their basis. Such DMS as ZnO:Mn
combines electric and ferromagnetic proper-
ties with optical transparency, thermal and
radiation resistance, that is promising for
practical use. After theoretical prediction of
the ferromagnetic properties existence at
the Curie temperature above room tempera-

Functional materials, 25, 1, 2018

ture in ZnO:Mn based DMS [1], zinc oxide
began to draw even more attention of re-
searchers. For the first time, experimental
confirmation of this prediction was made on
the samples obtained by the ceramic method
[2]. It was found ferromagnetic properties at
room temperature that disappeared after heat
treatment at temperature T > 500°C. Specific
magnetization value in the saturation state
was not significant — M = 0.007 Gs-cm3/g.

Different methods of synthesis were used
to obtain DMS at the Curie room tempera-
ture. Thus, by the liquid ceramic method [3]
there were obtained films of ZnO:Mn with
concentration of manganese up to 2 atom.
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% which after annealing at temperature
T = 400°C exhibited ferromagnetism at the
room temperature. The specific magnetiza-
tion in the saturation state was M, =
2.5 Gs-cm3/g. Annealing of the samples at
temperature T > 500°C also led to disap-
pearance of ferromagnetic properties. In
[4], nanocrystals (hereinafter NC) of
ZnO:Mn with manganese concentration of
1 atom. % with ferromagnetic properties at the
room temperature were synthesized by the
colloidal method at temperature T = 60°C.
The specific magnetization of such samples
in the saturation state was M=
0.65 Gs-cm3/g. The magnetic properties of
the samples were disappeared after anneal-
ing at temperature T = 500°C inside oxygen
or argon. In [5], the NC of ZnO:Mn at tem-
perature T = 80°C was obtained by the com-
patible chemical deposition method from
zinc nitrate and manganese chloride solu-
tions in methanol. The sample with manga-
nese concentration of 2 atom. % had ferro-
magnetic properties at the room tempera-
ture — M, =0.09 Gs-em3/g. The above
mentioned literature sources analysis indi-
cates that ferromagnetic properties at the
room temperature in the NC of ZnO:Mn oc-
curs in conditions of the low-temperature
synthesis at concentrations of manganese up
to 2 atom %. Increase of the synthesis tem-
perature up to T, = 500°C or annealing of
the samples at temperature T > 500°C re-
sults in decrease or loss of the magnetic
properties.

To the above mentioned it should be
added that conclusions made in the study
[1] indicates that the ferromagnetic proper-
ties in the NC of ZnO:Mn can occur when
creating p-type of conductivity in them. The
difficulty of obtaining ZnO with the p-type
of conductivity is that zinc oxide has high
number of natural spot defects that deter-
mine the n-type of conductivity. It is also
prone to the effect of self-compensating im-
purities which determine the p-type of con-
ductivity. In the study [6], a possibility of
creating the p-type of conductivity in films
ZnO:Mn was shown due to their nitrogen
doping. The method of ultrasonic aerosol
pyrolysis (UAP) was used to obtain such
films. In this case, an aqueous solution of
zinc and manganese acetate with concentra-
tion of 0.5 mole (0.5 M) was used, in which
to form the acceptor impurity the ammo-
nium acetate concentration of 2.5 M was
added to the nitrogen. According to the
authors, doping with nitrogen leads to sub-
stitution of ZnO oxygen ions in the crystal
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cell by nitrogen ions and occurrence in the
NC of ZnO:Mn the p-type conductivity. How-
ever, the study of the obtained films showed
that they do not have ferromagnetic proper-
ties at the room temperature. The ferromag-
netism in such samples arises at tempera-
tures of liquid nitrogen and lower tempera-
tures. The UAP method was also used to
synthesize the ZnO:Mn films in other stud-
ies [7, 8] but the magnetic properties at the
room temperature in such samples were not
detected. In the films of ZnO:Mn obtained
by this method at T, = 400°C from solutions
of zinc nitrates and manganese with concen-
trations of manganese of 7 atom. %, the
ferromagnetic properties were observed at
the temperature of liquid helium. The value
of the specific magnetization in the satura-
tion state for such samples was relatively
low: M, = 3:107° Gs-cm3/g.

It is known that the UAP method is
based on thermal decomposition of solution
of corresponding components [9]. The solid
phase is created over the short period of
time due to evaporation of the solvent and
thermolysis of the salts of the source com-
ponents in atmosphere of the carrier gas
and in the most cases the air is used as
carrier gas. Therefore, in such a method,
there are possibilities of influencing the
physical properties of synthesized NC of
ZnO by changing the carrier gas type of. In
the study [10], possibility of the p-type of
conductivity formation in the NC of ZnO:Mn
was shown by the UAP method when used
nitrogen as the carrier gas due to occurrence
of acceptor-type defects in the formation in
inert atmosphere of the ZnO crystal cell. In-
fluence of this factor on the conditions for
the NC of ZnO doping with the acceptor im-
purities and on magnetic properties of the
samples requires further researches.

The purpose of this work is to obtain by
UAP method the NC of ZnO:Mn with ferro-
magnetic properties at room temperature
and study their magnetic characteristics.

2. Experimental

We carried out the NC synthesis of pure
ZnO and ZnO:Mn in the form of nanopowder
when air or nitrogen was used as carrier
gas. In this synthesis it was used an aque-
ous solution of zinc nitrates (0.8 M) and
manganese (0.01 M). The solution was
sprayed with an ultrasonic emitter at fre-
quency of 1.7 MHz. The aerosol particles of
1-5 um in diameter in the carrier gas
stream were fed into an oven heated to the
synthesis temperature where solvent evapo-
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Fig. 1. Data of XRD (a) of ZnO:Mn NC and their spectra of EPR; (b) — samples obtained using
nitrogen as carrier gas at T, = 450°C (1), T, = 650°C (2) and after annealing in air at T' = 800°C
(3). In XRD diagrams of the, the mark "+" is phase of ZnMn,0,, the mark V is phase of MnO,, the

mark * the — phase Mn,0;.

ration and thermal decomposition of the
components occurred, which resulted in the
synthesis of the final product. The carrier
gas flow was set at value of 4.5-4.6 liters
per hour with help of gas variable area flow
meter. The synthesis term was about 7-10
seconds. The particles were obtained in the
form of spherical granules and were isolated
from water vapor and other synthesis prod-
ucts by means of filter heated up to T =
200-250°C. The samples of pure ZnO NC
were obtained at temperature T, = 650°C
and ZnO:Mn with concentration of manga-
nese of 2.0 atom % at synthesis tempera-
ture T, = 450°C and 650°C. The effect of
annealing in air at T = 800°C within 1 h on
physical properties of the samples was ana-
lyzed. The samples were examined by X-ray
diffraction analysis (XRD), EPR and vibra-
tion magnetometry methods.

3. Results and discussion

Analysis of obtained XRD data (see Fig.
1) showed that the studied samples had
crystal cell of the wurtzite type. The aver-
age crystal size that calculated by the
Scherrer equation [11], for the NC of ZnO
synthesized at T, = 650°C is 88 nm and for
NC of ZnO:Mn synthesized at T, = 450°C
and T, = 650°C, respectively, 36 and 38 nm.

To obtain the one-phase NC of ZnO:Mn by
UAP method is quite complicated. Under
the given synthesis conditions and concen-
tration of the dopant — manganese of
2 atom %, according to the XRD results, it
was found that at the synthesis temperature
T, = 450°C in the samples there is an addi-
tional phase of =zine spinel ZnMn,O,
(26 = 18.8°C and 29.3°C) and MnO, phase
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(20 = 26.7° and 42.5°), and at the synthesis
temperature T, = 650°C in the samples the
Mn,O5 phase (20 = 19.0° and 88.5°) was pre-
sent. After annealing the samples in air at
T = 800°C within 1 h in the NC of ZnO:Mn,
these phases disappear and the NC size in-
creases up to 110 nm.

By EPR method there were found that
resonance absorption lines in the NC of ZnO
are missing. In the spectra of EPR the NC
of ZnO:Mn obtained at T, = 650°C (Fig. 1),
there were two broad absorption lines. The
first one is intensive, nonstructural and
situated in the field of low magnetic field
values with g = 4.287. Based on the value
of g factor, the presence of such line may
indicate that big amount of acceptor type
defects have appeared in the NC of ZnO:Mn.
This, in turn, can be condition for appear-
ance of the p-type conductivity. This EPR
line disappears after annealing of the NC at
T = 800°C in air within 1 h. It is clear that
such heat treatment due to peroxidation and
recrystallization processes reduces the
amount of the acceptor type defects and re-
produces in the NC of ZnO:Mn the n-type of
conductivity. The second intensive and
structured line of the EPR spectrum is lo-
cated in the area of H = 3250 oersteds. It
consists of six components characteristic for
the ultra-fine structure of the EPR spectra
of Mn2* jons. The spectroscopic splitting
factor of this line is equal to g = 2.001 and
the constant of the superfine structure A =
65.94 oersted. This is confirmed by the fact
that ZnO doping with manganese ions Mn2*
during the synthesis. The same charac-
teristic lines were present in the spectra of
EPR of the ZnO:Mn NC and after annealing.
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Fig. 2. ZnO:Mn NC magnetization curves obtained at T, = 450°C (a) and T, = 650°C (b) in nitrogen
(1), air (2) as carrier gases before and after annealing in air at 7' = 800°C (3).

In the EPR spectrum of the ZnO:Mn NC
obtained at T, = 450°C, the first absorption
line in the field of low values of the mag-
netic field is missing. The second structured
EPR line which is associated with the pres-
ence of paramagnetic admixture of Mn2*
ions in the NC of ZnO:Mn is present and
similar in comparison with the samples ob-
tained at T, = 650°C. After annealing, the
EPR spectra of these samples become the
same (Fig. 1). In them only the EPR line of
Mn2* jons remains. Its intensity increases,
which indicates an increase in the concen-
tration of Mn2* ions in the samples. This, in
turn, may be connected with disintegration
of ZnMn,O,4, MNO, and Mn,O5 phases at an-
nealing and additional dissolution of Mn2*
ions in ZnO cell. These results can be ex-
plained by the peculiarities of the synthesis
by UAP method. The formation of the basic
phase of ZnO NC and impurity phases oc-
curs in non-equilibrium conditions for sev-
eral seconds with formation of the big
amount of defects in the crystal cell. In
such conditions only small portion of man-
ganese has the ability to diffuse into the
crystalline cell of ZnO, mainly on the sur-
face. The main part of manganese generates
phases of ZnMn,O,4, MnO, and Mn,O5, which
are located between the NC of ZnO.

These studies have shown that the NC of
ZnO:Mn synthesized by us have ferromag-
netic properties at room temperature, while
the NC of pure ZnO do not exhibit such
properties. The magnetization curves of
ZnO:Mn NC, the value of specific magneti-
zation in the state of saturation o, and the
value of coercive force H, (Fig. 2) were ob-
tained using a vibration magnetometer. The
obtained values of the specific magnetiza-
tion in the saturation state M for the NC
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Fig. 3. The data of XRD samples obtained by
UAP method from manganese nitrate with air
as carrier gas at T, = 450°C (1), T, = 650°C
(2) and after annealing in air at T = 800°C
(3). On XRD diagrams, the mark V is the
MnO, phase, the mark * is Mn,O5 phase.

of ZnO:Mn synthesized at T, = 450°C are
0.18 and 0.12 Gs-cm3/g, respectively, for
nitrogen and air as carrier gas. For synthe-
sized samples at T, = 650°C, the parameter
M, =0.16 and 0.15 Gs-cm3/g, respectively,
for nitrogen and air as carrier gas. The co-
ercive force average value for all samples is
within the range of H, = 120+150 oersteds.
Analyzing the above mentioned data it is pos-
sible to conclude that the type of carrier
gases more influences on the magnetic char-
acteristics of the samples that are synthesized
at lower synthesis temperature. It should be
emphasized that samples synthesized in ni-
trogen as the carrier gas are characterized
by bigger values of the parameter M,. An-
nealing in the air at T = 800°C results in
disappearance of the ferromagnetic properties
of the samples (see Fig. 2).

Functional materials, 25, 1, 2018
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Fig. 4. Magnetization curves of samples consisting of NC phases of MnO, and Mn,0O; mixture (a)
and their spectra of EPR (b): the samples are synthesized using air as carrier gas at T, = 450°C (1),
T, = 650°C (2) and after annealing in air at T = 800°C (3).

It is known that manganese oxides with
different levels of wvalence (MnO,, Mn,0s3)
which can affect the ferromagnetic proper-
ties of synthesized materials [12] are
formed by the thermal decomposition of
manganese nitrate. Taking into account the
presence of the MnO, phase in the NC of
ZnO:Mn, we performed additional studies on
the possible influence of this phase on the
magnetic properties of the samples ob-
tained. For this by UAP method it was syn-
thesized the NC from solution of manganese
nitrate with concentration of 0.06 M at the
synthesis temperatures T, = 450°C and T, =
650°C with the use of air as the carrier gas.
The XRD data showed that chemical compo-
sition of the obtained NC is heterogeneous.
It consists of the MnO, and Mn,O5; phases
(see Fig. 3).

The average size of the NC calculated by
the Scherrer equation [11] did not exceed
28 nm. At the same time, in the NC ob-
tained at temperature T, = 450°C, the MnO,
phase dominates and the synthesis at T, =
650°C leads to increase in the amount of the
Mn,O5; phase. This result is in agreement
with the known process of thermal decompo-
sition of MnO, polycrystalline powder, ac-
cording to which the Mn,O; phase begins to
form at temperatures T, > 530°C. The aver-
age size of the NC increased up to 37 nm
after annealing in air at T = 800°C with the
Mn,O5 phase in the samples becoming domi-
nant (see Fig. 3).

Despite the fact that polycrystalline
MnO, and Mn,O3 do not exhibit magnetic
properties at room temperature, they have
been detected in the NC synthesized by us
(see Fig. 4). The value of the specific mag-
netization in the saturation state was M, ~
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1.25 Gs-em3/g and practically in ten times
exceeded the value of this parameter for NC
of ZnO:Mn (o, ~ 0.15 Gs-cm3/g). The aver-
age value of coercive force for all samples
was within the range of H,= 80+100 oer-
sted. In addition, the ferromagnetic proper-
ties of these samples after the annealing did
not disappear but rather increased. This be-
havior of the MnO, and Mn,O; NC phases
requires further study. But these results
make it possible to conclude that these
phases can affect the magnetic properties of
ZnO:Mn NC despite their low concentration.
It should be noted that zinc spinel ZnMn,O,
in nanocrystalline state may also acquire
ferromagnetic properties [13]. The fact of
the ferromagnetism disappearance in the
NC of ZnO:Mn after annealing can be associ-
ated with the disappearance of ZnMn,0,,
MnO, and Mn,O3; phases due to dissolution
of manganese in the crystal cell of ZnO.
The EPR spectra of the NC phase of
MnO, and Mn,O; phases (see Fig. 4) re-
vealed the presence of superposition of two
broad absorption lines which at annealing
increase in intensity. In their behavior at
heat treatment and in terms of g-factors,
they are not related to the intensive line in
EPR with g = 4.2874, which we observed in
the NC of ZnO:Mn synthesized in nitrogen
as the carrier gas (see Fig. 1). In the EPR
spectra of the ZnO:Mn NC samples due to
low concentration of the MnO, impurity
phase, the first line of EPR which is lo-
cated in the area of low magnetic field
value, is not observed at all. The second
line of EPR which is registered in the area
of H = 3200+3300 oersteds, at the low tem-
peratures of the NC synthesis (T, = 450°C)
has weak structure of six lines. It may be
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connected with presence of Mn2* ions in the
studied samples. With increasing the syn-
thesis temperature (T, = 650°C) and anneal-
ing of the samples (T = 800°C), this struec-
ture disappears.

4. Conclusions

The obtained experimental results make
it possible to draw the following conclu-
sions. By the UAP method NC of ZnO:Mn
with ferromagnetic properties at room tem-
perature were synthesized. These magnetic
properties of the ZnO:Mn NC are not related
to increase of concentration of the paramag-
netic impurity Mn2*, since at annealing the
concentration of the Mn2* ions increases and
the magnetic properties of the ZnO:Mn NC
disappears. The presence of MnO, and
ZnMn,O, phases in the NC of ZnO:Mn can
affect the magnetic properties of the ob-
tained samples. In the case of annealing
with the disappearance of these phases and
their influence on the magnetic properties
the NC of ZnO:Mn disappears, which, in
turn, causes an increase in the concentra-
tion of Mn2* ions in the ZnO cell according
to the EPR data. However, in our opinion,
the above mentioned phases cannot deter-
mine the ferromagnetic properties of the
ZnO:Mn NC in full scope to the fact that
they are present in the synthesized samples
in very low concentrations. The absorption
line in the EPR spectrum with g = 4.287 is
related to the NC of ZnO:Mn but not to the
MnO, phase. It can testify the presence of
the p-type conductivity in the NC of ZnO:Mn
which are synthesized in non-equilibrium
conditions with use nitrogen as carrier gas.
This line disappears during annealing due
to recrystallization and pre-oxidation proc-
esses. The presence of this line can be as-
sumed as certain supposition for the appear-
ance of ferromagnetic properties of the NC
of ZnO:Mn but it does not determine the
ferromagnetic properties of the samples
since such properties are registered in the
NC where there is no such line in the EPR
spectra. Such line may indicate that big
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amount of the acceptor-type defects arises
in the synthesized NC of ZnO:Mn under the
non-equilibrium conditions, which, in turn,
can redistribute electronic states on the sur-
face of the NC. This can be attributed to
the main contribution to the ferromagnetic
properties appearance in the NC of ZnO:Mn.
This assumption coincides with the hypothe-
sis made in the study [14] that ferromagne-
tism is a general feature of non-magnetic
oxides in nanosized state and its reason is
the rise of exchange interactions between
unpaired spins of electrons which are sup-
plied by oxygen vacancies from the surface
of the NC. During annealing in air the num-
ber of surface defects decreases and hence
the number of oxygen vacancies decreases,
resulting in disappearance of the ferromag-
netic properties in the NC of ZnO:Mn.
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