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The calculation of the magnetic moment of Mn?* ions in ZnO:Mn (2 at%.) nanocrystals obtained by ultrasonic
pyrolysis of aerosol which are responsible for their ferromagnetic properties is given. In order to investigate the
influence of structural defects on the value of magnetic moment the samples were heat treated in air. The calculation
was performed on the basis of the analysis of magnetization curves and EPR spectra. It was shown that the defective
state of ZnO:Mn nanocrystals has a significant effect on the magnetic moment. The values of magnetic moment for
the synthesized sample significantly exceed the values of magnetic moment compared to similar nanocrystals
obtained by other methods. The assumption is made that this result is due to the presence of an additional component
in the magnetization of the defective samples. In addition to the paramagnetism of Mn?* ions, there may be the
paramagnetism of the defective shell of ZnO:Mn nanocrystals. After the elimination of structural defects by heat
treatment of samples in air and in a gas mixture with hydrogen, the magnetic moment for Mn?* ions, which form
the ferromagnetic properties of nanocrystals, was determined. The value of this magnetic moment is 0.02uB, where
uB is the Bohr mangiton. Such ions, according to the model of bound magnetic polarons, are part of ferromagnetic
clusters and take part in the formation of the ferromagnetic properties of the samples.
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Introduction

Dilute magnetic semiconductors (DMS) have recently
been in the focus of attention due to the possibility of their
practical use in the creation of spintronics devices [1].
Such materials are obtained by doping semiconductors
with transition metal atoms. ZnO:Mn nanocrystals (NC),
which possess ferromagnetic properties (FP) at room
temperature, deserve certain attention in this respect [2,3].
The main requirement for DMS is the presence of a large
value of magnetization in the saturation state Ms, which
depends on the magnetic moment of the doping impurity
ion. The physical nature of the FP of such materials
according to the model of bound magnetic polaron (BMP)
[4] is the magnetic interaction between impurity ions and
intrinsic defects of the crystal lattice (CL). In this case, the
intrinsic defects, such as oxygen vacancies (V,), act as
intermediaries in the exchange interaction between
impurity ions. A magnetic polaron is an electron trapped
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by an oxygen vacancy V, that interacts with the 3d
electrons of impurity ions. During this interaction, the
magnetic moments of the ions are oriented in the same
direction. This leads to the formation of local
ferromagnetic clusters, which give rise to the FP of the
sample with a magnetic moment value ps. In this case the
electrons associated with the oxygen vacancies V, interact
with the impurity ions that are within the radius of the
orbits of these electrons. The ions that are outside the
orbits of these electrons are responsible for the
paramagnetic properties (PP) of the sample with the value
of the magnetic moment pp. When samples with a higher
concentration of magnetic impurity are synthesized by the
same method, the concentration of V, vacancies does not
change, but there is a change in the distribution of the
arrangement of impurity ions in CL. In this case, more and
more ions are not united with V, vacancies, but converge
and have the opportunity to interact directly with each
other. This mechanism of magnetic interaction leads to the
formation of antiferromagnetic clusters with the value of
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magnetic moment p, Which reduce the magnetization of
the samples [4]. Thus, depending on their location in the
CL, the impurity ions can be in ferromagnetic,
paramagnetic, and antiferromagnetic states. The problem
of calculating the magnetic moments of impurity DMS
ions is relevant, because this information will allow a
better understanding of the mechanism of ferromagnetic
ordering, as well as provide an opportunity to improve the
methods of heat treatment (HT) of such materials. The
purpose of this work is to evaluate the magnetic moment
of Mn® ions in ZnO:Mn NC samples obtained by
ultrasonic aerosol pyrolysis (UAP), which are responsible
for the formation of FP.

I. Experiment

The average magnetic moment p can be determined
on the basis of analysis of the samples’ magnetization
curves by separating the paramagnetic component. In [5]
after the analysis of magnetization curves of NC ZnO:Mn
(25 at.%) samples obtained by sol-gel method the average
value of magnetic moment of Mn?* jons p=3.5uB was
determined. A similar analysis conducted in [6] for
ZnO:Mn NCs (3.9 at.%) obtained by thermal
decomposition showed that the average magnetic moment
of such samples has a value of u = 4.2uB. In these works
the NCs were obtained at high synthesis temperatures
under equilibrium conditions. We obtained ZnO:Mn
(2at.%) samples under nonequilibrium conditions by the
UAP method. Such samples have a defective structure in
the form of a crystalline core and a defective shell with a
significant number of intrinsic defects [7]. In these
materials the magnetic moment of the Mn?* ions, which
are responsible for the FP, has not yet been determined.

The average magnetic moment p per impurity atom is
calculated as the result of the sum of the magnetic
moments of ions in different states.

w=M/Ny, = (.uf “Np - +py - Ny — fg 'Na)/Nan 1

where M is the specific magnetization of the sample,
U, Uy, Mg are the respective magnetic moments of the
impurity atoms, and N¢, N, N, are the concentrations of
ions in the ferromagnetic, paramagnetic,
antiferromagnetic states; Ny, is the total concentration of
impurity.

At low concentrations of impurity ions, the
antiferromagnetic component can be neglected. Thus, to
determine the magnetic moment p of ferromagnetic ions,
it is necessary to separate the paramagnetic component
from the magnetization curve and calculate the
concentration of Ny ions in the ferromagnetic state.

In this work, the magnetic characteristics of ZnO:Mn
samples with an Mn concentration of 2 at.%, which were
obtained by the UAP method, are analyzed [8]. In addition
to synthesized samples analysis of magnetization curves
of samples after short-term HT at T =550°C and at
T = 850°C for 20 min, as well as after HT at T = 850°C
for 1 h was conducted (Fig. 1la). From the resulted
magnetic characteristics of samples it is possible to draw
a conclusion that magnetization curves do not have a
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saturation condition. This is an indication of the presence
of an additional paramagnetic component in the samples.
The amount of paramagnetic phase is determined by the
slope angle of the tangent lines to the experimental curves.
It is known that the paramagnetic properties of samples
have a linear dependence on the magnetic field H, and
their magnetization is calculated as M = yH, where y is the
specific susceptibility. Therefore, it is possible to separate
the paramagnetic component from the experimental
magnetization curves and determine the specific
magnetization of the samples in the saturation state Ms
(Fig. 1b). After such an analysis, the magnetic
characteristics of the samples were determined (Table 1).
It was shown that HT leads to a decrease in the specific
magnetization Ms and the specific susceptibility y of the
samples.

Thus the synthesized sample has a value of
magnetization in the saturation state Ms = 0.028 emu/g,
and after HT at T = 550°C for 20 min. this value decreases
almost threefold (Ms = 0.01 emu/g). After HT of this
sample at T 850 °C for 20 min FP disappear.
Nanocrystals become paramagnetic with value of specific
susceptibility y = 2.53-10° emu/gOe. Heat treatment of
the samples at T = 850°C for 1 h. leads to the complete
disappearance of the magnetic properties of the NCs.

Thus, the presence of the paramagnetic phase in the
samples indicates that not all Mn?* ions take part in the
formation of the FP of ZnO:Mn NC. Part of them from the
total amount of Nwn doping Mn impurity is paramagnetic.
In accordance with the theoretical model of BMP [4], the
Mn?2* ions, which are located between the CL nodes at a
small distance from the oxygen vacancies, are
magnetically active. It is the concentration of such closely
located and magnetically bound Mn?* ions (Ny) that
determines the FP of ZnO:Mn NC samples. Another part
of the inter-nodal Mn?* ions (Np) determine the PP of the
samples. There is also a certain portion of Mn?* (No) ions,
which are located in the ZnO (Ng) CL nodes and do not
participate in the formation of magnetic properties when
there are no oxygen vacancies nearby. The proof of this
is the decrease of Ms magnetization after HT of the
samples in air with a simultaneous increase in the number
of nodular No ions, which is determined by means of the
EPR method. Therefore, the total amount of Mn?* ions
(Nwmn) in ZnO CL should be calculated according to the
equation:

If the number of ferromagnetic ions Ny is defined as

Ny = Mg/, and the number of paramagnetic N,, ions Mn?2*

is obtained from the well-known Curie equation:
x = N,(W2/3KT @)

where y is specific magnetic susceptibility of
paramagnetic Mn?* ions; k is Boltzmann constant, T is

sample temperature, then on the base of (2) we have a

quadratic equation regarding mean value of magnetic
moment :

m Mg X3KkT _
(NMn—No) (NMn—No)

0, (4)
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Fig.1. Magnetization curves of NC ZnO:Mn (2at.% ) (a): 1 - synthesized sample, 2 - sample after HT in air at
T=550 °C, 20 min, 3 - sample after HT in air at T= 850 °C, 20 min, 4 - sample after HT in air at T= 850 °C, 1 hour.
Decomposition of the experimental magnetization curve of the sample (1) into ferromagnetic (FM) and
paramagnetic (PM) components (b) [8] .

Table 1.
Components of magnetization of ZnO:Mn NC samples (2 at.%)

Ne Type of samples Ferromagnetic Paramagnetic

component component

Ms, emu/g 1 emu/g-Oe
1 | Synthesized sample ZnO:Mn (2at.%) 0,028 7,35x10°
2 | Sample after HT at T = 550°C, 20 min. 0,01 5,50x10°6
3 | Sample after HT at T = 850°C, 20 min. - 2,53x106
4 | Sample after HT at T = 850°C, 1 h. - -

The concentration of nodal No Mn?* ions was
determined by EPR by analyzing the hyperfine structure
(HFS) lines of the EPR spectra and calculating their
integral areas. The EPR spectra of all samples (Fig. 2a)
were normalized by mass of the substance. The

concentration of nodal Mn?* ions was calculated
according to the formula:
Ny = NeS/Sev (5)

where N, is the concentration of Mn?* ions in the reference
sample CuSQg4- 6H,0 (N, = 2.4 -10%1/g); S is the total
integral area of the HFS lines of the EPR spectrum of the
sample; S. is the integral area of the line EPR spectrum of
the reference sample in relative units.

Peculiarity of ESR spectra of samples obtained by the
UAP method (Fig. 1a, line 1) is their asymmetric form. It
is a consequence of the presence of ferromagnetic clusters
and structural defects in CL in the samples, which lead to
local structural disorder around Mn ions, such as
dislocations.

The increased intensity of HFS lines during HT
(Fig.2a) indicates that Mn2* ions take up their positions in
the CL nodes isovalently replacing Zn?* ions and
becoming nodular ions. After HT of ZnO:Mn sample in
air at T = 850°C almost all structural defects disappear,
asymmetry of the spectrum also almost vanishes. The EPR
spectrum of the sample contains only HFS lines and a
broad absorption line caused by dipole interaction of Mn?*
ions. The high intensity of the HFS lines indicates a
significant amount of Mn?* ions, which took part in the
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doping of ZnO NCs. The asymmetric structure of the EPR
spectra complicates the analysis of the HFS lines.
Therefore, we carried out a procedure to separate the HFS
lines from the EPR spectra by separating the averaging
line (2) from the experimental line (1) - dotted line in
Fig.2b. Results of calculations of concentration No of
knotty Mn2* ions for all samples and their percentage ratio
to total concentration of Nwy, ions are given in Table 2. It
should be noted that the obtained value of the amount of
nodular No Mn? ions in the synthesized sample
No =2.2-10% 1/g practically coincides with the results
obtained in [9] for the sample ZnO: Mn (2 at.%), which
found that No = 3.1-107 1/g.

The obtained results indicate a low level of alloying
of ZnO NC with Mn impurity during synthesis by UAP
method. Compared with the total concentration of Mn?*
ions (2 at.%, the value of Nmn=1.49-10% 1/g) the
concentration of nodular No Mn 2* ions in the synthesized
samples is approximately 0.15%. This result is to be
expected because the doping process during synthesis
takes place in non-equilibrium conditions for a short
period of time (7-10 s). During the HT of the synthesised
sample at T = 550°C the amount of Mn?" nodular ions
increases to 0.24%, but even after HT at T = 850°C for
1 hour it does not exceed 5.6%. The results of calculations
of u value according to equation (4) are also given in Table
2. The obtained p values were used to determine the
quantitative composition of Mn?* ions in ZnO:Mn (2 at.%)
CL. The concentration of Np paramagnetic Mn?* ions was
determined from equation (2). Total concentrations of
Mn?* ions (No , N¢, Np) in the samples are given in Table
2.
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Fig.2. EPR spectra of ZnO:Mn (2 at.%) NC samples (a): 1 - synthesized sample; 2 - sample after HT in air at
T=550 °C, 20 min.; 3 - sample after HT in air at T = 850 °C, 20 min.; 4 - sample after HT in air at T = 850 °C, 1 h.
The EPR spectrum of the synthesized sample (b): 1 - experimental line; 2 - averaged line (dotted line);

3 —separated HFS line of Mn?* ions.

Table 2.
Concentration of Mn?* ions (No, N¢, Np) and magnetic moment p
Ne Type of samples No-10Y", |No/Nwmn, %| N-10%7, Np -102, | p, puB
1/g 1/g 1/g
1 Synthesized ZnO:Mn (2at.%) 2,2 0,15 3,5 1,477 8,5
2 After HT at T = 550°C, 20 min. 3,6 0,24 1,6 1,475 6,6
3 After HT at T = 850°C, 20 min. 35,0 2,3 - 1,445 51
4 After HT at T =850°C, 1 h 84,0 5,6 - - -

The calculations show that the CL defects have a
significant influence on the magnetic moment p. The
synthesized sample has a magnetic moment u = 8.5 pB.
This value decreases during annealing of the sample at
T =550°C, 20 min. to a value of u=6.6 uB, and at
T =850°C, 20 min. - to a value of p = 5.1 uB. It follows
from Table 1. that the value of specific susceptibility y ,
which is included in equation (3), will also decrease after
HT. At the same time the values of 1 ( as well as the values
of y ) remain quite large compared to the data obtained in
[5,6]. It is possible that such values of specific
susceptibility y are due to the presence of an additional
source of paramagnetism, which contributes to the
paramagnetic component of sample magnetization. This
source may be paramagnetism of the deformed surface
layer of ZnO:Mn NC. It is known that not only atoms have
paramagnetic properties, but also structural defects of CL
with an odd number of electrons. In [10] increase of
magnetic susceptibility y after deformation of Zn
monocrystals was established. It is shown that this
phenomenon is caused by the appearance of a surface
deformation layer with dislocation-type defects in
monocrystals. It is possible that the surface layer in such
monocrystals is actually connected with zinc oxide.
Chemical removal of this layer leads to disappearance of
magnetic effects. It is known that ZnO:Mn NCs (2 at.%),
whose magnetic properties are investigated in this work,
have a defective structure in the form of a defect-free core
and a defective shell [7]. Therefore we can assume that
such a near-surface NC layer may have structural defects
- dislocations, acquire paramagnetic properties, and
contribute to the paramagnetic component of the sample
magnetization.
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To exclude the influence of defects on the calculation
of magnetic moment p we additionally analyzed
magnetization curves and EPR spectra of NC samples
ZnO:Mn (2at.%) [11] obtained after HT in air at
T=850°C, 20 min and after HT in hydrogen at
T =550°C. After HT in air the majority of structural
defects in CL disappear and the sample acquires
paramagnetic properties with the value of specific
susceptibility y = 2.53-10° emu/gOe (Fig.3a). After the
following HT in hydrogen, the sample is converted to a
ferromagnetic state at which the magnetization curve has
a clear saturation state. The absence of structural defects
(dislocations) in the sample after annealing in hydrogen is
proved by the symmetry of the absorption line of its EPR
spectrum (Fig. 3b, line 2), compared to the asymmetric
EPR spectrum of the synthesised sample (Fig. 3b, line 1).
The EPR spectrum line of the sample after annealing in
hydrogen is structureless and has a high intensity. A
significant increase in the amplitude of the EPR line is due
to the action of hydrogen, which forms a large number of
intrinsic defects, oxygen vacancies, hydroxyl groups, and
(Vo + H)** complexes in NCs [12]. All these defects have
electrons with uncompensated spins and therefore make
an additional contribution to the EPR absorption line. At
the same time, the reduction of FP occurs as a
consequence of the interaction of oxygen vacancies Vo and
inter-nodal Mn?* ions on the NC surface. These ions
remained after annealing of the sample in air at T=850°C
and caused its PP.

Thus, the presence of Vo vacancies and inter-nodal
Mn?* ions in accordance with the BMP model creates
conditions for the occurrence of FP. An important result is
that the magnetization curve after HT in hydrogen has a
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Fig.3. Magnetization curves (a): 1 — sample after HT in air at T = 850°C for 20 min, 2 — sample after subsequent HT
in hydrogen at T = 550°C for 20 min; EPR spectra (b): 1 — synthesized sample, 2 — sample after subsequent HT in
hydrogen at T = 550°C for 20 min. [11].

saturation state. This indicates that the number of oxygen
vacancies Vo exceeds the number of impurity Mn?* ions:
N(Vo)>N(Mn?*). Due to the large number of Vo during the
hydrogen HT, practically all inter-nodular, paramagnetic
Mn?* jons take part in the formation of ferromagnetic
clusters. Thus, the paramagnetic ions become
ferromagnetic. It is

important to note that the amount of inter-nodal Mn?*
ions does not change after annealing in hydrogen at low
temperature (T = 550°C), so Nt =N,=1.445-10%1/g. This
amount is approximately equal to the total amount of
impurity ions (Nwn = 1.49:10%°1/g) in the synthesized
samples. In turn, a correct calculation of the magnetic
moment of ferromagnetic Mn?* ions can now be made
from the ratio us= Ms/N¢ = 0.02uB.

Conclusions

The calculation of average magnetic moment u of
Mn?* ion in ZnO:Mn NC (2 at.%) at different defective
states of CL which were achieved by HT of samples was
made. On the basis of experimental studies it is supposed
that Mn?* ions replacing Zn?* ions in ZnO CL nodes do
not take part in the formation of FP of samples. The
calculation of Mn?* (No) nodules amount has shown the
low level of ZnO NC doping with Mn impurity during

UAP synthesis. It is proved that the defective near-surface
layer of ZnO:Mn NC has PP and gives an additional
contribution to the paramagnetic component of sample
magnetization. Air curing of samples leads to decrease and
disappearance of FP. In order to eliminate the influence of
defects on the calculation of p a procedure of successive
short-term HT of the samples in air and then in hydrogen
was proposed. After this HT the sample becomes
ferromagnetic again and the amount of ferromagnetic
Mn?* ions becomes equal to the amount of paramagnetic
Mn?* ions. Based on this, the value of magnetic moment
usr of ferromagnetic Mn?* ions, which are part of
ferromagnetic clusters according to the BMP model, is
calculated. This value is equal to: us=0.02uB. The results
allow us to understand the mechanism of ferromagnetic
ordering and give an opportunity to improve the methods
of HT to produce nanocrystals with predictable physical
properties..
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O.B. Kopanenko, B.}O. BopoBcbkuii

MarniTHuii MoMeHT ioHiB Mn?*, aki 00yMoB.IIOIOTH (pepoMarHiTHi
BJACTUBOCTI HaHOKpucTaaiB ZnO:Mn

Hninposcokuti Hayionanvhuil ynieepcumem imeni Onecs 'onuapa,m.[Jninpo, kovalenko.dnu@gmail.com;

ITpuBeeHO PO3pPaxyHOK MATHITHOTO MOMEHTY ioHiB Mn?* B Hanokpucramax ZnO:Mn (2 a1%.) oTpUMaHUX
METOJIOM YJbTPa3ByKOBOT'O MipOJi3y aepo30iiio, sKi BiAMOBIiAAalOTh 3a (PEpPOMATHITHI BIACTHBOCTI. 3 METOIO
JIOCTI/PKEHHSI BIUIUBY CTPYKTYPHUX Je()eKTiB Ha 3HAYSHHS MarHITHOTO MOMEHTY IPOBEJEHO TEPMIUHy 00poOKy
3pa3kiB Ha MOBITPi. PO3paxyHOK BHKOHYBaBCS Ha OCHOBI aHaNi3y KPMBHX HaMaHaraideHocti Ta crektpiB EIIP.
Iokazano, mo nedextHuit cran HaHoKpucTaldie ZNO:Mn Mae 3HaYHHUI BIUIMB HA MAarHiTHUA MOMEHT. 3HAUEHHS
MarHiTHOro MOMEHTY IJIs CHHTE30BAaHOTO 3pa3Ky 3HAYHO IEPEBHIIYIOTh 3HA4YECHHS MarHiTHOTO MOMEHTY B
MOPIiBHAHHI 3 NOAIOHMMU HAHOKPUCTATaMH OTPUMAHUMH HIIMMH MeToqaMHU. 3pobIeHO MPUITYLISHHS, 0 TaKUH
pe3ynbTaT OOYMOBIECHHH HAsBHICTIO Yy HAaMarHi4eHOCTi Je(eKTHHX 3pa3KiB JIOAAaTKOBOi ckianoBoi. OkpiM
napaMarseTusMy ioHiB Mn?* Moke icHyBaTH mapamMarHeTusMm JAe(eKTHOi OOOJOHKH HaHOKpucTanmis ZnO:Mn.
ITicas yCyHEHHsI CTPYKTYPHHX Ae(eKTiB HUIIXOM TepMidHOi 00poOKH 3pa3KiB Ha MOBITPI Ta y ra3oBiil cymimi 3
BOJIHEM BU3HAYEHO MArHITHHN MOMEHT Juis ioHiB MN%*, siki OopMyrOTh (pepOMarHiTHi BIACTHBOCTI HAHOKPHCTAITIB.
BenuunHa 11bOr0 MarHiTHOro MomeHrty nopiHioe 0,02ps, ne pus — MaHriton bopy. Taki ioHu, 3rinHO Mozeni
3B’S3aHUX MAarHITHUX MOJSIPOHIB, BXOAATH 1O CKJIALy (EpOMArHITHHX KIACTEpiB Ta NPHUHMAIOTh Yy4acTh y
(dhopmyBaHHI epOMarHiTHUX BIACTHBOCTEH 3pa3KiB.

Ku1r040Bi cj10Ba: MarHiTHAN MOMEHT, yIbTPa3BYKOBHI HIpOJIi3 aepo30III0, TEPMidHa 00pOOKa, BOJIEHB.
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