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The results of studies of samples of ZnO:Mn nanocrystals with a Mn concentration of 2 at. % obtained
by ultrasonic spray pyrolysis and cryochemical synthesis methods are presented. The precursors were zinc
and manganese nitrates and acetates, respectively. Samples were studied by XRD, EPR and vibrational
sample magnetometry. It was found by XRD that the crystal lattice parameters of nanocrystals in the
samples are much lower than those of single-crystal ZnO. This indicates the presence of defects and defor-
mation stresses in nanocrystals. The EPR method shows that in the samples obtained by ultrasonic spray
pyrolysis, defects and Mn2* impurity ions are located not in the bulk, but in the surface layer of nanocrys-
tals. Samples obtained by cryochemical synthesis method have a large number of acceptor-type defects.
The magnetization of these samples is significantly higher than that of the samples obtained by ultrasonic
aerosol pyrolysis. This may be due to the fact that in the samples obtained by ultrasonic spray pyrolysis
ferromagnetism occurs on the surface, and in the samples obtained by cryochemical synthesis — in the bulk
of nanocrystals. It is caused by the destructive action of special gaseous medium, which is formed during
the thermal decomposition of zinc acetate. Such conditions of cryochemical synthesis methods lead to the
appearance of a large number of bulk defects in nanocrystals.
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1. INTRODUCTION

Diluted magnetic semiconductors (DMS), which in-
clude ZnO doped with manganese (ZnO:Mn), attract
attention due to the possibility of their use in spintron-
ics as well as in many other areas of application of
nanoelectronics. Such semiconductors combine electri-
cal and ferromagnetic properties (FP), promising from
the point of view of practical use, with optical trans-
parency, thermal and radiation resistance. The main
requirements for DMS are the presence of FP at room
temperature and high values of the specific magnetiza-
tion of the samples in the saturation state — the M;
value. Experimental studies have shown that regard-
less of the method of preparation, samples of ZnO:Mn
nanocrystals (NCs) acquire FP during the synthesis at
low temperatures (Tc< 500 °C) and at low concentra-
tions of the dopant Mn [1]. The decisive role of defects
in the formation of ferromagnetism in DMS has also
been recently established [2]. On this basis, it is clear
that the goal of the synthesis of such NCs is the for-
mation of defects in the samples of the appropriate
structure, which are responsible for FP. For this pur-
pose, it is necessary to carry out the synthesis in non-
equilibrium conditions, or to perform the heat treat-
ment of the samples in a reducing gas medium, such as
hydrogen [3]. At present, DMS have not yet been ob-
tained that would have high values of specific magneti-
zation and fully meet the requirements of practical use.
Therefore, the improvement of methods of DMS syn-
thesis, which allow to obtain samples with high level of
defects and corresponding FP, is a crucial task. This
work presents the results of studies of the structural
and magnetic properties of ZnO:Mn NC samples ob-
tained by ultrasonic spray pyrolysis (USP) and low-
temperature cryochemical synthesis (CCS).

* kovalenko.dnu@gmail.com

2077-6772/2022/14(3)03030(5)

03030-1

PACS numbers: 75.75. + a, 81.07. — b, 85.35.p

2. EXPERIMENTAL

USP method is based on thermal decomposition of
aerosol droplets of the initial solution when they pass
through the high-temperature zone of the furnace [4].
The main feature of the synthesis by the USP method
is that the formation of NCs occurs in the volume of
microdroplets in non-equilibrium conditions for a lim-
ited time while the aerosol drop passes through the
heated furnace. Such synthesis conditions cause the
appearance of numerous structural defects in NCs.

CCS method is based on the thermal decomposition
of salts of the initial components, solutions of which
were previously frozen in the form of small drops and
dried by the sublimation method [5]. NC formation
occurs over a long period of time in equilibrium condi-
tions. The use of this method in the synthesis of DMS
allows to achieve high homogeneity in the distribution
of the initial components as well as to ensure high pu-
rity of the process.

By USP and CCS methods, we synthesized ZnO:Mn
NC samples with a Mn concentration of 2 at. % at tem-
peratures Tc=550°C and 350 °C, respectively. Zinc
nitrates (Zn(NOs3)2* 6H20) and manganese
Mn(NOs)2+6H20 were precursors in the synthesis of
samples using the USP method (USP samples). The
prepared 10 % aqueous solution of zinc nitrate with the
required amount of manganese nitrate was sprayed
onto aerosol droplets with d = 1+2 pm. These droplets
were transported by carrier gas (air) through the reac-
tion zone of the furnace heated up to 550 °C, where for
a limited time (7+10 s) the droplets were dried, and
NCs were synthesized. The product in the form of
spherical granules was accumulated on the filter at
250 °C [6].

For synthesis of the samples by the CCS method
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(CCS samples), a 10 % aqueous solution of zinc acetate
(Zn(CH3COO0O)2+°2H20) was used, to which manganese
acetate (Mn(CH3COO)z*4H20) was added. Such a solu-
tion with Mn concentration of 2 at. % was sprayed on
droplets with d = 20+100 pm, which were then frozen in
liquid nitrogen. Drying of the obtained cryogranules
was carried out in a freeze-drier for 16 h [7]. The syn-
thesis of NCs occurred at thermal decomposition of dry
salts of zinc and manganese acetate at 350 °C. The du-
ration of thermal decomposition affects the size of the
synthesized NCs. Therefore, in order to obtain small
sizes of ZnO:Mn NCs, heat treatment was carried out
for 20 min in air, and cooling was performed in the cold
zone of the furnace in a stream of gaseous nitrogen for
15 min.

The crystal structure and phase composition of the
samples were studied by X-ray diffraction (XRD) analy-
sis on the DRON-2M diffractometer using CoKa radia-
tion (A=1.7902 A). Samples were studied by EPR
method on the RADIOPAN SE/X 2543 radio spectrome-
ter. Magnetic properties of the samples were studied by
vibrational sample magnetometry (VSM).

Calculation of the unit cell parameters a and ¢ was
carried out with the position of individual reflections
after re-scanning of the diffraction peak profiles with a
small step (0.01 deg). When measuring the EPR spec-
tra, all samples had equal masses and were studied at
the same operating conditions of the spectrometer. This
allowed to carry out a comparative analysis of spectra
by intensity. When obtaining magnetic characteristics,
the samples were weighed and placed in sealed poly-
ethylene ampules. Magnetization of ampules was de-
ducted from sample magnetization.

3. RESULTS AND DISCUSSION

The results of XRD studies of ZnO:Mn-2 at. % sam-
ples obtained by USP and CCS are shown in Fig. 1. It
was found that the crystal structure of the samples has
a hexagonal lattice of the wurtzite type (according to
the standard, JCPDS card 36-1451). The XRD pattern
of the CCS sample does not show additional reflections
of the synthesis products. This indicates that the dura-
tion of heat treatment (20 min) is sufficient for com-
plete decomposition of the initial components.

A common feature of reflections in XRD patterns is
that they are shifted in the direction of large angles
relative to the standard positions for the ZnO sample.
The reason for this shift is the decrease in the inter-
planar distances d(hkl), according to the Wulff-Bragg
equation [8]:

2d (hkl) sin@ =nA, (1)

where d(hkl) is the interplanar distance; h, k and [ are
the Miller indices; 6 is the diffraction angle; n is the
order of diffraction reflection; A is the X-ray wave-
length.

As a consequence, this shift leads to a decrease in
the crystal lattice parameters a and ¢ in comparison
with the standard, single-crystalline ZnO. This was
confirmed by the results of calculations using formulas
(4) and (5) (Table 1). It is believed that doping of ZnO
NCs with Mn impurities under equilibrium conditions
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leads to an increase in the crystal lattice parameters a
and c, so the ionic radius of Mn?* (0.83 A) is greater
than in Zn2* (0.74 A).

ZnO:Mn - 2%
1 - cryochemical
2 - spray pyrolysis

(100)
(002)
(101)

Intensity (a.u)

JCPDS: 36-1451

20, (degree)
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JCPDS: 36-1451

T T T T T T

36 37 38 39 40 41 42 43 44 45
20, (degree)

Fig. 1 - XRD patterns of ZnO:Mn-2 at. % NC samples: (a)
obtained by CCS (1) and USP (2) methods; (b) shift of reflec-
tions (101), (002), (101) of XRD patterns in relation to the
standard positions for ZnO

This fact is manifested in the shift of reflections in
the XRD pattern towards small angles. Thus, it can be
concluded that there is no effective doping of Mn in our
samples. A similar decrease in the crystal lattice pa-
rameters of ZnO NCs compared to single-crystalline
7Zn0O was obtained in [9, 10]. In [11], it is assumed that
the cause of this phenomenon may be the presence of
numerous vacancies in the crystal lattices of samples
(oxygen Vo and zinc Vzn). XRD patterns of the samples
were used to determine the average NC size, crystal
lattice parameters, and unit cell volume (Table 1). The
average size of the ZnO:Mn NC was calculated using
the Scherrer formula [15]. For the hexagonal structure
of ZnO, the interplanar distance d (hkl) is related to
the lattice parameters a and ¢ by such a ratio [8]:

1 4( h® +hk+ k>
—[ TART ] @)

2 - 5
d(hk]) 3 a?

from which, taking into account (1), in the approxima-
tion of the first order of reflection n = 1:

. A 4 a >
sin%@ = {g(h%hm/&){J 121. (3)

4a? c

The values of the lattice parameters a and c for the
samples were determined by the equation:
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A 47>
CZZsiné’:\/g( )2((h2+hk+k2)+12). (5)

cla

The unit cell volume for the hexagonal phase was
calculated using the equation:

J3aZe

2

V= =0.866a%. 6)

The analysis of the obtained results shows that un-
der both non-equilibrium (USP method) and equilibri-
um (CCS method) conditions for the synthesis of
ZnO:Mn NCs, the parameters of their crystal lattices a
and c are significantly lower than in single-crystalline
Zn0. This may be due to the presence of numerous de-
fects and deformation stresses specific to NCs. After
annealing at 850 °C for 1 h, these parameters increase
and become equal to the standard Mn impurity.

Table 1 — Parameters of the crystal lattice (a and c), unit cell
volume (V), and the average size (d) of ZnO:Mn-2 at. % NCs

Parameters of the | NC
crystal lattice size

Type of samples - - - d
a,A | ¢,A | VA3 ’
nm
USP synthesis at
T\ = 550 °C 3.2396|5.1873|47.145| 34.9
CCS synthesis at
T. = 350 °C 3.2364(5.1976|47.129| 65.5
Annealing at T'= 850 °C,
(1h) [13] 3.2541(5.2074|47.753|100.5
%ZSI]DCPDS card: 36- 13 9499/5.2053|47.589| —

The EPR spectrum of the CCS sample (Fig. 2a) con-
sists of a wide resonant line of high intensity absorp-
tion located in the region of magnetic field values
H=250-375 mT. This result is not typical for pure
ZnO. It is known that the EPR spectra of undoped ZnO
are of low intensity and are caused by the presence of a
small amount of uncontrolled Mn impurity. In our case,
the intensive resonance line of EPR can be caused by
the presence of numerous intrinsic defects in the sam-
ples. These defects are the result of the destructive
action of gas environment, which is a product of ther-
mal decomposition of zinc and manganese acetates
[14]. A similar EPR spectrum of a ZnO NC sample was
obtained in [15]. The synthesis was carried out from
zinc acetate by the sol-gel method.

The analysis of the EPR spectrum of the sample ob-
tained by the CCS method shows that in addition to the
wide absorption line, it also contains six weak in inten-
sity lines of the hyperfine structure (HFS) of Mn2* ions.
In Fig. 2a, they are marked with arrows. This structure
is caused by Mn2* ions located in the sites of the ZnO
crystal lattice. This confirms the fact of partial doping
of ZnO with Mn impurity during the synthesis by the
low-temperature CCS method.
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The EPR spectrum of the USP sample is shown in
Fig. 2b at high resolution. It has an asymmetrical
shape. This is a consequence of the fact that at low val-
ues of the magnetic field, the spectrum has an addi-
tional component. It is caused by acceptor-type defects
and magnetic clusters. These clusters lead to the ap-
pearance of ferromagnetic resonance (FMR) lines in the
spectrum [16]. The EPR spectrum consists of a wide
background absorption line caused by the spin-spin
interaction of manganese ions, and six lines of low-
temperature fusion of Mn?* ions, which are substituted
isovalent for Zn?* ions in the ZnO crystal lattice. A fea-
ture of the EPR spectra of our samples obtained under
nonequilibrium conditions is the bifurcation of HFS
lines. In addition to the main group of HFSI1 lines, the
spectra also show a group of HFS2 lines shifted from
the first one by AH = 3.9 mT. The appearance of addi-
tional HFS lines is associated with Mn2* ions which are
located in a different local environment, possibly, on
the NC surface in a deformed near-surface layer [17].
Thus, it can be concluded that the arrangement of the
Mn dopant and intrinsic defects in the bulk of the ZnO
NC is heterogeneous. They are mainly located in the
near-surface layer of NCs, and the defect structure of
NCs has the form of a "core — shell": a defect-free core
and a defective near-surface layer.

800 |

N A O
o © ©
©o © © ©

ZnO:Mn - 2%
1 - cryochemical
2 - spray pyrolysis|

EPR intensity (a.u.
» b N
(=3 =3
o o
T

-]

=1

=]
T

&

=]

S
T

-1000 |-
L
100 200 300 400 500

Spray pyrolysis|
ZnO:Mn - 2%

Intensity (a.u).
-y
o
o

o

-400

-800

250 300 350 400
H, mT

Fig. 2 - EPR spectra of ZnO:Mn-2 at. % NC samples: (a) CCS
sample (1) and USP sample (2); (b) detailed structure of the
USP sample EPR spectrum, which consists of the ferromag-
netic resonance (FMR) line, wide absorption line (2), and two
groups of HFS lines of Mn2* ions (HFS1 and HFS2)

Comparison of the intensities of the EPR spectra
(Fig. 2a) leads to the conclusion that the number of
defects in the CCS samples is much greater than in the
USP samples. It is known that the crystal lattice de-
fects are critical in the appearance of FP in DMS. It is
shown in [2] that FP in ZnO:Mn NCs are caused by the
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presence of intrinsic and impurity defects. According to
the theoretical model of bound magnetic polarons [18],
the magnetic interaction of these defects is the cause of
the appearance of FP in the samples at room tempera-
ture. In this case, intrinsic defects, such as oxygen va-
cancies Vo, act as intermediaries in the exchange in-
teraction between impurity defects — interstitial Mn
ions. The study of the magnetic properties of ZnO:Mn-
2 at. % NC samples shows that their FP depend on the
synthesis method and, as a consequence, on the defec-
tive state of the samples (Fig. 3). It was found that the
CCS method allows to obtain ZnO:Mn NC samples with
high magnetization, which is much higher than that of
the samples synthesized by the USP method. The gen-
eral characteristic of the samples is that their magneti-
zation curves do not have a saturation state at high
magnetic field values. This indicates that the magneti-
zation consists of ferromagnetic and paramagnetic
components. The number of the paramagnetic phase is
determined by the slope of the lines touching these
curves. After separation of the paramagnetic compo-
nent, it was found that the specific magnetization in
the saturation state Ms for CCS and USP samples is
0.094 emu/g and 0.028 emu/g, respectively. Thus, the
magnetic characteristics of ZnO:Mn NC samples syn-
thesized by the CCS method are more than three times
higher than those of NC samples obtained by the USP
method. The reason for this may be different conditions
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Fig. 3 — Magnetization curves of ZnO:Mn-2 at. % NC samples:
(a) experimental curve; (b) their ferromagnetic components
after separation of the paramagnetic phase; (1) CCS sample,
(2) USP sample
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for the formation of ZnO:Mn NCs when synthesized by
these methods.

The CCS method is a long-term synthesis method,
in which the formation of NCs occurs in equilibrium
conditions and in a reducing atmosphere enriched with
OH- hydroxide and CO- ions. They are formed during
thermal decomposition of organic precursors — zinc and
manganese acetates [14, 19]. The action of such a gas
environment during the formation of ZnO:Mn NCs
leads to the appearance of numerous both intrinsic (0x-
ygen vacancies — Vo) and impurity (Mn2?* ions) defects
throughout the NC volume. Therefore, in the synthesis
by the CCS method, the physical processes that deter-
mine FP of the samples have a bulk nature. In con-
trast, USP synthesis is a short-term process. Formation
of NCs occurs in nonequilibrium conditions. Under
such conditions, NCs with a heterogeneous defect
structure are formed: a defect-free core and a defective
surface layer where intrinsic and impurity defects are
located. Therefore, the nature of ferromagnetism dur-
ing synthesis by this method has a surface nature.
Therefore, the magnetic characteristics of such NCs are
less important than those of the CCS samples.

4. CONCLUSIONS

Synthesis of ZnO:Mn-2 at. % NC samples was car-
ried out by USP and CCS methods. The XRD study of
the samples showed that the crystal lattice parameters
a and c, as well as the unit cell volume V of the samples
have much lower values in comparison with single-
crystalline ZnO. This is due to the presence of numer-
ous defects and existence of deformation stresses in the
crystal lattice.

The study of the EPR spectra showed that the crys-
tal lattice defects and Mn2* ions in the USP samples
are located on the surface, while in the CCS samples —
in the bulk of the NC. At the same time, the number of
defects in CCS samples is much higher than in USP
samples.

It is shown that there is a significant influence of
the conditions for the synthesis of ZnO:Mn-2 at. % NC
cutoffs on their magnetic properties. The magnetization
of samples obtained by CCS significantly exceeds the
magnetization of samples obtained by USP. This fact is
explained by different conditions of NC formation. In
the samples obtained by CCS, structural defects and
magnetic clusters are formed during synthesis in the
NC volume as a result of the action of a reducing gase-
ous medium. This occurs during thermal decomposition
of zinc and manganese acetates. Therefore, the nature
of ferromagnetism in these samples has a volume char-
acter. In the USP method, structural defects and mag-
netic clusters are formed on the NC surface; therefore,
the nature of ferromagnetism in this case has a surface
character.

The results obtained are of practical importance
and can be used to create dilute magnetic semiconduc-
tors based on ZnO.
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3ajsieskHicTh MAarHiTHHX BjiacTHBOCTel HaHOKpucrtasiais ZnO:Mn Bix ymoB cunTe3y

0.B. Kosasenxko, B.YO. Boposchrmnit

JIrinposcoruil hayionanvHul yrigepcumem imeni Onecs Tonuapa,
npocnexm Lazapura, 72, 49010 /Ininpo, Yrpaina

IlpuBeneno pesynbraTé AOCTIKeHb 3paskiB HaHokpucramiB ZnO:Mn 3 konmenrpamiero Mn 2 at. %,
OTPUMAaHUX MEeTOJaMU YJIBTPAa3BYKOBOIO IIIPOJIidy aepo3oJiio Ta KpioximiuHoro cuHTe3dy. [Ipexypcopamu Oytu
HITpaTH Ta aleTaTh IIMHKY TA4 MApraHIo, BIAMOBIAHO. 3pasku mociimkysanuck merogamu XRD, EPR ta
MeTOI0M MarHiToMeTpii 3 Bibpariiinum 3paskom. Metogom XRD BeraHOBIIeHO, 110 TapaMeTpy KPUCTAJIIYHOL
IPATKH HAHOKPHUCTAJNB MAIOTh 3HAYHO MEHIIl 3HAYeHHS Hixk y MoHokpucTamigaoro ZnO. Ile cBiguuth 1mpo
HASBHICTh y HaHOKpHCTaax aedekTiB Ta medopMmariiitnux HampyskeHb. Meromom EPR mokasamo, mo y 3pa-
3KaX, OTPUMAHUX METOIOM YJIBTPAa3BYKOBOTO IIPOJIidy aepo3oJiio, AedeKTH Ta MOMIIKoBi ioun Mn2*+ poara-
II0BaHi He B 00'€Mi, a y IPUIIOBEPXHEBOMY IIapl HAHOKPHUCTAJIB. 3pasKu, OTPUMAHI METOAOM KPioXiMIY4HOTO
CHHTE3y, MAlOTh BEJIUKY KIJBKOCTI BJIACHUX Ied)eKTIB AKIENTOPHOro TUILy. HaMarxiueHICTh LMX 3Pa3KiB
3HAYHO OLJIBINA, HIK 3Pa3KiB, OTPUMAHUX METOJ0M YJIBTPA3BYKOBOIO IIipoJIidy aepososmo. Ile Mmosxke OyTu Ha-
CJTITKOM TOTO, IO y 3pasKax, OTPUMAaHUX METOJIOM YJIBTPa3BYKOBOTO INPOJI3y aepo3oJiio, (hepoMarHeTn3m
BHUHHKAE Ha IOBEPXHI, a y 3pasKax, OTPHMAHUX KPIOXIMIYHUM CHHTE30M, — y 00'€Ml HaHOKpHCTAIIB. Bin
00yMOBJIEHU JTIECTPYKTHUBHOIO JTi€10 TA30BOTO CEPEJIOBUIIA, SIK€ YTBOPIOETHCS I YaC TEPMIYHOTO POIKJIAIY
arerary IuHKY. Takl yMOBM KPIOXIMIYHOTO CHHTE3Y IIPHUBOJSATE JI0 IOSIBY Y HAHOKPUCTAJIAX BEJIMKOI KIIIBKO-

cTl 06’'eMHIX JedeKTiB.

Kmouori ciosa: Oxcup nmaky, Hamokpucras, YiIbTpasByKoBHE mMipoJtid aepososo, KpioxiMiuuwmii cuHTes,

JedexrTn.
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