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Samples of ZnO:Mn nanocrystals (impurity concentration 2 at.%) were obtained by
ultrasonic aerosol pyrolysis and subjected to heat treatment in air at temperatures of
550°C and 850°C, as well as in a gas medium with hydrogen at a temperature of 550°C.
The term of the heat treatment was 20 min. The nanocrystal samples were cooled in a flow
of nitrogen gas for 15 min. The samples were studied by X-ray phase analysis, EPR, and
the magnetic vibration method before and after annealing. The synthesized samples had
ferromagnetic properties at room temperature. The specific magnetization of the sample
was M, = 0.028 emu/g. Heat treatment at T = 550°C led to a decrease in the specific
magnetization of the samples (M, = 0.01 emu/g). After heat treatment at T = 850°C, the
ferromagnetic properties in the samples disappeared. Ferromagnetic properties of the
samples were restored after heat treatment in a gas medium with hydrogen (M, =
0.023 emu/g). The regularities of the influence of heat treatment regimes on the magnetic
properties of ZnO:Mn nanocrystals are explained by a change in both the number and the
ratio of intrinsic defects (oxygen vacancies V,) and impurity Mn2* ions located in the
surface layer of nanocrystals.

Keywords: nanocrystals, zinc oxide, heat treatment in air, heat treatment in a hydrogen
atmosphere, ferromagnetic properties, X-ray phase analysis, EPR spectra, intrinsic de-
fects, impurity defects.

Brmine pexumie TepMidHol o60po0KH Ha Mar"HiTHi BaactueocTi Hamokpucradie ZnO:Mn,
OTPUMAHUX METOMOM YJIBTPA3BYKOBOTO mipoiisy aeposoas. O.B.Kosanenro, B.IQ.Bopos-
coruil, O.B. X menernkxo.

3pasku Hamokpucranis ZnO:Mn (kouuenrpania momimku 2 ar.%) OTPUMAHO METOAOM
VJIBTPA3BYKOBOTO IIipOJIidy aeposoisd Ta Hmigigranucsa TepMmiuHiii obpobmi Ha moBirpi mpwm
Temmeparypax 550°C rta 850°C, a TakoK y rasoBOMY CepeJIOBUIi 3 BOAHEM TIPU TeMIIepa-
Typi 550°C. Tepmin Tepmiumol o6pobxu mopieuioBas 20 xB. OxosomxeHHs 3pasKiB HaHO-
KPUCTAJIIB IIPOBOAMJIOCH Y IIOTOII radomnoxidnoro asory mporarom 15 xB. 3pasku g0 Ta micad
BiamaJsy mociigsKyBasmcsa MeTogaMHi peHTreHo-¢asosoro aHauaisy, EIIP ta marmiropibpariii-
HuM Meromom. CuHTesoBaHi spasku Manam epoMarHiTHi BiacTMBOCTL IIpu KiMHATHiN TeMIie-
parypi. I[Iuroma mamarmiuenricTs spaska ckaamae M, = 0,028 Tc-em3/r. Tepmiuna o6pobka
mpu T = 550°C npusoamia g0 3MEHIIeHHA nmToMoi Hamarmiuenocri spaskis (M, =
0,01 Te-cm3/r). Iig uac repmiunoi o6pobru npu T = 850°C depomaruiTai B1acTHBOCTI y Spaskis
SHMKAIOTH 1 BITHOBJIOIOTECA ILCIA TePMiuHOI 0OPOOKM y rasoBoMy cepelnoBuIi 3 BogHeM (M, =
0,023 T'c-em3/r). Taki saKOHOMIPHOCTI BILIUBY PeKUMIB TepMiuHOI OGpPOGKM HA MAarHiTHI BiIac-
TuBOCTL 3paskis HaHorpucraais ZnO:Mn moscHIOOTBCH 3MIHOI AK Kinbkocri, Tak i cuissigmO-
LIEHHAM BJACHUX (BaraHcii KucHio VO) ta momimkosux (ionu MnZ*) mzedexrtis, posrainoBaHux y
PUIIOBEPXHEBOMY IIIapi HAHOKPHCTAIIBE.
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O6pasipr HanokpucraniaoB ZnO:Mn (koumenrpanus npumecu 2 at.% ) mosyueHsl MeTomomM
YABTPA3BYKOBOI'O MHPOJM3a a3pPO30Jid U TOMJEKAJIN TepMUUYecKol o0pafoTKe Ha BO3AyXe
npu remneparypax 550°C u 850°C, a raxyke B rasoBoii cpeie ¢ BOLOPOJOM IIPU TeMIeparype
550°C. Cpoxk Tepmuueckoit o6paborku paBen 20 muH. OxJnamaeHUe 00Pa3IOB HAHOKPUCTAN-
JIOB TIPOBOJUJIOCH B TOTOKE rasoodpasHoro asora B Tedenme 15 muna. O0pasusl 10 U mocie
OTKUIa MCCJeM0BANNCh MeTOaMM peHTreHno-Gasosoro anagusa, SIIP 1 MarunTo-suGpanuoH-
HBIM MeTogoM. CuHTe3UpoBaHHBIE 00pa3Ilbl UMe U (PeppOMATHUTHBIE CBOMCTBA NMPU KOMHAT-
Holl TeMmmepaType. YAeabHas HaMarHWYeHHOCTL obpasma cocrasiser M, = 0,028 Te-em3/r.
Tepmuueckasa obpaGorka npu T = 550°C mpuBosUT K YMEHBIIEHWIO YIEJIbHOI HaMarHU4eH-
HocT:m ob6pasmos (M, = 0,01 Tc-.em3/r). Bo Bpema Tepmuueckoil o6paGoreu upu T = 850°C
(eppoMarHUTHBIE CBOMCTBA B 00pasiiax MCUe3al0T U BOCCTAHABIMBAIOTCS IIOCJE TEPMUYECKO
obpaboTku o0pasIoB B rasoBoil cpefme ¢ Bogopogom (M, = 0,023 I'c-em3/r). Takme s3aKoOHO-
MEPHOCTU BJIUAHWSI PEKUMOB TePMUYECKON 00paboTKM HA MariuTHBIE CBOHMCTBa 0GpasI[oB
nanokprcranios ZnO:Mn o0bscHsIOTCS KaK M3MEeHEeHUeM KOJIMYecTBa, TaK U COOTHOIIEHUEeM
coBeTBeHHBIX (BakaHcuu Kucaopoza VO) u mpumecHbx (noubl Mn2') negexros, pasMmelneH-
HBIX B IPUIIOBEPXHOCTHOM CJIO€ HAHOKPUCTAJLIOB.

1. Introduction

Diluted magnetic semiconductors (DMS)
are in the spotlight of researchers because
of their potential for use in various spin-
tronic devices [1, 2]. In recent years, sig-
nificant successes have been achieved in the
development of synthesis methods of DMS
which have ferromagnetic properties (FP) at
room temperature. The theoretical founda-
tions of ferromagnetism in ZnO based DMS
doped with Mn were developed in [3]. Fur-
ther intensive experimental studies showed
that the FP of such materials substantially
depends on the technological conditions of
production. They acquire FP during low-
temperature synthesis (T, < 500°C) with low
concentrations of the manganese dopant
(Mn < 4 at. %) [4]. Also, the influence of
heat treatment on the FP of samples was
noted. It was found in [5] that samples syn-
thesized by the solid-phase method at T, =
500°C showed FP, but heat treatment at T
> 700°C leads to a decrease, and annealing
at T > 900°C leads to complete loss of FP.
In other works, it was found that the condi-
tions in which the samples are heat treated
are important. So, it was shown in [6] that
annealing of samples in vacuum or in N,
atmosphere leads to the appearance of FPs,
and thermal treatment in O, atmosphere
leads to their disappearance. It was shown
in [7] that heat treatment of samples in a
hydrogen atmosphere can transform them
from a paramagnetic to a ferromagnetic
state. Such processing can also restore the
FP lost during the annealing of the samples
at 800°C.

The above results indicate the decisive
role of crystal lattice defects in the forma-
tion of the FP of the DMS. According to the
model of bound magnetic polaron (BMP) [8,
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9], FP in ZnO:Mn nanocrystals (NCs) are
due to the exchange interaction between
Mn2* ions indirectly through intrinsic de-
fects of the crystal lattice. This is con-
firmed by the results of [10]. In this case,
intrinsic defects, for example, oxygen va-
cancies (V0), act as intermediaries in the
exchange interaction between the Mn2* im-
purity defects. The condition of ferromag-
netic ordering in the NCs of DMS is not
only the presence, but also the correspond-
ing structure of intrinsic defects [10, 11]. It
was shown that such a structure of defects
can be formed by mechanical grinding of
ZnO:Mn polycrystals in an inert medium
[12]. With such mechanical treatment, a de-
fective surface layer with a large number of
oxygen vacancies (V0) is formed in the NC.
This creates the conditions for the interac-
tion of Mn2* impurity ions with each other
using Vo as an intermediate link and leads
to the appearance of FP in ZnO:Mn samples
at room temperature.

A similar defect structure which leads to
the appearance of FP, was created in
ZnO:Mn nanocrystals after their synthesis
by ultrasonic aerosol pyrolysis (UAP) [13].
The peculiarity of the formation of NCs
during this synthesis determines the pres-
ence of a large number of defects and the
existence of an inhomogeneous crystalline
structure in the form of a defect-free core
and a defective shell [14].

Thus, the study of the role of tempera-
ture conditions for the synthesis of DMS
and the conditions of heat treatment of the
obtained samples is an urgent task. Such
studies make it possible to develop methods
for the synthesis of DMS with FP, as well
as to answer the question of the role of
intrinsic and impurity defects in the forma-
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Fig. 1.

X-ray powder diffraction data (a) and EPR spectra (b) of nanocrystals ZnO:Mn (2 at.%):

1 — before annealing in air; 2 — after annealing at T = 550°C; 3 — after annealing at T = 850°C.

The symbols

tion of FP. The aim of this work is to estab-
lish the effect of heat treatment on the
structure of defects and the magnetic char-
acteristics of ZnO:Mn nanocrystals obtained
by the UPA method.

2. Experimenal

The UPA method is based on the thermal
decomposition of aerosol droplets of a solu-
tion of the starting components during
their passage through the thermal zone of
the furnace [15]. In this method, it is possi-
ble to control the following parameters of
the final product: the size of NCs, and the
defectiveness of their surface. This method
also allows alloying of NCs with various im-
purities. The main feature of UPA method
for the NC synthesis is that the NCs form
as micro-droplets in the bulk under non-
equilibrium conditions, which, in turn,
leads to the appearance of a large number
of defects in the NCs.

We synthesized samples of ZnO:Mn
nanocrystals with a manganese concentra-
tion of 2 at.% according to the method de-
scribed in [13]. For the synthesis, aqueous
solutions of zinec and manganese nitrates
were used. The synthesis occurred at a tem-
perature T, = 550°C. The obtained samples
were annealed in air at temperatures of
550°C and 850°C. In addition, they were
heat treated in a flow of a mixture of hy-
drogen and nitrogen gases in the ratio
Hy/N, ~ 1/3 at a temperature of 550°C. In
order to prevent an increase in the dimen-
sions of NCs, the heat treatment regime was
short-term; it lasted for 20 min. In this
case, the samples were cooled in the cold
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* and A denote the impurity phases ZnMn,O, and Mn,0;, respectively.

zone of the furnace for 15 min in a flow of
gaseous nitrogen.

The crystal structure and phase composi-
tion of the samples were studied by X-ray
phase analysis (XRD) on a DRON-2 diffrac-
tometer using CoKo radiation (A=
1.7902 A), EPR studies of the samples were
carried out on a RADIOPAN SE/X 2543
radio spectrometer. The magnetic properties
of the samples were studied by vibromagne-
tometry.

3. Results and discussion

The results of studying the crystal struc-
ture and phase composition of ZnO:Mn
nanocrystals samples are shown in Fig. 1. It
was shown that the crystal structure of
ZnO:Mn nanocrystals is a hexagonal wurtz-
ite type. The average sizes of ZnO:Mn
nanocrystals were calculated using the
Scherrer formula [16]. The results of calcu-
lations of the crystal lattice parameters (a
and ¢), unit cell volume (V), and average NC
size (d) are given in Table. From these data it
follows that the lattice parameters a and ¢ in
ZnO:Mn nanocrystals are much smaller than
in single-crystal ZnO [17]. This is explained
by the nonequilibrium conditions of the crys-
tallization of nanocrystals, which determine
the presence of deformation stresses in the
crystal lattice of ZnO nanocrystals.

With an increase in the annealing tem-
perature of the samples, the amplitudes in-
crease and the widths of reflections in the
X-ray diffraction patterns decrease
(Fig. 1la). Such changes are a consequence
of an increase in the size of NCs and an
approximation of the crystal lattice parame-
ters of ZnO:Mn nanocrystals to the parame-
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Table. Parameters of the crystal lattice, unit cell volume, and average size of ZnO:Mn nanocrystals

a, A e, A v, A8 d, nm

Synthesized 3.2396 5.1873 47.145 34.9

After annealing at T = 550°C 3.2397 5.1871 47.146 36.2

After annealing at T = 850°C 3.2403 5.1923 47.211 63.7
Zn0 single crystal [17] 3.2492 5.2053 47.589 -

ters of bulk crystals (Table). qAnalysis of
the XRD data shows that the phase compo-
sition of the synthesized sample before an-
nealing is homogeneous and corresponds to
the chemical compound ZnO. After anneal-
ing at a temperature of 550°C, impurity
phases Mn,O; and ZnMn,O, appear in the
sample, which disappear after heat treat-
ment at 850°C.

This fact may indicate that in the syn-
thesized ZnO:Mn nanocrystal sample, there
is an intercrystalline medium in which the
Mn impurity can be concentrated in the
form of amorphous clusters or small nuclei
of impurity phases. These inclusions are not
detected by XRD. During high-temperature
annealing, an intense process of doping ZnO
nanocrystals with the Mn impurity occurs
due to the decomposition of the impurity
phases Mn,O5 and ZnMn,O,. Short term an-
nealing (20 min) does not lead to a signifi-
cant increase in the size of the nanocrystals
(Table). Thus, the results indicate that in
the synthesized ZnO:Mn nanocrystals, the
Mn impurity can be located in an amorphous
intergranular medium. The crystal lattice of
ZnO:Mn nanocrystals is strained.

The EPR spectra of ZnO:Mn nanocrystals
before and after the heat treatment are
shown in Fig. 1b. In these spectra, a hyper-
fine structure (HFS) is observed at the mag-
netic field H = 325 mT. It consists of six
lines and is associated with Mn2* ions lo-
cated in the nodes of the ZnO crystal lat-
tice. From the intensity of these lines, the
concentration of Mn2* ions in ZnO:Mn
nanocrystals can be obtained. It should be
noted that the HFS lines in the EPR spectra
are superimposed on a broad background ab-
sorption line, which is associated with the
exchange interaction of Mn2* ions [18].

In the EPR spectrum of the sample prior
to annealing (Fig. 1b, spectrum 1), in addi-
tion to the HFS lines of Mn2* ions, a broad,
nonstructural line located in a weak mag-
netic field H ~ 250 mT (g ~ 4.0) was also
detected. This absorption line may indicate
the presence of a large number of acceptor
type defects in the sample. Also, this line
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can be associated with ferromagnetic reso-
nance due to the presence of a ferromag-
netic phase in the sample. According to
[19], this phase arises as a result of an
exchange interaction of Mn2* impurity ions
with acceptor-type defects in the crystal lat-
tice. The line of ferromagnetic resonance in
the EPR spectra is a sign of the presence of
ferromagnetism in the samples at room tem-
perature. After annealing the nanocrystals
at T = 550°C and T = 850°C, this line disap-
pears due to a decrease in the number of
intrinsic defects.

The heat treatment at T = 550°C leads to
a decrease in the background line intensity
and a slight increase in the amplitudes of
the lines of cold fusion of Mn2* ions (Fig.
1b, spectrum 2). This is due to a decrease in
the amount of Mn2* impurity ions that take
part in the exchange interaction. During an-
nealing, some of them begin to participate
in the doping of ZnO nanocrystals, which,
in turn, takes place in the lattice sites, and
leads to an increase in the concentration of
Mn2* ions in NCs. Another part of the im-
purity ions Mn2* participates in the forma-
tion of impurity phases Mn,O; and
ZnMn,O,. From this we can conclude that
the doping of ZnO nanocrystals with Mn2*
ions during short-term synthesis by the
UPA method is particular. Thus, the ob-
tained results indicate that in the samples
prior to annealing, the distribution of the
dopant Mn ions in the bulk of ZnO
nanocrystals is inhomogeneous.

After annealing the sample at a tempera-
ture of 850°C in air, the shape of the EPR
spectrum changed (Fig. 1b, spectrum 3).
The intensity of the HFS lines of Mn2* ions
increases significantly, while the intensity
of the broad background line decreases.
This may indicate that, due to thermal dif-
fusion, almost all Mn impurity ions are lo-
cated at the sites of the ZnO crystal lattice.
Thus, it can be argued that the distribution
of the Mn2* dopant in the bulk of ZnO
nanocrystals has become more uniform.
This, in turn, leads to a significant decrease
in the thickness of the defective surface

Functional materials, 27, 4, 2020
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Fig. 2. EPR spectra (a) of a NC sample ZnO:Mn (2 at%): 1 — before annealing, 2 — after annealing
at T =550°C, 3 — after annealing at T = 850°C; EPR spectra (b) of this sample: I — after
annealing at T = 850°C; 2 — after annealing in a mixture of hydrogen and nitrogen gases in the
ratio Hy/N, ~ 0.3; 3 — wide background absorption line due to the exchange interaction of impuri-

ties Mn%’r ions.

layer. Long-term annealing of the sample
leads to its complete disappearance. It
should be emphasized that in the EPR spec-
tra of ZnO:Mn nanocrystals, after annealing
at T = 850°C, additional low-intensity EPR
lines appear on both sides of the HFS of
Mn2* ions. Establishing their nature re-
quires additional research.

It should be noted that after annealing at
T = 550°C, the HFS lines of Mn2* ions dou-
ble in the EPR spectrum (Fig. 2a, spec-
trum 2). This may be an additional evidence
of the existence of a core-shell structure in
the NC samples. The EPR spectrum in this
case consists of a superposition of two spec-
tra. The SI spectrum is caused by Mn2* ions,
which replace Zn2* ions in the crystal lattice
sites of ZnO nanocrystals. The SII spectrum
is associated with Mn2* ions, which can be
located in the strained surface layer, where
local symmetry is excited around them. In
[20] also came to this conclusion. Possibly
during annealing, it is precisely on the sur-
face of the NC that manganese compounds
Mn,O53 and ZnMn,O, are formed, in which
Mn2* ions are in a different local environ-
ment. An analysis of the EPR spectra shows
that the shift between the lines of the SI
and SII spectra is DN = 8.9 mT. The width
of the SI line is AH; = 89.52 mT, the hy-
perfine coupling constant A; = 7.90 mT.
Such a value of the constant A; corresponds
to the tetrahedral environment of Mn2* ions
in the ZnO crystal lattice. The width of the SIT
line is AH5 = 389.85 mT, the constant A4, =
7.96 mT. It can be assumed that Mn2* jons,
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which are located on the surface of
nanocrystals, are also in tetrahedral sur-
roundings.

The presence of a defective near-surface
layer in ZnO:Mn nanocrystals is explained
by the molecular-kinetic theory of their
growth from a supersaturated solution [21].
According to this theory, the formation of
NCs can be represented in three successive
stages. Due to the short period of synthesis
by the UPA method, the formation of
ZnO:Mn nanocrystals is completed at the
first stage — the appearance of the nuclei
of NCs and their molecular diffusion
growth. A feature of this stage is that the
growth of the nuclei will occur over time
from a more depleted solution. Under these
conditions, the delivery of atoms to a grow-
ing surface is complicated. This causes the
formation of NC with a perfect crystalline
nucleus and a defective surface shell. It
contains various types of intrinsic defects,
such as interstitial zinec (Zn), interstitial
oxygen (O)), zine and oxygen vacancies (V,,
V,), as well as dopant ions Mn2*. In this
case, the dopant will be forced into this
surface layer and be surrounded by struc-
tural defects [22].

As we indicated earlier, after annealing
the sample in air at T = 850°C, the near-sur-
face layer disappears and the SII spectrum
disappears too (Fig. 2a, spectrum 3). This
near-surface defective layer can be restored
by modifying the surface of the NC, for ex-
ample, by annealing in a hydrogen medium.

The EPR spectrum of the sample after
heat treatment at T = =550°C in a hydrogen
atmosphere is shown in Fig. 2b (spec-
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Fig. 3. Field dependent magnetization (a) of samples ZnO:Mn (2 at.%): I — synthesized, heat

treated; 2 — after annealing at T = 550°C (20 min.); 3 —

after annealing at T = 850°C (20 min.);

4 — after additional (20 min) annealing of sample (3) in a gas medium containing hydrogen (in the

ratio Hy/N, =

0.5); 5 — after annealing in air at T = 850°C (1 h). Separation of the paramagnetic

component (b) with the magnetization curve of the synthesized sample (sample 1): 1 — experimental
curve; 2 — ferromagnetic component of the magnetization of the sample (FM); 3 — paramagnetic

component (PM).

trum 2). This sample was subjected to
short-term annealing in air at T = 850°C.
Its EPR spectrum is also shown in Fig. 2b
(spectrum 1), i.e. EPR spectra in Fig. 2a
(spectrum 3) and the EPR spectrum in Fig.
2b (spectrum 1) are the same. As a result of
heat treatment in a hydrogen atmosphere,
the amplitude of the absorption line in-
creases several times. This indicates a sig-
nificant change in the defective near-sur-
face state of the NC. The width of the EPR
spectrum line decreases from AH; =
39.52 mT to AH, = 29.10 mT. In the ZnO
semiconductor, hydrogen acts as a shallow
donor (H*) increasing the number of free
electrons in the conduction band [23]. The
action of hydrogen is caused its high reac-
tion properties. It can form oxygen vacan-
cies (V,) and bind with intrinsic defects of
nanocrystals and with dopant ions to form
hydrogen complexes [24]. These complexes, as
a rule, have unpaired electron spins and in-
trinsic magnetic moment. Therefore, the EPR
spectra of these samples will have additional
contributions due to the presence of free elec-
trons and hydrogen complexes, which in-
crease the intensity of the background.

The effect of heat treatment on the mag-
netic characteristics of ZnO:Mn samples
(2 at.%) is shown in Fig. 3. The synthesized
sample has the maximum magnetization
value before annealing. Heat treatment at
T = 550°C in air leads to a decrease in the
magnetization of the samples. It should be
noted that the magnetization curves of
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these samples do not have a saturation
state. This indicates that in addition to the
ferromagnetic component, there also exists
a paramagnetic component. The amount of
the paramagnetic phase is determined by
the angle of inclination of the lines touch-
ing these curves. Taking into account the
fact that the paramagnetic properties of the
samples have a linear dependence on the
magnetic field, when they disappear at a
zero magnetic field, we can distinguish the
ferromagnetic component from the experi-
mental magnetization curves and determine
the maximum specific magnetization of the
samples in the saturation state M, (Fig. 3b).
After the analysis, it was found that the spe-
cific magnetization of the sample during an-
nealing has a value of M, = 0.028 emu/g, and
after annealing at T = 550°C this wvalue de-
creases almost three times (M, = 0.01 emu/g).
The sample was heat-treated in air at
T = 850°C (20 min) and became completely
paramagnetic (Fig. 3a, line 3). After pro-
longed annealing of the sample for 1 h, it
completely loses its magnetic properties
(Fig. 3a, line 5). It is interesting that an-
nealing of this sample in a gas medium with
hydrogen leads to the restoration of its fer-
romagnetic properties (Fig. 3b, line 4). In
this case, the magnetization curve has a
saturation state. The specific magnetlzatlon
of the sample in this case is M,
0.023 emu/g. The presence of the saturated
state is a sign of the absence of a paramagnetic
phase in the sample. Similar magnetization
values (M, = 0.016 emu/g) were obtained in

Functional materials, 27, 4, 2020
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[25] after heat treatment of a paramagnetic
ZnO powder doped with 2 at.% Mn in a hydro-
gen atmosphere at a temperature T = 500°C.
To explain the effect of heat treatment
on the FP of nanocrystals, it is necessary to
take into account the role of crystal lattice
defects in their formation, as well as how
the number and ratio of participants in the
exchange interaction (intrinsic and impurity
defects) change. These processes occur in
the surface layer of the nanocrystal, and
not in its crystalline core. Ions of the Mn2*
impurity located at the sites of the ZnO
crystal lattice and Mn2* ions causing the
hyperfine structure lines in the EPR spec-
tra, do not participate in the exchange in-
teraction, and therefore do not affect the
magnetic state of the samples. Separate im-
purity Mn2* ions located in the near-surface
defective layer determine the paramagnetic
properties. Mn2* ions located in the near-
surface defective layer participate in the ex-
change interaction with the help of intrinsic
defects and determine the FP of the
nanocrystals [10, 26]. The presence of a sig-
nificant amount of impurity (Mn2* ions) and
intrinsic defects (oxygen vacancies, V) in
the synthesized sample explains the maxi-
mum magnetization of the sample. After
annealing in air at T = 550°C, the number
of such defects decreases, which leads to a
decrease in the magnetization of the sam-
ple. Oxygen vacancies V, completely disap-
pear after short-term annealing of the sam-
ple (20 min) in air at a temperature of
850°C, which results in the disappearance of
the FP of the sample. In this case, a certain
amount of paramagnetic impurity Mn2* ions
remains, which causes insignificant param-
agnetic properties of the sample (Fig. 3a,
line 3). Long-term annealing for 1 h at T =
850°C leads to the disappearance of param-
agnetic properties (Fig. 3, line 5) because in
this case all paramagnetic Mn2* ions take
part in the doping of ZnO nanocrystals. The
restoration of ferromagnetic properties
after heat treatment of the sample in an
atmosphere containing hydrogen occurs due
to the appearance of a large number of in-
trinsic defects on the surface of nanocrys-
tals, including oxygen vacancies V,. The
presence of these vacancies and impurity
Mn2* jons remaining after a short-term an-
nealing of the sample at T = 850°C, creates
the conditions for the appearance of FP.

4. Conclusions

It has been established that, during UPA
synthesis, ZnO:Mn nanocrystals acquire a
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"core-shell” structure. They consist of a sin-
gle-crystalline core and a defective surface
layer. Such nanocrystals have ferromagnetic
properties at room temperature. The maxi-
mum value of magnetization is M, =
0.028 emu/g.

The effect of heat treatment on the de-
fect structure and magnetic properties of
ZnO:Mn nanocrystals has been determined.
Heat treatment of the sample in air at T =
550°C (20 min) leads to a decrease in the
magnetization of the samples to M, =
0.01 emu/g. After heat treatment in air at
T = 850°C (20 min), the sample loses FP
and becomes paramagnetic. Prolonged an-
nealing of the thread for 1 h leads to "fall-
ing asleep” of magnetic properties.

It is shown that the FP can be restored
by heat treatment of samples in a hydrogen-
containing gas medium. This fact is ex-
plained by the activity of hydrogen on the
surface of NCs; as a result, NCs become
structurally inhomogeneous.

It has been established that the FP of
ZnO:Mn nanocrystals is affected both by the
number and the ratio of exchange interac-
tion participants — intrinsic (oxygen vacan-
cies V,) and impurity (Mn2* ions) defects
located in the defective near-surface layer of
the NC. Thus, the obtained experimental re-
sults are in qualitative agreement with the
conclusions of the theoretical model of a cou-
pled magnetic polaron, which explains the na-
ture of the appearance of FP in the DMS.
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