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ABSTRACT

Spherical zinc particles ranging from 42 to 760 nm in average size and capped with plate-like
zinc oxide particles of 10-30 nm in sizes have been prepared by levitation-jet aerosol synthesis
through condensation of zinc vapor in an inert/oxidizer gas flow. The nanoparticles have been
characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD), BET
measurements, ultra violet visible (UV-Vis) spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy, Raman spectroscopy, X-ray electron.spectroscopy (XPS), superconducting
quantum interference device (SQUID), and vibrating-sample magnetometer (VSM). Magnetic
and XRD data indicate that the observed ferromagnetic ordering related to the changes in unit-
cell volume of Zn in the Zn/ZnO interface of the nanoparticles. These results are in good
correlation with the optical measurements data.
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1. Introduction

ZnO has attracted increasingly worldwide attention in the past few decades due to its
unigue properties and a large number of potential applications such as transparent
conductive contacts [1], dye-sensitized photoelectrochemical solar cells [2], ZnO/Cu,0
solar cell heterojunctions [3-5], laser diodes [6], ultraviolet lasers [7], thin film transistors
[8], gas sensors [9], optoelectronic and piezoelectric applications to surface acoustic wave
devices [10], and so on. Zinc oxide (ZnO) is a material usually characterized by its wide
band gap of 3.37 eV at room temperature. This band gap can be excited by using short
wavelength emissions such as UV radiation; high excitonic binding energy, around 60

meV; very short luminescence life time; to allow changes in the material’s properties to

“ Corresponding author. Tel.: +7 49652 46368.
E-mail addresses: yugmor@hotmail.com (lu.G. Morozov), daniel.ortega@imdea.org (D. Ortega),
m.k.mafina@gmul.ac.uk (M.-K. Mafina), maxim1968@mail.ru (M.V. Kuznetcov)



improve mechanical properties, as well as produce a reasonably cheap and environment
friendly material [11, 12].

In the last decade some of the nonmagnetic metals oxides have been widely investigated
because of their ferromagnetic behavior at room temperature (RTFM) in nanosized form
which is very important for the spin electronics applications [13]. RTFM was discovered in
the doped ZnO [14] as well as in the undoped material too [15]. The existance of RFTM in
the undoped ZnO stimulated discussion about the role of intrinsic defects in this
phenomenon. For the Zn—-O system, also known as a pristine oxide, it was shown that
defects, such as Zn and O vacancies [16-21], Zn interstitials [22], grain boundaries [23] and
lattice distortions [24], might contribute to the development of RTFM. If all these defects are
indeed responsible for the ferromagnetism in thin films and nanoparticles, they should be
thermodynamically stable at least to room temperature, and magnetic exchange interaction
between them should be strong enough for the existence of ferromagnetism to be feasible [25].
However, there remain a number of unanswered questions regarding the magnetic properties of
such material [25]. Exactly which defect species or group of defects are responsible for the
development of magnetic moments? How is long-range exchange interaction between local
moments brought about in the pristine oxide? How does the total magnetization of a material
depend on defect density and how can its magnetization value be optimized? Unfortunately, first
principles theoretical calculations in this area of research have not yet provided unique answers
to these questions [26].

Since a low dimensionality of samples is critical to the ability to observe RTFM, studies of
nanoparticles (which have the largest specific surface area) have a number of advantages over
those of films REF. The main advantage of using nanoparticles is the ease in determining more
accurate specific magnetization data of the materials, which is necessary for the ability to
adequately compare between samples prepared under different techniques and conditions [27].
We have obtained zinc nanoparticles of various sizes, containing a different amount of an oxide
component, which allowed us to model a situation analogous to that occurring in thin oxidized
Zn films and investigate the basic physicochemical properties and specific magnetization of the
resultant material [28]. It is well known that optical properties of ZnO nanoparticles are
strongly dependent on changes in the synthesis conditions [29, 30], defects [31-33],
microstructure, crystallite sizes, morphology [34-37], and others, therefore, we used the
levitation-jet generator [38], which offers an easier manufacturing process of nanoparticles with
an appropriate surface area for study of its optical properties. In the present paper, we are
focusing our attention on the interrelation between the development of RTFM, the structural and
optical properties of Zn/ZnO nanoparticles (NPs), exhibiting RTFM, which had not been



establish earlier [39, 40].

2. Experimental

Zn/ZnO aerosol nanoparticles were obtained by using modified Gen levitation-jet generator
described in detail according to Morozov et.al. [41]. In this technique, a pure zinc wire at 99.9 %
with a diameter of 3 mm was placed in a quartz tube with an inner diameter of 14 mm. The end
of the wire was heated up by the electromagnetic field generated using a counter-current inductor
(encasing the tube) until the metal began to vaporize directly from the solid phase at a
temperature lower than the boiling point of zinc. This inductor powered by an industrial high
frequency generator (0.44 MHz). The vaporizing wire was blown down by an adjustable stream
of gas (He or Ar) and moved into the inductor at a constant preset speed as the metal vaporized
and the cross-sectional size of the wire diminished. In some experiments, special actions were
taken for an additional NPs oxidization in the way of gaseous oxygen or air adding in the
combined mode [28]. The formation of aerosol nanoparticles takes place in a region around the
evaporated metal wire end where Zn atoms condense and eventually form primer clusters [42].
ZnO content depends on the gas-phase oxidation rate of the particles in comparison with the
metal clusters coalescence rate during condensation and post-condensation processes. This
competition may be the one of the main reason in the appearance of real morphology in Zn/ZnO
NPs. Once the above process was completed, the resultant grey powder was collected on a cloth
filter and hereinafter removed from the filter into a particle container. Special measures have
been taken in order to prevent any influence of alien magnetic contaminants for the NPs
properties [43].

The NPs crystal structure was studied by X-ray powder diffractometer ADP-2 (Cu K,
radiation). Their phase composition was determined using JCPDS PDF database (release 2011)
and Crystallographica SearchMatch ver. 3.102 software. Rietveld analysis (PowderCell 2.0) of
X-ray diffraction patterns was used to evaluate the ratio of crystalline phases in NPs. Its
morphology and dimensions were examined using transmission electron microscope JEOL JEM-
1200EX2. Specific surface area of NPS was determined by 4-point nitrogen physical sorption
BET measurements using META SORBI-M device. Examination of the NPs optical properties
were carried out by means of various techniques; (1) UV-vis spectra of NPs were recorded on a
by Lambda950 (Perkin Elmer) using the integrated sphere detector. (2) Fourier transform
infrared (FT-IR) spectra were recorded in solid phase using Tensor 27 spectrometer with the
attenuated total reflectance (ATR) accessory (Bruker) in the frequency range of 400-4000 cm™.

(3) Raman spectra were recorded at room temperature using InVia Raman Renishaw and



confocal microscope Leica DMLM apparatus with an air-cooled, charge coupled device and
coupled with He-Cd and Ar lasers emitting at 325 nm and 514 nm, respectively. XPS data was
recorded using a Thermo Scientific X-ray Photoelectron Spectrometer. It utilizes a
monochromated Al K, (1486.6 eV) source running at a power of 72 W with a pass energy of 50
eV was used for high resolution region scans and 200 eV for survey scans; finally, for charge
correction a 1 point scale with the C1s peak shifted to 285.0 eV was used.

Magnetic properties of NPs were measured by means of Quantum Design hybrid VSM-
SQUID magnetometer, which was calibrated using a standard Dy,Os; sample with a relative
accuracy of 1 x 10° emu, at room temperature [44]. During the experiments, the magnetic field
was ramped from zero to 70 kOe at 300 K. Sample mass (a few mg) was determined with
relative accuracy of +2 x 10 mg. We have subtracted the ratherlow magnetic moment of the
samples from the experimental outputs of the diamagnetic contribution associated with
appropriate sample container. It should be also noted that-applied magnetic field (H) values were
precisely corrected by comparing the experimental fields with those expected for the Dy,03. A
part of NPs samples was characterized in applied magnetic fields of up to 13 kOe using EG&G
PARC M4500 vibrating sample magnetometer.

3. Resultsand discussion

3.1 Zn/ZnO NPs morphology and BET characterization
Figs. 1a-1f show TEM micrographs of NPs. Most of the particles are seen to be rather large

(about hundreds nm in sizes) and common spherical in shape. In these figures, irregular shaped
plate-like nanoparticles (10 - 30 nm in sizes) well seen on the surface of the large particles.
These particles are very morphologically similar to the capped ferromagnetic ZnO nanoparticles
(10-30 nmin sizes) previously observed as a result of syntheses with the different kinds of
precursors [45-48]. As the process for large particles, preparation takes place under very low
amount of air (a technological feature) we may suggest that the particles shape is a result of the
Zn clusters aggregation followed by an inert gas cooling. Plate-like nanoparticles most likely are
some fragments of Zn aggregates, which managed full oxidation and then being hot cleave on
the cold surface of the large particles. In the case of small NPs (fig. 1c), the synthesis process
takes place under essential oxidizer content in the net gas flow (Table 1). That time-limited the
condensation zone [38, 41] and in result Zn and ZnO as it may see in the fig. 1c probably form
the separate nanoparticles, with the latter became a tetrapod-shaped [49] and the above-
mentioned Zn/ZnO capped morphology be non-obvious.

Table 1 lists the specific surface areas (S) of the various NPs studied, from which their

average size dget (nm) evaluated. It approached to the morphological estimated average size of



the large nanoparticles projections in all of the micrographs obtained.

Tablel

Main properties of Zn/ZnO NPs synthesized by using modified Gen levitation-jet generator. dget - average particle
size obtained from BET measurements; V. - ZnO content; E; - the energy gap; V - unit-cell volume; o -

maximum specific magnetization; S- specific surface area.

- — 7
ISlgmple Synthesis conditions ?ﬁﬁ) \értd w X] :; 31)ozn ?:r;xu/g) S (mZ/g)
Zn0O
Z1 Ar—831/h, Zn-60 g/h 650 1.8 349.68 0.103 1.29 +£0.06
Z2 He — 500 I/h, air — 60 I/h, Zn — 60 g/h 57 53.9 3.27 350.12 0.007 16.9+0.24
Z3 He — 500 I/h, Zn - 60 g/h 275 5.3 349.60 0.031 3.11+£0.13
Z4 He — 250 I/h, Zn - 60 g/h 590 10.0 349.68 0.250 1.46 +£0.09
Z5 He — 1200 I/h, Zn - 60 g/h 135 14.0 3.10 350.59 0.003 6.22+0.11
Z6 He - 500 I/h, O, — 60 I/h, Zn - 60 g/h 42 54.9 3.30 34951 0.013 22.7+2.02
z7 He — 500 I/h, air — 110 I/h, Zn-50 g/h « 43 64.2 3.30 349.95 0.035 22.6+2.34
Z8 Ar—-401/h, Zn-60g/h 610 2.0 3.23 350.04 0.005 1.38 +0.11
Z10 Ar =300 I/h, Zn - 60 g/h 410 0 3.19 346.73 0.003 2.05+0.12
Z11 He —1151/h, Zn - 80 g/h 550 0 350.19 0.020 1.60+0.11
Z12 He —400 I/h, Zn = 60 g/h 430 3.8 3.14 349.87 0.001 198 +£0.18
Z14 He — 200 I/h; Zn' =60 g/h 300 3.5 3.14 349.74 0.029 2.81+0.04
Z15 Ar-831/h, Zn-60 g/h 760 ~0 348.68 0.010 1.11+0.04
Z16 He =290 1/h, Zn - 60 g/h 450 48 351.45 0.022 195+0.91
717 He — 250 I/h, Zn - 30 g/h 290 5.7 349.7 0.270 3.08+0.12
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Fig. 1. TEM micrographs of NPs listed in Table 1: a—Z4,b-2Z5,¢c—-Z7,d-Z10,e - Z14, and f -
Z15.

3.2. X-ray diffraction
X-ray diffraction patterns of NPs showed reflections: (i) hexagonal Zn lattice closed to

JCPDS file 04-0831 with unit-cell parameters of ranged from a = 0.2653 nm to a = 0.2665
and from ¢ =0.4925 nm to ¢ = 0.4949 (Fig. 2 and inset); (ii) hexagonal zinc oxide (JCPDS, 74-
0534) with unit-cell parameters a = 0.3250 nm and ¢ = 0.5207 nm which (with acceptable
accuracy) variedslightly from sample to sample. On the inset of Fig.2 on the example of Zn [34]
reflection it can be noted that NPs Z8 demonstrated a high level of crystallinity (a reflection
related with Cu K, radiation is visible) and NPs Z4 — a low one. The percentages of the crystal
phases, evaluated at resolving power of the full profile analysis, are presented in the Table 1
together with the principal controlled parameters of the nanoparticle preparation process: metallic
zinc feed rate as well as inert and oxidant gas flow rates.

As shown in Table 1, the zinc oxide content (V4) 0f all our samples did not exceeded 65
%. It is worth pointing out that crystal structure, phase composition and other characteristics
were determined after prolonged storage of NPs in air, since as-prepared particles
demonstrated a number of changes in their properties during an ageing at room temperature
[28]. Therefore, we have failed to determine uniquely the composition of plate-like
nanoparticles on the surface of Zn particles with by XRD, it is reasonable to assume that the

former particles consisted predominantly of ZnO what be verified later.
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Fig. 2. XRD patterns of NPs. The numbers of the curves corresponds to the numbers of NPs in Table 1.
Miller indices, refers to the reflections from zinc and those from zinc oxide, are marked by asterisks.



3.3 Optical characterization of NPs

UV-vis absor ption spectra
The UV-vis absorption spectra of different NPs at RT presented in Fig. 3a. A sharp peak has

been founded in the range of 353-367 nm compared with 368-373 nm [37], where it was

determined as a characteristic peak of the wurtzite hexagonal phase ZnO [50, 51]. The
absorption peaks are “blue shifted” from the bulk ZnO (368.5 nm), probably, due to the weak

guantum confinement effect [37].
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Fig. 3. (a) UV-vis absorption spectra of NPs at room temperature. (b) Plots of («hv)?vs. ho for the NPs.
The numbers of curves corresponds to the numbers of NPs in Table 1.



The optical band gap energy (Eg) can be estimated from absorption coefficient (o) using the
Tauc relation [52]:
ahv=A(hv-Eg)
where A is a constant that depends from the transition probability, ho is the energy of an
incident photon, and q is an index that characterizes the optical absorption process. It is well

known that direct and indirect band gap energy for the semiconductor nanostructures can be
1
obtained from the intersection of linear fits of (aho) *vs. ho plots for g = 0.5 [53],as ZnO is

the direct band gap semiconductor material. Fig. 3b (based on Fig. 3a) shows the (aho)zvs. ho
plots for some of NPs. All the estimated Eg results for NPs, which based on Fig. 3b, showed in
Table 1. The band gap of NPs has been calculated from the UV-vis spectraand varies in the
range of 3.10-3.30 eV. It was smaller in comparison to the standard bulk ZnO (~ 3.37 eV) [51]

due to the high carrier concentration [54].

FT-IR spectra

FT-IR is a powerful technique to find out the information about the chemical bonding
in the material, identification of the elemental constituents of material and getting the
supplementary information from XRD and TEM [55]. Infrared studies were performed
aiming to ascertain the metal-oxygen and nature of NPs. Metal oxides generally give
absorption bands below 1000 ¢m™ arising from the inter-atomic vibrations [56]. FT-IR
spectra of NPs shown in'Fig. 4a. All the prepared samples shows vibrations in the region
of 385-690 cm™, which are assigned to the metal-oxygen stretching vibration and no broad
peaks has been observed at 1600-1640 and 3100-3600 cm™ due to the presence of water
after hydration by exposure the samples in open air [56]. In order to determine exact
positions of the bands, IR band in the region of 400-700 cm™ shown in Fig. 4b. As shown,
the entire NPs can divided into three different groups depending on their average particle
sizes. The first group: the NPs Z12, Z10, Z14 (300-430 nm) demonstrated broad bands at
450, 490 and 560 (1) cm™. The second group: the NPs Z8, Z15, Z1 (610-760 nm) showed
bands at 450, 490, 540 (I1) cm™. Finally, the third group: the NPs Z7, Z 6, Z2 (480-600
nm) observed peaks at 450, 490, 520 (I111) cm™. All of these bands can be fitted by using
Gaussian to the three bands A, A; and Az [57] (vertical reference lines). According to
Burstein and Bundesmann [58, 59], band A; around of 435-450 cm™ corresponds to the E;
transversal-optical (TO) mode. Bands which are centered at 490 cm™ (A;) and 520-560
cm™ (As) are surface phonon modes, which normally appears when NPs are smaller than
the incident IR wavelength radiation [59]. The IR bands, corresponds to Zn, showing a

variation in the vibrational frequencies with decrease in the average particle sizes. The



shift in the band position (indicated by an arrow) may appear due to the structural changes
induced by the Zn unit-cell volume changing because of Zn—O-Zn network was perturbed
at the Zn/ZnO interface [28] what be discussed later.
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Fig. 4. (a) FT-IR spectra of NPs. (b) IR band in the range of 400-700 cm™. The numbers of curves
corresponds to the numbers of NPs in Table 1.

Raman spectra

It is well-known that ZnO has a wurtzite structure, with two atoms per primitive cell and
the group theory predicts four Raman active modes, A; + E; + 2E, [60]. Both A; and E;
modes are infrared active, polar, and thus splitting out into the longitudinal-optical (LO)
and transversal-optical (TO) components. E, modes of E,"9" and E,'°" are nonpolar and
Raman active correspond to the vibrations of oxygen atoms and Zn sub-lattice,

respectively [61]. Fig. 5 shows Raman spectra some of our NPs. In this figure, it may see



the large-sized NPs (Z3, Z8) exhibit large Raman intensity because of the density of defect
in the Zn/Zn0O interface enhanced due to the co-adhesion of Zn and ZnO nanoparticles.
The reason for the small-sized NPs (Z6, Z7) causing Raman intensity to decrease properly

hgh mode, located at ~

related with the capped structure vanishing mentioned above. The E,
436 cm™* in the Raman spectrum of pure ZnO [60], goes through significant changes, as it
was shown in Fig. 5. For large-sized NPs this Raman mode, assigned to the oxygen
vibrations [60], is more relative intensive than for small-sized NPs. This fact is in
accordance with above NPs morphology change when their dget decrease. A pronounced

asymmetry of E,"%"

peak may be attributed to the lattice disorder, as well as to the non-
harmonic phonon—phonon interactions [60]. Therefore, the Raman signals features may be
related to the real morphology of Zn/ZnO interface in the NPs. The fact is, that E""
Raman mode, originated from the oxygen vibrations in the ZnO crystal lattice, is more
affected by interstitial Zn than the E'®” mode, ascribed to the Zn'sublattice vibrations [62],

suggests that the oxygen defects, probably, dominate on the ZnO side of the interface.
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Fig. 5. Raman spectra of NPs. The numbers of the curves correspond to the numbers of NPs in Table 1.

3.4 XPSresults

The surface composition and chemical states can be determined by means of XPS
spectrum according to the characterizing binding energies of the different elements on
material surfaces. Fig. 6a shows a survey XPS spectrum from the NPs, indicating the
following elements presence: Zn, O and adventitious C. No contaminants from the
nanoparticle synthesis were detected on the sample surface. In our samples, residual
amounts of adventitious carbon and carbonyl compounds were unavoidable due to their

exposure to air [63, 64].



The XPS spectra of the Zn-2p core level regions of some NPs seen on Fig. 6b. The NPs

displays a doublet at about 1022 and 1045 eV (vertical reference lines), corresponding to

the Zn-2ps;; and 2py, core levels [65]. The first peak is attributed to Zn®" ions in the

oxygen-deficient ZnO matrix [66]. Moreover, the all of Zn 2p3;, XPS peaks are sharp. Thus,

it can be confirmed, that Zn element exists mainly in the form of Zn?* on the samples

surfaces [67] i.e. ZnO really form the capped area of our NPs.

The asymmetric peak was observed in the O-1s region (Fig. 6¢, normalized view).

Assuming that the O-1s emission is composed by two contributions, XPS line‘was fitted

with the Origin 9.1 software by using two Gauss profile functions [67], including linear

background [68, 69].
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Fig. 6. (a) Survey XPS spectrum from NPs. (b) XPS spectra of the Zn-2p core level regions. (c) XPS

spectra of the O-1s core level regions. The numbers of the curves correspond to the numbers of NPs in
Table 1.

Table 2
Curve fitting results of NPs O-1s XPS spectra

Sample ID  E,(eV) FWHM (eV) — %

Z1 531.0 1.12 37
532.4 2.76 63
Z16 530.9 1.14 44
532.6 2.63 56
Z17 530.9 1.15 32
532.6 2.95 68

These two peaks are attributed to the O, ions in the normal wurtzite structure of ZnO
powder [70] and O, ions in the oxygen-deficient regions within the ZnO (defective ZnOy)
matrix [66, 67], respectively. The last component could be attributed to the presence of
partially reduced ZnO (ZnOy) [71] (oxidized Zn) or Zn(OH), at the Zn/ZnO interface. In the
latter case, the FWHM value may be broaden because of the amorphous nature of this
material [68]. Due to that, no obvious particle size dependence of the peaks parameters were
found in our NPs. The determined binding energies Ey, full width at half-maximum
(FWHM) and percentage values of the fitted components are listed in Table 2. As it is
clearly seen from Fig. 6¢ and Table 2 NPs Z17 demonstrated a pronounced defective
surface state compared with the others NPs.

3.5 Magnetic measurements
Magnetic measurements showed that NPs have ferromagnetic hysteresis loops at room

temperature [28]. The results of magnetization measurements for some NPs (o, vs. applied



magnetic field, H) presented in Fig. 7 shows that most of the NPs exhibits weak
ferromagnetic moment, accompanied by diamagnetic behavior of bulk Zn with magnetic
susceptibility, which does not exceeded the known value —1.4 x 10~ cm®g [72]. NPs Z3,
Z15 and Z4 exhibit well-defined ferromagnetic behavior with an appropriate saturation
magnetization. All of the hysteresis loops exhibit soft-magnetic behavior with coercivity
ranged within 65-118 Oe. In Table 1 one of the basic characteristics of hysteresis loops -
specific maximum magnetization o,,,, is presented. It is worth pointing out that the-maximum
magnetization of the nanoparticles is obviously independent from their average particle size
and ZnO content. The highest room temperature saturation magnetization obtained in this
study was 0.27 emu/g (Z17), which was found to be a higher value in-‘comparison to the
literature one (from 6 x 107 to 6 x 10~ emu/g) for non-doped ZnO nanoparticles of various
sizes in the range of 4-500 nm [19, 22, 26, 39, 45, 73-75]. Higher values of up to 0.62
emu/g were reported for the ZnO nanofilms, but significant error was obviously possible in
the thin films masses determination. Moreover, reducing the saturation magnetization of our

best sample to the weight percentage of ZnO, we obtained the value up to 18 emu/g.
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Fig. 7. Ferromagnetic hysteresis loops of some NPs from Table 1. The numbers of curves corresponds to
the numbers of NPs in Table 1.

One of the main goals in this study was to find out whether the maximum saturation
magnetization of nanoparticles depending from primary parameters of NPs which has not
been established unequivocally [76] shows a clear correlations between defect-related

emissions [77], photoluminescence [78], electron-spin resonance [79] and the



magnetization data of ZnO are essentially secondary characteristics. Fig. 8 shows
dependence of the maximum magnetization of NPs from the unit-cell volume crystal lattice of

Zn (V) for the different samples from Table 1. The magnetization was seen to rise up sharply as

—2 3 —4
V decreases relative to that of the bulk Zn (V, =3.5151x 10 nm ) by AV=V,-V=18x 10

3
nm , that is of about 0.51% of V,. It can be interpreted as an evidence that the magnetic order

development is related to the presence of vacancies, such as V,,, in the crystal lattice of the

Zn nanoparticles, whose role in RTFM was reported earlier for undoped ZnO [80, 81]. V3,
and V,, (the negatively charged ZnO pair vacancy) are proposed as possible sources of
magnetic moment in ferromagnetic ZnO films [25]. These vacancies can trap one or two
electrons and their charge transition levels lie in the band gap. The ferromagnetic moment
arises from electrons trapped at negatively charged vacancies in an n-type ZnO. A one-band
Hubbard Hamiltonian describes trapped electrons where the Hubbard parameter is the effective
electron-electron repulsion for a pair of electrons in a vacancy. Ferromagnetism as known to
exist in the Hubbard model applied to periodic three-dimensional lattices, provided the
Hubbard parameter exceeds the defect bandwidth and the filling is away from half or complete
filling. Hybrid and local-density approximation DFT calculations are used to evaluate Hubbard
parameters for electrons trapped in defects in ZnO [25]. They also used to calculate magnetic
exchange couplings of well-separated, singly negatively charged defects, which induced by a
conduction band electron. Strong ferromagnetic coupling between defects is found in these
total-energy calculations over a range exceeding one nm when the defects have a large, positive
Hubbard parameter value, which may be large enough to support a Hubbard model for

ferromagnetism.
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Fig. 8. Maximum magnetization of NPs vs. unit-cell volume change in Zn crystal lattice.



For magnetization to reach a value comparable to those observed in the our experiments,
the defect density in the order of 1 at % was necessary in ZnO [25]. This was found
comparable to the decrease in \V observed in our NPs. The following results, however,
should be taken into account. In principle, our NPs, consisting primarily of pure Zn, cannot
be imperfect throughout the volume, because of the intense diffusion processes during its
crystallization. Most likely, local magnetic moments develops in the thin layers at the
interface between two phases in the Zn particles—in their bulk and ZnO nanoparticles in
their surface layer—Ileading to the formation of highly imperfect structure [23], in'which
long-range magnetic interactions are possible. In such an imperfect structure, among
oXxygen vacancies in various charge states only singly charged oxygen vacancies offers the
possibility of quantum localization effect, owing to the elimination of paired electron spins
in doubly charged and neutral oxygen vacancies.

Concerning to the optical properties, the situation is not so obvious. UV-vis data
demonstrated that the band gap for NPs Z7 is essentially larger than the gap for Z14. It
seems to be that in the last NPs large amounts of charged species are present at the energy
levels of local vacancies are below the upper edge of the gap. The diminishing of V value in
this case supports this suggestion. However, maximum magnetization for the NPs Z14 is
lower than for the Z7 ones. It is possible, that for the NPs Z14 no percolation threshold of
the traps interaction within the Zn/ZnO interface was reached and o reaches not its
maximum value. Furthermore, it can be noted that near this threshold the NPs are exhibit a
broadening in the maximum and ‘blue shifts” in IR transmittance within the region of 500-
600 cm™ (cf. NPs Z14 and Z1 curves in Fig. 4a). The Raman spectra of NPs (Fig. 5) pointing out
the predominant role of the Zn vacancies in magnetic properties from the Zn side of Zn/ZnO

interface rather than oxide ones from the counterpart side.

In our NPs; Vo of singly charged oxygen vacancies are also important for the
development of local magnetic states [19] and the corresponding magnetic interaction in the
system . Since the surface composition and chemical states determined by means of XPS
spectrum characterized by the binding energies of oxygen on the particles surfaces, in NPs
Z16, Z1, Z17 the progressive broadening of the peaks takes place accompanied by the
maximum magnetization enhancement (Figs. 6, 7). This, however, does not rule out that
other defect species, such as above-mentioned cation vacancies [16] that may be responsible
for the long-range ferromagnetic ordering. Most likely, both types of vacancies are
contributing to RTFM. It is reasonable to assume that the interfacial region has the highest
concentration of all the vacancies, and its structure transforms to the ferromagnetic “grain-
boundary foam” [82]. The nature of ferromagnetic interaction between the local magnetic

moments (or vacancy clusters [74]) is not quite obvious, even though the issue has been



addressed using first-principles calculations [83, 84]. Under such conditions, studies of the
thermal stability of RTFM and its time variation in Zn/ZnO NPs may be helpful [28].

4. Conclusions

Zinc aerosol-generated particles ranging in average size from 42 to 760 nm and capped
with zinc oxide nanoparticles of about 10-30 nm in sizes can be prepared by levitation-jet
synthesis through condensation of zinc metal vapor in an inert-gas flow under some
oxidation conditions. XRD, UV-vis, FT-IR, Raman and XPS studies demonstrated the
strong-defective structure of the Zn/ZnO NPs interface.

The synthesized materials are ferromagnetic with saturation magnetization up to 0.27
emu/g and coercive force up to 200 Oe. The saturation magnetization of NPs as a function
of unit-cell volume of crystal lattice of Zn has a maximum in the range of values, where
material is looser than bulk zinc. Such behavior may be interpreted in terms of the defect
structure of the Zn/ZnO interfacial layer, containing Zn and O vacancies, whose
concentration and degree of mutual interactions can be controlled by varying NPs

preparation conditions.
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e Levitation-jet aerosol synthesis of Zn particles capped by ZnO nanoparticles (NPs)

e TEM, XRD, UV-vis, FT-IR, Raman, XPS and magnetic characterization of the NPs

e Correlation between unit-cell volume of crystal lattice and maximum magnetization



