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Abstract. We present the results of magnetic and Mossbauer effect studies of zinc oxide thin
film obtained by RF magnetron sputtering and implanted with 40 keV iron ions to a fluence of
1.5-10" jon/cm®. As-implanted and post-annealed sample shows ferromagnetic properties at
room temperature and consists of paramagnetic and ferromagnetic phases according to
Maossbauer spectroscopy.

1. Introduction
There has been considerable interest to materials that show semiconducting and magnetic properties
simultaneously. Materials with this combination of properties can be used to create spintronic devices
such as spin field effect transistor (spin-FET). Such materials should have the relative long spin
coherence length of electrons, otherwise, information carried by each spin will be distorted. Therefore,
these materials should have homogeneous crystal structure. On the other hand, it is necessary to have
the ferromagnetic properties of these materials at room temperature for creating the functional devices
[1]. T. Dietl et al. [2] predicted that few semiconductors doped with "magnetic" ions can show room
temperature ferromagnetic behavior. The prediction stimulated intensive research devoted to the
theoretical and experimental investigations of materials called as diluted magnetic semiconductors
(DMS). Iron doped zinc oxide (ZnO) is one of such materials.

We investigated the ZnO thin film implanted with iron ions. Magnetic properties were measured by
vibrating sample magnetometer (VSM). Phase composition and valence state of implanted iron ions
were studied by room-temperature conversion electron Mossbauer spectroscopy (CEMS).

2. Sample preparation

ZnO thin film with the thickness of 130 nm was deposited by RF magnetron sputtering on
monocrystalline silicon (100) substrate at room temperature. The film was grown under the pressure of
5.10”Torr in the BESTEC vacuum system. Magnetron power was about 100 W. Then, the ZnO film
was implanted with 40 keV iron ions (enriched with Fe’” isotopes up to 40 %) to a fluence of 1.5-10"
ions/cm’ in the JLU-3 ion accelerator (Zavoysky Physical-Technical Institute). The ion implantation
was carried out at room temperature and ion beam current density was 8 pA/cm’. The subsequent
annealing of the sample was performed in high vacuum (~10® Torr) at 500 °C for half an hour.
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3. Results and discussion

CEMS measurements of *’Fe nuclei were performed using constant acceleration spectrometer
(WissEl) employing *’Co embedded in Rh matrix source. All measurements were carried out at room
temperature. CEMS spectra of the sample before and after annealing are presented on figure 1. They
consist of one sextet with wide distribution of hyperfine magnetic field on iron nuclei and two
doublets. The best fits of experimental data were achieved under assumption of the non-symmetric
Gauss distribution of hyperfine magnetic field on *’Fe nuclei. The obtained non-symmetric
distributions are wider on the side of lower fields. The hyperfine parameters of the ascertained
components are presented on table 1.
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Figure 1. Room-temperature CEMS spectra of ZnO thin film implanted with iron ions with energy
40 keV to the fluence of 1.5-10" ions/cm” (a) - before annealing and (b) - after annealing at 500 °C
for 30 minutes.

The sextets in Mossbauer spectra correspond to the magnetically ordered phases of the sample. The
hyperfine parameters of the sextet for as-implanted sample (6 = 0.11 mm/s, AEq =- 0.06mm/s, B, =
290 kOe) are a slightly different from the well known parameters for iron-based bulk phases.
However, they are close enough to the parameters which characterize the ensemble of small metallic
iron nanoparticles with a wide particle size distribution. In this case, an appreciable amount of iron
atoms can be located on the shell of nanoparticles and between these magnetically ordered
nanoparticles. These circumstances lead to a decrease of the average hyperfine magnetic field, <Bs>,
and to a positive value of the average isomer shift & of the ensemble of atoms relative to the bulk a-Fe.

Table 1. Hyperfine parameters of identified phases.

Sample Component of Valence state ~ <By¢>, d, AEq, Relative content, %
the spectrum of iron kOe mm/s  mm/s

1.5-10"ions/cm’ Sextet Fe™ or Fe' 290 0.11  -0.06 32.8
as-implanted Doublet-I Fe" - 036  0.61 45.2

Doublet-II Fe" - 091  1.39 22
1.5-10"ions/cm” Sextet Fe' 331 0 -0.02 15.8
post-annealed Doublet-I Fe" - 0.39  0.46 49.6
Doublet-II Fe - 0.89  1.05 34.6

<Bp¢> - average hyperfine magnetic fields on iron nucleus, & —isomer shift relative to a-Fe, AE,—quadrupole
splitting

The hyperfine parameters of the sextet for the annealed sample are in good agreement with the
parameters of the metallic iron. This is probably due to the fact that an increase of thermal energy
leads to the intensification of the diffusion processes, which causes the aggregation of dispersed
metallic iron as well as the growth of magnetic clusters in size. The distribution of hyperfine fields
becomes significantly narrower after subsequent annealing (figure 1). It should be noted that the
relation of intensities for 1 and 2 lines (as well as for 5 and 6) of sextet is equal to 3:4. In our
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experiment the propagation direction of the gamma photons is perpendicular to the sample plane, so
this ratio is possible only when the magnetic moments of the iron atoms are in plane of the sample.

The presence of doublets in the spectrum is usually associated with the formation of paramagnetic
iron phases. In earlier papers [4, 5] was shown that the implantation of Fe" ions into ZnO single crystal
leads to the formation of metallic iron and zinc ferrite (ZnFe,O4) nanoparticles. The hyperfine
parameters of the weakly split doublet (6 = 0.36 mm/s, AE, = 0.61 mm/s) indicated in the spectrum as
“Doublet-1”, are very close to the parameters of the ZnFe,O,4 particles [4]. Subsequent vacuum
annealing increases the content of this phase for 4.4%.

The vacuum annealing caused more pronounced effect on the relative content of the magnetically
ordered phase and paramagnetic phase of the iron atoms in the divalent state. The relative content of
magnetically ordered phase decreases about 17%, whereas the content of the paramagnetic phase
(Doublet-II) increases up to 12.6%.. Last one may be associated with the formation of the Fe,O
nanoparticles during the implantation process [6]. The revealed growth of its content after annealing
can be explained by the oxidation of the metallic iron nanoparticles. The origin of these paramagnetic
doublets is not clear and requires further detailed studies of the symmetry and the local environment of
iron atoms.

Magnetic studies were performed with a vibrating sample magnetometer (PPMS-9, Quantum
Design). Magnetization curve versus magnetic field are obtained. Measurements were carried out at
10 K and room temperature (figure 2). Parameters of hysteresis loops are shown on the table 2.
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Figure 2. Magnetic hysteresis loops of ZnO thin film implanted with the 40 keV iron ions to the
fluence of 1.5-10"7 ions/cm” (a) - before annealing and (b) - after annealing at 500 °C for 30 minutes.

It is seen that the sample under study exhibit the ferromagnetic properties before and after
annealing even at room temperature. The saturation magnetization and the coercive field values of
hysteresis loops increase while the temperature decrease. The annealed sample has a smaller value of
the saturation magnetization.

Table 2. Magnetic hysteresis loops parameters.

Sample Measuring Coercive field, Saturation Remnant
temperature, Oe magnetization, magnetization,
K ug/Fe ug/Fe
1.5-10"ions/em” 10 504 0.43 0.26
as-implanted 300 133 0.37 0.17
1.5-10"%ions/cm* 10 810 (-1487) 0.17 0.10
post-annealed 300 109 0.10 0.02

Hysteresis loop of the annealed sample at 10 K is shifted to smaller magnetic fields. This shift may
arise due to exchange bias. Exchange bias occurs in the case of the tight magnetic contact between the
ferromagnetic and antiferromagnetic phases. The exchange interaction at the boundary of two types of
magnets may lead to appearance of the preferred directions of the magnetization vector at low
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temperatures. Typically exchange anisotropy arises in "core-shell" nanoparticles, where the pair of
two types of magnets is formed due to the oxidation of the surface of the nanoparticles [7]. In our case,
a surface of the ferromagnetic iron nanoparticles can be oxidized to antiferromagnetic FeO phase.(For
the bulk FeO the Neel temperature is about 198 K[6]).

4. Conclusion

Zinc oxide thin film prepared by RF magnetron sputtering technique and post-implanted with 40 keV
iron ions to fluence of 1.5-10'" ions/cm’ has been studied. The implanted sample exhibits the
ferromagnetic properties at room temperature. The iron nanoparticles are primary source of room
temperature ferromagnetism. Composition of iron-containing phases in Fe-implanted ZnO film
consists of magnetically ordered and paramagnetic phases. Vacuum annealing reduces the content of
the magnetically ordered phase. Magnetic properties of iron nanoparticles embedded inside ZnO can
be tuned by vacuum annealing.
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