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It is well known that non-stoichiometric rutile (TiO2-x) exhibits a memristive effect caused by the migration of positive charged oxygen vacancies under an applied electric field [1]. Additionally, oxygen vacancies may act as mediators of long-range magnetic order in magnetically diluted (3d-ions doped) oxide semiconductors such as TiO2-x and SnO2-x [2, 3]. For the first time, we propose combining the memristive properties of non-stoichiometric cobalt-ions doped titanium dioxide with its ferromagnetic properties to form novel non-volatile memory cells – magnetic memristors for semiconductor spintronic.
The 40 keV cobalt ions were implanted into the single crystalline (001)-rutile plates TiO2 at the fixed fluence of 1.5×1017 ions/cm2 and substrate temperature of 900 K but at different ion currents density (j) in the range of 3–10 μA/cm2. Then strip-type memory cells (Fig. 1) with dimensions ranging from 100 to 800 μm were fabricated on Co-ions implanted rutile samples by using electron-beam lithography and ion-beam deposition of gold contacts.
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Fig. 1. An example of lithographic structure formed on a rutile plate TiO2-x implanted with cobalt ions.
The lithographic samples of magnetic memristors were characterized using ferromagnetic resonance technique (FMR), vibrating sample magnetometry (VSM) and magneto-optic Kerr effect (MOKE) measurements at room temperature.
The analysis of FMR spectra taken in out-of-plane geometry of the applied magnetic field shows the presence of two ferromagnetic phases in the Co-ions implanted rutiles. The first anisotropic phase is metallic cobalt nanoparticles exhibiting high-field resonance, and second ones is an isotropic solid solution of magnetically coupled Co2+ ions exhibiting low-field resonance. It was established that the cobalt nanoparticles phase dominates in the rutile samples implanted at high value j of 8-10 μA/cm2. On the other side, the diluted magnetic phase of Co2+ ions is mainly formed in the samples implanted at low j of 3-4 μA/cm2.

Both VSM and MOKE measurements show a strong influence of oxygen vacancies content on magnetization and magneto-optical response (MOKE) (Fig. 2). Namely after electromigration of positively charged oxygen vacancies in lithographic cells of Co2+ diluted magnetic sample, the MOKE signal became 2-3 times stronger in vacancy-rich regions of cell compared to the initial state or drop nearly to zero in vacancy-depleted regions of cell. In contrast, no such effect was detected in nanocomposite rutile samples with magnetic nanoparticles of cobalt.

Moreover, for the first time we demonstrate the fundamental possibility of writing and rewriting information bits in the fabricated lithographic structures by applying voltage pulses to memory cells while simultaneously reading data via the registration of magneto-optical response in cells.
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Fig. 2. Effect of spatial distribution of oxygen vacancy concentration on the magneto-optical response in the rutile implanted with cobalt ions at the fluence of 1.5×1017 ions/cm2 and j ~3-4 μA/cm2. (a) Saturation magnetization (expressed in Kerr angle ΘK units) distribution along the oxygen vacancy migration path. (b) Photo of the sample after oxygen vacancy migration procedure. The places of application of electrical potentials are indicated by the symbols “+” and “-”.
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