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Abstract

:

Nowadays, modern scientific research has sparked a renewed interest to study the interaction of electromagnetic field (EM) with magnetic nanostructures and in particular in nanophotonics and spintronics. The current work is devoted to an ab initio study of the magneto-optical properties of step-decorated oxide Co nanowires (1D oxides) on vicinal Pt surfaces. Theoretical calculations of the magnetic moments are based on ab initio spin-polarized density-functional theory (DFT) including a self-consistent treatment of spin-orbit coupling. The first-principles calculations revealed the effect of magnetic coupling between cobalt spins on refractivity and extinction spectra of these 1D oxides governed by atomic structure and cobalt-oxygen interaction within a nanowire at the step edge. The emergence of a sharp pronounced peak in the spectral difference of the refractive indexes has been observed between ferromagnetic and antiferromagnetic configurations of the nanowire. Anisotropy of an extinction coefficient in the terahertz (THz) range of the spectra was established for oxide Co nanowires in an antiferromagnetic state in contrast with a ferromagnetic one.
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1. Introduction


In recent years, the study of the interaction of an electromagnetic (EM) field with low-dimensional structures with the possibility of further application in magnetic recording technology, spintronics and magnonics is of particular scientific interest [1,2,3,4]. The development of this field of science was affected by the appearance of modern lasers, which can generate ultra-short pulses in the terahertz frequency range, which corresponds to the frequency of ferromagnetic transitions and makes it possible to study ultrafast magnetism [2]. Furthermore, the time-dependent properties of light waves can cause transient effects of spin polarization in oxides [2] and metals [3,4]. The most sought-after destination direction in this research area is the study of the interaction of EM field with magnetic metal nanostructures [5]. Ortega et al. first found experimentally the interplay between magnetic and optical properties of special magnetic Ag/FeCo metallic core/shell nanoparticles [5]. They revealed the dependence of optical characteristics of reflected light on the magnetic configuration of these special particles. This study demonstrated that low-dimensional structures with several magnetic configurations are perspective systems for the study of magneto-optical properties. Therefore, one of the most attractive research studies in this area is the study of the magneto-optical properties of one-dimensional (1D) magnetic nanowires, as shown in the work of Belotelov et al. [1]. Gambardella et al. first found experimentally the emergence of long magnetic order in Co nanowires on vicinal Pt(997) surface [6]. Further extensive experimental and theoretical studies showed that various 3d−5d monatomic NWs with desirable magnetic properties (large magnetic moments, giant exchange and MAE) can be grown at low temperatures in a self-organized manner at the step edges of vicinal surfaces [7,8,9,10,11,12]. Our own studies revealed the existence of several magnetic configurations in systems of freestanding and supported metal nanowires on a nonmagnetic metal substrate [13,14,15]. All these studies demonstrate that one-dimensional nanowires can be applied in various areas of technology, including devices for recording and storing information. However, a few major obstacles prevent their further technological applications, for example, the presence of gas impurities (such as O, H, N, C, etc.) during the epitaxial growth of NWs [16,17,18,19]. These impurities can incorporate directly into the nanowire, changing its interatomic interactions [20]. This can strongly impact the magnetic properties of NWs, such as local magnetic moment, exchange coupling and magnetic anisotropy [19,20,21,22,23,24]. However, the embedding of impurities into nanowires can also lead to the emergence of new physical properties. The recent experiments revealed that the presence of oxygen at step edges decorated by metal magnetic NWs can lead to the formation of novel low-dimensional magnetic oxides [25,26,27]. The formation of quasi-1D CoO nanostripes was observed experimentally on a vicinal Pd(1,1,23) surface [28]. The step decoration of a vicinal Rh(553) surface with monatomic rows of Ni adatoms followed by selective oxidation admitted to generating the pseudomorphically strained 1D oxides with perfect NiO and NiO2 stoichiometries [29]. Moreover, oxides of bimetallic Ni-Rh NWs were obtained by an exclusive oxidation of self-assembled Ni nanostripes grown on a stepped Rh(111) surface with increasing oxygen coverage [30]. Therefore, the usage of different vicinal metal surfaces as a natural template for the formation of novel metal oxide nanostructures via a step decoration is a suitable strategy to fabricate new metal 1D oxides for advanced magnetics studies in low dimensions. Our recent study has shown that these 1D oxide NWs can possess magnetic properties [31,32]. Moreover, the presence of oxygen impurities can lead to more efficient absorption of EM radiation due to the change in the electronic state of the O atom [33]. Furthermore, it was shown that the impact of EM radiation on low-dimensional structures leads to a change in the electronic structure and spin state. Therefore, the further extended theoretical and experimental studies of the interplay between magnetic and optical properties of one-dimensional oxide NWs are very important from fundamental and practical points of view. To keep controlling or manipulating the magnetic properties of these low-dimensional structures under an EM field can be considered a very promising task.



In the present work, we have carried out an ab initio study of the effect of magnetic coupling on the optical properties of one-dimensional oxide Co NWs on vicinal Pt(332) and Pt(322) surfaces, since such surfaces can be employed as a perfect template for growing the one-dimensional cobalt nanostructures at the step edges, as it was shown experimentally by Gambardella [6]. The oxygen adsorption sites were chosen according to Bandlow et al., work [34]. The Pt(332) and Pt(355) surfaces have the same local atomic structure at the step edges, but different lengths of the open neighboring terraces between steps, which does not play a significant role in the effects at the step edge on the magneto-optical properties of oxide Co nanowires. The first-principles calculations revealed the effect of magnetic coupling between Co atoms on refractivity and extinction spectra of 1D oxide nanowires at the step edge. We demonstrate that the anisotropy of an extinction coefficient in the terahertz (THz) range of the spectra was established for oxide Co nanowires in an antiferromagnetic (AFM) state in contrast with the ferromagnetic (FM) one. The novelty of our work is in the comprehensive study of the magneto-optical properties of one-dimensional cobalt oxide nanowires and in the study of the effect of magnetic coupling in the nanowire on its spectral characteristics, which is necessary for the further possibility of using EM radiation to recognize the magnetic state of the system under study.




2. Methods


The study of the magneto-optical properties of the oxide Co NWs was carried out using the program Vienna Ab-initio Simulation Package (VASP.5.2) (VASP Software GmbH, Sensengasse 8/12 A-1090, Vienna, Austria) code which is based on the density functional theory (DFT) [35]. Spin-polarized calculations within the framework of density-functional theory (DFT) are a powerful tool to describe the magnetism of d-electrons in transition metals. Such calculations are the basis for a quantitative theoretical determination of spin magnetic configurations of studied systems and also for the explanation of the basic mechanisms, which lead to the occurrence of magnetism in these systems [12,13,14,15,23]. The calculations presented in this paper were based on the self-consistent Kohn–Sham equations [36]. Electronic states were described using the basis of plane waves. The cutoff energy for plane wave basis of 400 eV was used. The increase in the cutoff energy of more than 400 eV does not enhance of the accuracy of calculations. The calculations were performed using the Local Density Approximation (LDA) for exchange-correlation functional with the GW approach and PAW (Projector Augmented-Wave) pseudopotentials [36,37]. The integration over Brillouin Zone (BZ) was performed using the tetrahedron method with Blöchl corrections. To calculate the total energy of the system we carried out the integration in reciprocal space with a special k-points mesh of 10 × 10 × 1 constructed according to the Monkhorst-Pack scheme [38,39]. The structure of oxide NWs has been represented by means of three-dimensional supercell with periodic boundary conditions. The Pt substrate was constructed by means of a 5 atomic layer slab with a vacuum region (~10 Å) in order to avoid spurious interactions between them in supercell (Figure 1). Recent experimental studies of Bandlow [34], Klikovitz [40], and others have shown that oxidation proceeds along the step edge (y-axis in supercell) of the surface. Oxide Co NW was represented by an atomic chain aligned along the step edge of the vicinal Pt surface. Co atoms in oxide NW were placed in highly symmetric positions close to the platinum step edge, while the oxygen atoms were placed in accordance with the previous experimental and theoretical studies [40]. Two types of step edge oxidation were studied: low oxidized state, corresponding to the step edge oxidation in case of 0.1 monolayer (ML) coverage of Pt(111) surface (CoO configuration); and high oxidized state with oxygen coverage of 0.4 ML (CoO2 configuration). Since the metal oxide nanowires are systems with strong electronic interaction, the DFT + U approach should be considered to give more accurate results. In our work, the correlation effects in localized d-electrons of cobalt atoms in oxide Co nanowire were treated with the LSDA + U approach, where U is an effective interaction parameter Ueff = U − J of Dudarev et al. [41]. Recent experimental and theoretical studies have shown that Ueff = 3.3 eV describes satisfactorily the crystal structure and electronic properties of bulk CoO oxide [42], while the value of Ueff = 1.0 eV resulted in the best agreement with the experiment of the calculated geometric and electronic structures of the low-dimensional ultrathin CoO nanofilms [43]. Herein, the step-decorated oxidized Co nanowires can be considered as a prototype of low-dimensional oxide nanostructures. Therefore, in all calculations of the present work, we have used the value of Ueff = U − J = 1.0 eV with the screened exchange parameter J as 0.92 eV, which better describes the low-dimensional systems.



A structural relaxation was performed via a quasi-Newton algorithm, using the exact Hellmann–Feynman forces acting on each atom [35]. The total energies of the system were converged up to 1 meV/atom, while the residual force acting on each atom was less, than 0.01 eV/Å. After the study of magnetic properties, we studied the optical properties of oxide Co NWs such as refractivity, extinction and reflectivity characteristics. For this, the real and imaginary parts of the dielectric function were calculated following the formulation proposed by Gajdos et al., using the VASP code and the LOPTICS method [35,44,45]. The imaginary part of the dielectric function is taken to as a weighted sum of direct transitions from the occupied valence band states to unoccupied conduction band states (see Equation (1)), and the real part is determined from the Kramers–Kronig transformation (see Equation (2)) [44].
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The Drude-like term, with the anisotropic intraband plasma frequency tensor, was included in the dielectric function. The dielectric response for electric field normal to the interface (z-direction) differs from that of the in-plane directions (x-, y-directions). Since in our model we have considered the normal light incidence so the photon itself is propagating in the z-direction that means for both linearly or circularly polarized light the electric field will be in the xy-plane. For all optical calculations, we must have enhanced the total number of bands to achieve good convergence of calculations of the dielectric tensor. A more dense k-point mesh is also required to effectively sample the Brillouin zone and accurately determine the optical properties of a system in comparison to calculations of magnetic properties and electronic structure of oxide nanowires. Therefore, for all optical calculations, we used a dense 10 × 10 × 1 k-point mesh. Our test calculations have shown that more dense mesh has no effect on the accuracy of dielectric function calculations. An energy cutoff of 500 eV was found to be sufficient for optical calculations as well, and no noticeable change in the dielectric function when cutoff energy was increased up to 700 eV. The real and imaginary components of the complex refractive index (n and κ) can be calculated directly from the real (ε1) and imaginary (ε2) parts of the dielectric function (see Equation (3)).


  n =          ε 1 2  +  ε 2 2    +  ε 1   2       1 2    ,   κ =          ε 1 2  +  ε 2 2    −  ε 1   2       1 2     



(3)







Here, κ is the extinction coefficient or the imaginary component of the complex refractive index.




3. Results and Discussion


We perform an ab initio study of magneto-optical properties of 1D oxide Co nanowires, as a prototype of a 1D metal-oxide system, placed at the step edges of a vicinal Pt(111) surface. Two kinds of step edges on vicinal Pt(111) surface with {100}- and {111}-type facets have been considered since the oxidation process is found to be step-oriented [34,40]. For this purpose, two types of vicinal platinum (111) surface (corresponding to Pt(322) and Pt(332) surfaces, respectively) were considered where the oxidation of step edges was investigated. Figure 1 shows the all models of oxide Co NWs studied in the present work: the CoO nanowire, with one oxygen atom per two Co atoms in NW, corresponding to a low-oxidized state (Figure 1a,b); and dioxide CoO2 NW with four oxygen atoms per two cobalt atoms, corresponding to the high-oxidized state (Figure 1c,d). Figure 1 shows the most stable configurations for which we have studied the magneto-optical properties.



The ferromagnetic (FM) and antiferromagnetic (AFM) spin configurations of oxide Co NWs have been considered the most preferable magnetic structures for pure Co nanowires on vicinal Pt surfaces [6,10,31,32]. The occurrence of these two magnetic configurations has also been observed experimentally for cobalt oxide thin films, as reported recently by Helen et al. [46]. In Table 1 the values of exchange parameter    J  C o − C o   1 , 2    , directly related to the energy difference between ferromagnetic and antiferromagnetic spin configurations (ΔE = EFM − EAFM), for oxide Co NWs are presented. To describe the effect of oxidation on the magnetic properties of supported Co nanowires the magnetic properties of pure Co NWs have been considered. We found that the ground state of pure Co NW is ferromagnetic with local magnetic moment of Co atoms about 2 µB for both vicinal Pt surfaces (Pt(322) and Pt(332)), while AFM spin configuration has shown the decreasing of local magnetic moment of Co atoms up to 1.8 µB. Based on previous studies, the FM and AFM spin magnetic states are maintained through direct and indirect exchange interaction between Co atoms in oxide nanowires (see Figure 1). The indirect exchange    J  C o − C o  1    between Co atoms is realized through O atom due to the formation of complex hybridized energy bands between the p-states of oxygen atoms and d-states of cobalt atoms in the nanowire. The direct exchange    J  C o − C o  2    between Co atoms is realized due to the formation of the hybridized band between d-states of neighboring Co atoms in the nanowires (Figure 1e).



The energy difference ΔE corresponding to    J  C o − C o      = 31 meV for pure Co NW demonstrates the relatively higher stability of the ferromagnetic state with respect to the antiferromagnetic one, that makes the magnetic transition between these two states to be a rather energetically unfavorable process for Co spins. The oxidation of pure Co NW leads to the suppression of its magnetic behavior on both vicinal Pt surfaces. The herewith ground state of CoO and CoO2 nanowires on the Pt(332) surface remains ferromagnetic, with local magnetic moments of Co atoms about 1.5 µB and 0.6 µB, respectively, while the ground states of these oxides on Pt(322) surface are antiferromagnetic with the values of local magnetic moments about 1.5 µB and 0.2 µB. Besides that, our calculations demonstrate the significant decrease in the energy differences ΔE for these oxides in comparison to pure Co nanowires (see Table 1). Moreover, our calculations have shown the dependence of the energy difference ΔE on the degree of oxidation and the local atomic structure of the step edge. We have found that ΔE in a high oxidized state is smaller than in a low oxidized state. Besides that, ΔE for CoO NW in a low oxidized state on Pt(332) surface is two times less than on Pt(322) one. Here, it is worth noting that the smaller value of ΔE makes the magnetic structure to be more attractive for the manipulation of its magnetic states by means of ultrafast EM laser pulses in the optical, UV, infrared or THz ranges [3]. Based on the fact that we have considered CoO NW as a good candidate for such laser applications and its optical characteristics have to be estimated. For this purpose, we have calculated the effective optical constants, such as refractive index n and extinction coefficient κ as a function of frequency and magnetic state (FM and AFM) of Co NW on both Pt(332) and Pt(322) surfaces. At first, the frequency dependence of n was calculated and the obtained results are shown in Figure 2.



In Figure 2, one can see all components of the refractive index (nxx, nyy and nzz). The nxx and nyy components of the refractive index represent in-plain components of n; moreover, the nyy component is aligned with the direction of NW growth. The nzz component is co-directed with the normal to the Pt surface and coincides with the direction of the EM wave propagation in our model. We constructed the spectral difference of the refractive indexes between AFM and FM configurations of CoO NW for each component of the refractive index (nxx and nyy, nzz). We found the emergence of two resonant peaks in difference spectra for Δnxx component in the terahertz range with frequencies 1.5 THz and 3 THz. The positions of peaks are the same for both types of platinum surfaces. For the Δnyy component, only one low-frequency peak at 1.5 THz was found. In addition, a high-frequency peak at 3 THz was detected in refractivity spectra for the nzz component. As a result, the study of the refractivity of CoO NW revealed a change in the optical response of oxide Co NW for different magnetic configurations. These calculations demonstrate that EM radiation in the THz range can be considered a proper means for detecting the magnetic state of oxide Co nanowires [3,5].



We also studied the frequency dependence of extinction coefficient κ on magnetic coupling within a wire. For this purpose, the frequency dependence of the extinction coefficient for FM and AFM CoO NW was calculated (Figure 3). Figure 3 presents the frequency dependence of the extinction coefficient κ on Pt(322) surface, while the same dependence has been obtained for Pt(332) surface. Our calculations revealed the strong dependence of the extinction coefficient on the magnetic coupling into a wire. The most significant changes were found in the low-frequency (THz) region of spectra. We found the anisotropy of the extinction coefficient of AFM CoO NWs in the terahertz range. The first-principles calculations have shown the strong absorption of the y-component in comparison to the x-component of the EM radiation in the terahertz range. Furthermore, we found the isotropic absorption of EM waves in the ferromagnetic configuration of CoO NW.



Finally, we demonstrate our calculations of surface dielectric anisotropy (SDA) for CoO NW on Pt(322) surface in both FM and AFM spin configurations and in the same frequency range [47]. The study of SDA spectra makes it possible to analyze the relationship between the polarization of the transmitted or reflected light and the magnetic coupling in the nanowire. To highlight the effect of the optical response from supported magnetic oxide Co nanowires, we also constructed SDA spectra of the flat and vicinal platinum surfaces, as well as a platinum bulk. At first, we studied the SDA spectra of the flat Pt(111) surface in order to determine the specific response of the system associated with the formation of inhomogeneities of the substrate (step edges, atomic magnetic wires or one-dimensional metal oxides). To analyze the effect of surface inhomogeneities on the SDA spectra we have built up a model structure of Pt(111) surface with a cut-out stripe with {100}- and {111}-type facets, which simulated two types of step edges, that coincide in atomic structure with the steps of Pt(322) and Pt(332) vicinal surfaces, respectively. This analysis made it possible to select the operating range of the spectrum for our study that is most sensitive to the surface structure, f.e. step edges or surface-supported oxide Co nanowires. The SDA spectra of Pt(111) surface with a cut-out stripe contains two distinct peaks: a low-energy peak located in the spectral range (0–1 eV) and a high-energy peak at (5–7 eV). The low-energy peak (0–1 eV) has the same structure and position for both the flat surface and the surface with the cut-out stripe, as well as for the Pt bulk. Only the position of the high-energy (5–7 eV) peak is sensitive to the surface structure and surface inhomogeneities. The comparison of the SDA spectra for a flat Pt (111) surface with a cut-out strip and for Pt(322) and Pt(332) vicinal surfaces showed that only the high-energy peak corresponds to the response of the step edges. The flat surface does not have such a feature in this spectral range, the similar result was obtained earlier in a theoretical work [43]. The study of the SDA spectra for CoO nanowires on Pt(322) surface also revealed the emergence of a singular peak in the SDA at a frequency value corresponding to ~6 eV (Figure 4). Our study has shown that a change of magnetic coupling between Co atoms into a nanowire leads to a slight shift of this peak position to the high-frequency range in ferromagnetic CoO NWs compared to antiferromagnetic ones.



Despite the fact that the low-energy peak (0–1 eV) is insensitive to the surface structure and is not typical for the study of the surface inhomogeneities and surface-supported nanostructures, f.e. nanowires, this peak can be sensitive to the magnetic spin state of the oxide Co nanowires studied in this work. Therefore, we have investigated the effect of magnetic coupling in the wire on the position of the peak in the low-energy range. The study of the SDA spectra revealed the emergence of a singular peak in the SDA at frequency ~1.5 THz (6 meV), corresponding to a low-frequency resonant peak in refractivity spectra (see Figure 4b). However, we did not find a resonant peak in SDA corresponding to a high-frequency peak in the refractivity spectra at 3 THz, which proves the influence of magnetic coupling between Co spins in the nanowire on the polarization of transmitted light only at frequency ~1.5 THz. We found a shift of the 1.5 THz peak to the high-frequency range in ferromagnetic CoO NWs compared to antiferromagnetic counterparts of the ~6 eV high-energy peak mentioned above.



The band structure calculations of CoO NW have shown that the obtained difference in its optical characteristic is caused by the changes in its electronic structure in different magnetic states. The formation of the complex hybrid band between the d-subband of Co atoms and p-subbands of O atom was established in the band structure of CoO NW, which occurred due to strong Co-O interaction [31,32]. The structure of this hybrid band is different for FM and AFM spin configurations. Furthermore, the band structure analysis revealed that singular peak at frequency ~6 eV for FM and AFM spin configurations of CoO NW on Pt(322) surface occurs due to the change of spatial orientations of subbands responsible for the re-reflection of the light in these two different magnetic configurations.




4. Conclusions


In conclusion, the results of first-principles calculations revealed the effect of magnetic coupling between cobalt atoms on the refractivity and extinction spectra of 1D Co oxides governed by Co-O interactions within nanowires at the step edge. The emergence of a sharp pronounced peak in the spectral difference of the refractive indexes has been observed between ferromagnetic and antiferromagnetic spin configurations of the nanowire. We found an anisotropy of extinction coefficient of oxide Co nanowires in the antiferromagnetic spin configuration in the terahertz range in contrast to the ferromagnetic one. The study of SDA spectra for CoO nanowires on Pt(322) surface also revealed the emergence of a singular peak in SDA at frequency of ~1.5 THz. The study of SDA spectra makes it possible to analyze the relationship between the polarization of the transmitted and reflected light and the magnetic coupling in the wire. Our study has shown that a change in the magnetic coupling in the wire leads to a slight shift of this peak position to the high-frequency range in ferromagnetic CoO NWs compared to antiferromagnetic ones.
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Figure 1. Model of studied metal oxide nanowire: low oxidized state CoO nanowire Pt(332) (a) and Pt(322) (b); and high oxidized state CoO2 nanowire Pt(332) (c) and Pt(322) (d); Pt—grey spheres, Co—blue spheres, O—red spheres; (e) exchange channels between Co atoms: indirect exchange channel    J  C o − C o  1    through oxygen atoms, direct exchange channels between Co atoms    J  C o − C o  2   . 
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Figure 2. Refractive indexes differences of CoO nanowire on Pt(322) (a) and Pt(332) (b) surfaces in low oxidized state for FM and AFM magnetic configurations. 
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Figure 3. Extinction coefficient of CoO nanowire on Pt(322) in low oxidized state for FM and AFM spin configurations. 
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Figure 4. SDA spectra of CoO nanowires on Pt(322) in AFM (black curve)) and FM (red curve) spin configurations for high-energy (a) and for low-energy ranges (b). 
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Table 1. Magnetic moment (µCo) and exchange parameter (   J  C o − C o     ) through oxygen atoms, direct exchange channels [31,32].
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CoO NW

	
CoO2 NW




	
Pt(332)

	
Pt(322)

	
Pt(332)

	
Pt(322)






	
Ground state

	
FM

	
AFM

	
FM

	
AFM




	
µCo

	
1.5 µB

	
+/−1.5 µB

	
0.6 µB

	
+/−0.2 µB




	
    J  C o − C o      

	
−5 meV

	
15 meV

	
−8 meV

	
7 meV
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