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Abstract

:

In this paper, the predictive power of diffracxtive magneto-optics concerning domain structure and reversal mechanisms in ordered arrays of magnetic elements is demonstrated. A simple theoretical model based on Fraunhoffer diffraction theory is used to predict the magnetisation reversal mechanisms in an array of magnetic elements. Different domain structures and simplified models (or educated guesses) of the associated reversal mechanisms produce marked differences in the spatial distributions of the magnetisation. These differences and the associated magnetisation distribution moments are experimentally accessible through conventional and diffractive magneto-optical Kerr effect measurements. The domain and magnetisation reversal predictions are corroborated with Magnetic Force Microscopy (MFM) measurements.
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1. Introduction


Arrays of sub-micron magnetic elements are the basis for further development of magnetic memory and storage media. Special attention has been paid to size effects on the magnetic and magneto-optical properties of periodic arrays of micron and sub-micron elements. Recent studies have shown that Magneto-optic techniques, and in particular Diffraction Magneto-Optic Kerr Effect (DMOKE), are most suited to experimentally investigate such effects as they possess the high sensitivity needed to monitor the magnetisation changes of thin films and very small elements. The importance of DMOKE is growing over recent years as it supplies valuable information on both the magnetisation distribution [1,2] and magnetic anisotropy [3] due to its high sensitivity to magnetic inhomogeneities. This high sensitivity may provide the magnitude of the anisotropy constants analysing the array response on both the reflected and diffracted spots [3]. Not only positive [4] but also negative arrays [5] have been studied using magneto-optic (MO) techniques. This technique has been also used to study patterned 1D [6,7,8,9] and 2D [8,10,11,12] thin films, and also for negative magnetic arrays [13,14,15]. MO hysteresis loops measured in different diffraction orders reveal marked differences with the loops measured at the reflected (0th order) beam [16,17]. These differences are more marked as the elements are placed closer and, when combining the information about the magnetisation contained in the conventional MOKE signal with the one contained in the DMOKE signal, valuable information about the magnetisation distribution and the magnetisation reversal might be obtained [2]. This information is related to the global magnetisation behaviour within the array and might be locally corroborated by Magnetic Force Microscopy (MFM) measurements.




2. Results and Discussion


The sample considered for this work consists of a square array of 5 μm edged 30 nm thick magnetic square elements separated 1 μm. The square arrays are fabricated in a 400 × 400 μm2 field patterned as follows; the Si substrate is spin-coated by a thin copolymer (AR P617.08) film, followed by a polymethylmethacrylate (PMMA) film, which are subsequently irradiated in a scanning electron microscope and developed. This resist bilayer is used as a mask in the deposition by triode sputtering at room temperature (RT) of amorphous Fe80B20 30 nm thick film. Once the resist is chemically removed, a patterned array is obtained. In order to compare with the patterned samples, a continuous thin film with the same thickness (30 nm) has been made. Such a film exhibits a uniaxial anisotropy whose easy axis is parallel to the plasma confining field during deposition, with an anisotropy field of 4 Oe. The magnetic properties of the amorphous Fe80B20 thin film are totally consistent with a Stoner–Wohlfarth model, i.e., the hysteresis loop depends on the angle of the applied magnetic field with respect to the anisotropy axis, being square with a 4 Oe coercive field when the external field is applied along the easy magnetisation axis, and linear with a saturation field of 13 Oe when the external field is applied along the hard magnetisation axis.



In order to characterise the patterned samples, the transversal magneto-optical Kerr effect (MOKE) and the diffracted magneto-optical Kerr effect (DMOKE) are used. A complete scheme and description of the MOKE set-up can be found in [2].



When illuminating the pattern with the laser beam, a diffraction pattern appears. Following the notation in [2], the diffraction spots perpendicular to the plane of incidence are termed mY and the ones in the plane of incidence and perpendicular to the laser propagation direction are termed nX, where n and m are integers representing the diffraction order. The measured hysteresis loops are plotted in Figure 1.



Both the reflected and the diffracted signals contain valuable information concerning the magnetisation reversal in the magnetic elements. The direct reflected hysteresis loops represent the value of the average magnetisation vs. the value of the external field. On the other hand, under our measurement conditions, the behaviour of the diffracted signal is ruled by the Kerr formula [1,2]:


     Δ I   n m  ∝ Re  (  B   ∫   − a / 2   a / 2     ∫   − a / 2   a / 2    m y   (  x , y  )   e    2 π i n x  T     e    2 π i m y  T    d x d y  )   



(1)







In this formula, n and m represent, respectively, the diffraction orders in the X and Y directions; my(x,y) is the magnetisation along the unit cell of the array; T is the period of the cell; a is the size of the square magnetic element; and B is a complex parameter that depends on the material, light wavelength and incidence angle.



In order to show the limitations of the model, it is interesting to know how the Kerr formula is obtained; it is obtained using the Fraunhoffer diffraction theory, taking into account not only the non-magnetic contributions (due to both the shape of the elements and the lattice), but also the magnetic contributions. Thus, the intensity in the nth diffracted is In = End(End)* [10], where End is the electric field value in the nth diffraction order. For the transversal Kerr configuration, End = E0(rppfn + rmpp fnm) where E0 is the incident electric field, rpp and rmpp are the non-magnetic and magnetic reflectivity coefficients (see in [18] for an expression of rpp) and fn and fnm are the non-magnetic and magnetic form factors of the considered lattice.



The reflectivity coefficients depend on the magnetic material’s complex refraction indexes, on the substrate, on the incidence and diffraction angles and on the complex magneto-optic constants.



The non-magnetic form factor depends only on the element shape whereas the magnetic form factor depends also on the spatial distribution of the magnetisation in the unit cell. As the experimental data have been obtained in the transversal Kerr configuration, the magnetic form factor depends on the my component of the magnetisation.


    f n  m    =     ∫  S   m Y   e  i n G · r   d S  



(2)




where G is a generic reciprocal lattice vector.



On the other hand, the magnetic elements of the array are centrosymmetric, so the magnetic component of the intensity in the nth diffracted is proportional to


ΔInm∝2 fn Re[(rmpp/rpp) fnm]



(3)







Using the notation K = K′ + iK″ = (rmpp/rpp) [18], the magnetic component of the intensity in the nth diffracted may be rewritten as


ΔInm∝{Re[fnm] − (K″/K′)Im[fnm]}



(4)







There is no theory in the literature capable of describing the behaviour of K in the diffracted beams, so K″/K′ is considered to be proportional to the diffraction order [18] and its value may be estimated by an agreement between theory and experiments. For instance, the value of |K″/K′| for permalloy, a soft magnetic material similar to the amorphous Fe80B20 used herein, is in the range of 0 to 0.3 [10].



This way, the performed calculations are only valid for centrosymmetric magnetic elements embedded in a orthogonal array made of materials in which the value |K″/K′| is close to zero.



If |K″/K′| is tentatively set to zero in order to simplify the Kerr formula, some simple theoretical Kerr signals might be obtained for given magnetisation distributions [2]. Thus, assuming a given reversal path, simulated DMOKE vs. MOKE curves can be obtained by plotting the diffracted signal corresponding to the average magnetisation for each field value. Some illustrative examples are shown in Figure 2 and more examples can be found in [2].



Our samples and measurements are within the limits of the theoretical model, so the Kerr formula is applicable. This way, plotting the Kerr signal vs. the average magnetisation, some reversal plots are obtained (Figure 3). If the assumption of |K″/K′|~0 is correct, comparing our experimental data from Figure 3 with the theoretical plots on Figure 2, the reversal mechanism that present our samples can be determined.



According to the data in both Figure 2 and Figure 3, the magnetic elements of our sample should present a reversal mainly driven by a mixture of the Landau domain distribution (Figure 2E) and the seven domain structure (Figure 2F). In order to corroborate this statement, MFM measurements have been performed using a microscope (Nanotec Electrónica S.L., Madrid, Spain), operating at ambient conditions. The double scan method in non-contact mode was used to acquire the topography of the surface and the magnetic signal from the force gradient, which is a map of the magnetic poles at the sample surface. As no external field has been applied during the experiments, the obtained MFM images show the magnetic domain structure of the magnetic elements at remanence. Low moment probes from Veeco (main characteristics: CoCr coating, force constant ~3 N/m, resonant frequency ~75 kHz and tip radius ~25 nm) and a relatively large distance between tip and sample (about 70 nm) have been used to minimise tip-induced perturbations [19]. Although during the first scan (the acquisition of topography) the tip was closer to the surface of the sample, perturbations or instabilities during the second scan (the acquisition of the magnetic signal) would have been observed if the tip-stray field had induced magnetic switching or domain wall displacements [20,21], phenomena that never appeared in our experiments.



As shown in Figure 4, with no applied field, the square elements of the array exhibit flux-closure remnant states with zero net magnetisation in any plane direction. About two-thirds of the elements exhibit the seven domain configuration shown in Figure 4d,f, i.e., having three large domains and four closure domains. As can be seen in Figure 4b for all the elements exhibiting such a seven domain state, the large domains are always aligned in the same direction, as a result of the small uniaxial anisotropy induced during the sample growth. If no anisotropy had been induced, probably the majority of the dots would exhibit the flux closure configuration with four domains shown in Figure 4c,e, the so-called Landau state. In this case, the sense of rotation of magnetisation can be clockwise or counter clockwise (Figure 4b).



Measurements performed at different areas of the array show that no other domain configurations are present. It is worth mentioning that the flux closure structures found herein—the Landau domain distribution and the seven domain structure (also called diamond state)—are the two magnetisation patterns with the lowest energies for magnetic elements with these dimensions [22]. Besides, they exhibit energies that are quite similar [23], so the elements can drop in one state or the other when coming from a saturated state, i.e., when the applied field was first high enough to saturate them and then was later reduced to zero [24]. In our case, as mentioned above, the small uniaxial anisotropy induced during the sample growth is able to induce a preferential path, and as a result 2/3 of the elements end in the diamond state.




3. Conclusions


It has been demonstrated that, under certain conditions, it is possible to deduce the magnetisation distribution and guess the process of the magnetisation reversal using the information provided by both MOKE and DMOKE signals. This is demonstrated for the particular case of arrays of Fe80B20 5 µm edged magnetic elements separated 1 µm. For these arrays, the magneto-optical response is measured both at reflected and diffracted beams. From the hysteresis loops at both the reflected and the diffracted signal, Kerr signal vs. average magnetisation plots are made up. These plots are then compared with the ones obtained applying the Kerr formula to some well-known reversal mechanisms. The comparison between theory and experiments allows for the prediction of the reversal mechanisms present in the magnetic elements of the sample. These predictions are then validated with experimental magnetic domain MFM images at remanence.



In summary, diffractive magneto-optic measurements can be used to obtain information on the global magnetic behaviour of an array of magnetic elements, which in turn is the global response of the contributions from the magnetic state of each individual element that are revealed by local microscopy techniques.
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Figure 1. Hysteresis loops, both for the 0th order (reflected) and 1st X and Y diffracted orders, for arrays of 5 μm edged Fe80B20 squares separated 1 μm with external field H parallel to the Fe80B20 easy and hard axes. 
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Figure 2. Diffracted signal 1X (left) and 1Y (right) vs. magnetization for different inversion processes: (A) Propagation of two 180° domain wall parallel to the applied field. (B) Two consecutive propagations of a single 90° domain wall. (C) S state with domain walls situated at 1/6 square length of the edge. (D) C state with domain walls situated at 1/6 square length of the edge. (E) Vortex displacement along X axis (the so-called Landau domain structure). (F) Seven domains structure. 
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Figure 3. Experimental 1st order diffracted magneto-optic (MO) signal vs. average magnetisation for arrays of 5 μm edged Fe80B20 squares separated 1 μm. Data are shown when the field is applied both along the easy (top row) and the hard Fe80B20 axis (bottom row) and parallel to the square edges. 
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Figure 4. (a,b) Topographic and magnetic images, respectively, simultaneously obtained by Magnetic Force Microscopy (MFM), of an array of square 5 μm edged dots. (c,d) Magnetic images of representative square dots exhibiting flux-closure magnetic structures with four and seven domains, respectively. These are the only two flux-closure magnetic structures present in the sample at remanence. (e,f) Schematic domain structures deduced from images (c,d), respectively. 
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