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Nonepitaxially grown nanopatterned Co-Pt alloys with out-of-plane magnetic anisotropy

A study on the structural and magnetic properties of 5-nm-thick Co-Pt alloy films grown on thermally oxidized SiO 2 /Si͑100͒ substrates as well as on self-assemblies of spherical SiO 2 particles with sizes down to 10 nm is presented. An out-of-plane easy axis of magnetization was stabilized at deposition temperatures as low as 250 °C in a broad composition range between 40 and 70 at. %of Pt. Owing to the low deposition temperatures, no chemical long-range order is found. Thus, the strong outof-plane magnetic anisotropy is expected to be caused by anisotropic short-range order effects. The magnetic behavior of CoPt alloys with an equiatomic composition grown on arrays of SiO 2 particles was found to be similar to those on planar substrates. Structural investigations using high-resolution transmission electron microscopy revealed that a continuous CoPt layer has been formed, covering the particle tops and connecting them. The magnetic CoPt caps exhibit an out-of-plane easy axis for all particle sizes; however, no pronounced difference in coercive field with particle size was observed, which is associated with the specific morphology of the film structure.

I. INTRODUCTION

For further increase in the storage density in magnetic hard disk drives, materials with high uniaxial out-of-plane magnetic anisotropy such as ͑001͒ textured FePt or CoPt alloys are required to provide sufficient thermal stability for the written bits of information. However, high annealing temperatures are required to form an L1 0 chemical order in initially fcc-disordered alloys. [START_REF] Coffey | [END_REF] Therefore, many studies are directed to lower the ordering temperature, for instance, by growing the alloys on appropriate buffer layers, such as MgO, Ag, Cr, and CrRu, [2][3][4][5] or by utilizing surfactants to guide the formation of anisotropic local ordering during deposition. [6][7][8] Recently, a reduction in ordering temperature was reported for CoPt 3 ͑111͒ thin films grown on a low energy surface of WSe 2 ͑0001͒. [9][10][11] In this case, a strong out-of-plane magnetic anisotropy is induced by a short-range anisotropic chemical order driven by Se segregation even for films grown at room temperature. 8 Note that out-of-plane anisotropy direction is not expected neither in the disordered fcc structure nor in the L1 2 -ordered CoPt 3 ͑111͒ phase. A similar behavior was also observed in thin CoPt 3 ͑111͒ films grown on Pt͑111͒ and Ru͑0001͒ at elevated deposition temperatures of about 400 °C just before long-range L1 2 -type chemical ordering sets in. 12,13 In addition, the presence of out-of-plane anisotropy was found in fcc-disordered CoPt films with an equiatomic composition grown on fused SiO 2 substrates. 14 The physical origin of the short-range ordering resulting in the out-of-plane magnetic anisotropy is not yet clear. In this regard, Maranville et al. 15 performed kinetic Monte Carlo ͑MC͒ simulations on continuous CoPt 3 films relating the out-of-plane magnetic anisotropy to the short-range order induced by clustering of Co due to its step-edge segregation during the deposition process. This Co step-edge segregation does not depend on a particular growth direction. Therefore, the magnetic anisotropy orientation is expected to be independent of the growth direction, in agreement with experimental results reported by Shapiro et al. 16 In contrast, MC simulations by Heinrichs et al. 17,18 considered Pt segregation at the surface as a mechanism responsible for the short-range order effect in CoPt 3 alloy nanostructures.

In this article, a detailed study on the magnetic and structural properties of 5-nm-thick Co-Pt films grown on thermally oxidized Si͑100͒ substrates is presented, including a careful investigation of the dependence on the growth temperature and composition of Co-Pt alloys. Furthermore, the combination of a template consisting of self-assembled nanoparticles with magnetic film deposition provides an elegant way of creating ordered arrays of nanostructures with welldefined magnetic properties. [19][20][21] Therefore, it was investigated how these film properties will be altered by depositing 5-nm-thick CoPt alloys with an equiatomic composition onto self-assemblies of spherical SiO 2 particles with various particle sizes down to 10 nm.

II. EXPERIMENTAL DETAILS

The deposition of metal films was performed on planar thermally oxidized 100-nm-thick SiO 2 / Si͑100͒ substrates as well as on monolayers of self-assembled SiO 2 particles. Par-a͒ Author to whom correspondence should be addressed. Electronic mail: denys.makarov@physik.tu-chemnitz.de. ticle self-assemblies were prepared by using the convention routine proposed by Micheletto et al., 22 where a droplet of a particle/water mixture is deposited onto a thermally oxidized silicon wafer. The samples were introduced into a molecular beam epitaxy chamber operating at a base pressure of 2 ϫ 10 -10 mbar. Metal deposition was carried out utilizing two electron beam sources. The composition of the codeposited Co-Pt alloy was controlled by a mass spectrometer adjusting the ratio between the individual Co and Pt fluxes. The deposition temperature, T dep , was varied between room temperature and 415 °C. The total thickness of the Co-Pt alloys was chosen to be 5 nm. An additional 1-nm-thick Pt capping layer was deposited at room temperature to protect the samples from oxidation.

The structural characterization has been carried out by x-ray diffraction ͑XRD͒ using a four-circle Huber diffractometer equipped with a Cu K␣ rotating anode ͑ = 1.5406 Å͒ and by scanning electron microscopy ͑SEM͒ and by high-resolution transmission electron microscopy ͑HRTEM͒ employing a 200 kV Philips CM 20 FEG transmission electron microscope. The magnetic properties of the samples were investigated by a polar magneto-optical Kerr effect ͑P-MOKE͒ magnetometer using a focused laser beam with a wavelength of 670 nm and by a superconducting quantum interference device magnetometer in both in-plane and out-of-plane geometries. Magnetic force microscopy ͑MFM͒ was utilized to image the magnetic domain configurations of the samples at room temperature.

III. RESULTS AND DISCUSSION

A. CoPt alloys grown on planar SiO 2 substrates: Temperature dependence 5-nm-thick CoPt alloy films with an equiatomic composition were grown on amorphous SiO 2 / Si͑100͒ substrates at various growth temperatures between room temperature and 415 °C. The topography of the films was studied using atomic force microscopy ͑AFM͒, SEM, and transmission electron microscopy ͑TEM͒, revealing a grainy film morphology with a root mean square roughness of about 0.7 nm as well as a grain size of ͑20Ϯ 5͒ nm, which varies only slightly with deposition temperature up to 415 °C. An example is given in Fig. 1͑a͒ showing a cross-sectional bright field TEM image performed on a film grown at 415 °C.

In addition, XRD measurements reveal a ͓111͔ preferred orientation of grains along the surface normal ͑Fig. 2͒. The main structural properties deduced from the x-ray patterns are summarized in Table I. The spacing of the fcc 111 planes is found to be very close to that in the bulk CoPt alloy ͑d 111 = 2.18 Å͒. The perpendicular coherence length, L perp , deduced from the full width at half maximum ͑FWHM͒ of the 111 peaks increases with increasing deposition temperature, indicating an improvement of the ͑111͒ texture. The FWHM of the rocking curve measured at the 111 reflection for the sample grown at 415 °C is equal to 10°characterizing the poor degree of 111 grain orientation, in agreement with the HRTEM micrograph ͓Fig. 1͑b͔͒. For the other samples grown at lower temperatures, the rocking curves are nearly flat, confirming the random orientation of 111 grains.

The magnetic characterization performed on the sample grown at RT reveals an in-plane magnetic anisotropy dominated by the shape anisotropy of the magnetic film. An anisotropy field of H A = 7.1 kOe is extracted from the hard-axis loop ͑measurement in the out-of-plane geometry͒ ͓Fig. 3͑a͔͒. Taking into account the saturation magnetization of the film ͑M S = 589 emu/ cm 3 ͒, an effective anisotropy constant of K eff = H A M S / 2=-2.1ϫ 10 6 ergs/ cm 3 was estimated. The latter nearly matches the value of the shape anisotropy, K shape =2M S 2 = -2.2ϫ 10 6 ergs/ cm 3 . Note that the saturation magnetization is found to be substantially smaller than the value reported for bulk CoPt alloys, which is in the range of 800 emu/ cm 3 . [START_REF] Cullity | Introduction to Magnetic Materials ͑Addison-Wesley[END_REF][START_REF] Visokay | [END_REF][25] Although a lowering of the saturation magnetization is reported for nanostructured FePt films, 26 the reason for the reduction of M S in CoPt alloys grown on SiO 2 substrates is not clear. The formation of dead magnetic layers at the interface between CoPt and SiO 2 might be one of the possible explanations. The increase in the deposition temperature above 160 °C results in the appearance of a uniaxial magnetic anisotropy, leading to the stabilization of an out-of-plane easy axis of magnetization ͑Fig. 3͒. A maximum effective anisotropy value of about 2.6ϫ 10 6 ergs/ cm 3 was obtained for the sample deposited at 415 °C ͓Fig. 4͑a͔͒. The increase in anisotropy is accompanied with an enhancement of the outof-plane coercive field, H C ͓Fig. 4͑b͔͒. In addition, an enhancement of the normalized out-of-plane remanence magnetization, M R / M S , was observed, as summarized in Fig. 4͑c͒.

The presence of a strong out-of-plane magnetic anisotropy was also confirmed by analyzing the local magnetic domain configuration of the CoPt alloy in the demagnetized state using MFM imaging. A clear dark and bright contrast was observed, as shown in Fig. 5, where the increase in the deposition temperature from 250 to 415 °C leads to a slight decrease in the average domain size from ͑150Ϯ 30͒ to ͑120Ϯ 30͒ nm.

Owing to the structural isotropy and the absence of the L1 0 chemical order, the presence of neither out-of-plane easy axis of magnetization nor strong magnetic anisotropy is expected. The presence of an out-of-plane magnetic anisotropy in fcc CoPt 3 films has already been reported 13,14,27,28 and has been explained based on x-ray absorption fine structure measurements in terms of anisotropic chemical short-range order due to the excess of Co-Co nearest neighbors in the film plane driven by Pt segregation during codeposition. 29 This effect leads to a strong anisotropy of the 3d orbital moment of Co as well as to a weak anisotropy of the Pt orbital moment as deduced from angle-dependent x-ray magnetic circular dichroism measurements. 28 However, other mechanisms, such as growth-induced heterogeneity 16 or TABLE I. Summary of the structural properties of 5-nm-thick CoPt alloy films grown on SiO 2 / Si͑100͒ substrates at various temperatures. The XRD study was performed using Cu K␣ radiation ͑ = 1.5406 Å͒. The position of the 111 peak, 2, the FWHM of the peak, ⌬͑2͒, the perpendicular coherence length, L perp , and the spacing of the fcc 111 planes, d 111 , extracted from the peak position are listed. magnetically induced phase separation, 12 have to be considered as well. Moreover, the composition modulation in CoPt thin films grown on MgO͑111͒ single crystalline substrates might result in a formation of a chemically ordered L1 1 phase with strong out-of-plane anisotropy. 30,31 In this case, the appearance of an additional superstructure peak at 2 ϳ 21°is expected. However, the texture quality of the investigated CoPt films is too poor to draw any conclusion supporting the possibility of the L1 1 phase formation.
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B. Co-Pt alloys grown on planar SiO 2 substrates: Composition dependence

The stabilization of the out-of-plane easy axis is found to be strongly dependent on the composition of the Co-Pt alloys. 14 Therefore, the structural and magnetic properties of Co-Pt alloy films with various compositions covering the range between Co 0.25 Pt 0.75 ͑CoPt 3 ͒ and Co 0.75 Pt 0.25 ͑Co 3 Pt͒ were investigated. For all these alloy films, the deposition temperature was chosen to be 415 °C. XRD -2 diffraction patterns are shown in Fig. 6. Similar to the XRD study presented above ͑Fig. 2͒, a ͑111͒ texture is observed. The position of the 111 peak shifts to higher 2 values with decreasing Pt content, which corresponds to a reduction of the distance between 111 closest-packed planes. The extracted structural parameters from the XRD diffraction patterns are summarized in Table II.

The hysteresis loops of these samples are presented in Fig. 7. The sample with the lowest Pt content has an easy axis of magnetization in the film plane ͓Fig. 7͑a͔͒. With in-creasing Pt content above 50 at. %, a strong out-of-plane magnetic anisotropy was observed ͓Figs. 7͑b͒-7͑d͔͒. The corresponding effective magnetic anisotropy values are plotted in Fig. 8͑a͒. Note that in this composition range, the maximum value of effective anisotropy constant is found for the alloy with 53 at. % of Pt. The increase of the Pt content in the alloy results in the gradual decrease of the K eff caused by the substantial reduction of the saturation magnetization ͓Fig. 8͑b͔͒.

C. CoPt films grown on self-assembled arrays of SiO 2 nanoparticles

CoPt films with an equiatomic composition were deposited at 415 °C on self-assembled SiO 2 particle arrays with various particle diameters ranging from 10 to 900 nm. An example of a densely packed array consisting of 160 nm particles is presented in Fig. 9͑a͒. Note that owing to the particle size distribution, the pattern reveals some structural defects. The high-resolution TEM image in Fig. 9͑c͒ shows that the cap consists of individual grains of typically ͑8 Ϯ 5͒ nm in lateral size with different orientations of the dense plane packing ͓marked with white lines in Fig. 9͑c͔͒.

The selected area electron diffraction image shown as an inset in Fig. 9͑c͒ proves the polycrystalline nature of the CoPt film on the SiO 2 particles. A bright field cross-sectional TEM image taken on this sample is shown in Figs. 9͑b͒ and9͑c͒, revealing that neighboring film caps are clearly interconnected, resulting in direct magnetic exchange coupling in the magnetic cap array.

The magnetic properties of the films deposited on the particle arrays were investigated using P-MOKE magnetometry and MFM imaging. A series of P-MOKE hysteresis loops is shown in Fig. 10͑a͒. The coercive field is found to be almost independent of the particle size. In this respect, the behavior of CoPt alloys differs substantially from the one observed on Co/Pd͑Pt͒ multilayers grown on arrays of polystyrene nanoparticles, where a scaling dependence of the coercive field on the particle size was found. 20,21 This behavior is most likely due to the difference in film morphology, which gives rise to exchange coupling in the CoPt cap arrays. To get a better understanding of the magnetization reversal in the system, the angular dependence of the out-ofplane switching field was additionally investigated ͓Fig. 10͑b͔͒. This has been done by measuring remanence curves using P-MOKE and by plotting the Kerr rotation signal at zero field after applying a reverse field under an angle to the initially saturated sample. The normalized switching field, H S / H S ͑0°͒, where H S ͑0°͒ is the switching field measured at 0°͑out-of-plane͒, is plotted in Fig. 10͑b͒ versus the angle between the applied magnetic field and the direction normal to the sample plane. Surprisingly, the reversal behavior measured on particle arrays and on the planar substrate is found to be rather similar. However, the observed behavior differs from the one predicted according to the available theoretical models describing the magnetization reversal via a coherent rotation of magnetization ͑Stoner-Wohlfarth model 32 ͒ or via domain wall nucleation/propagation. 33 A pronounced dispersion in magnetic easy axis orientation might be responsible for the weak angular dependence of the switching field ͓Fig. 10͑b͔͒. In this case, the reversal is governed by many nucleation sites and limited domain wall propagation, as expected on the particle array. However, in order to make a final conclusion, a detailed micromagnetic modeling of the magnetization reversal is required.

MFM imaging is a powerful tool to locally visualize the magnetic domain configuration of the CoPt caps and to investigate the magnetic coupling in the particle arrays. A series of MFM images taken at remanence after acdemagnetizing the samples is presented in Fig. 11. Multidomain configurations are observed on SiO 2 particles with sizes larger than 160 nm ͓Figs. 11͑b͒-11͑d͔͒, which is expected from the average domain size of about 120 nm measured on a CoPt film grown on a planar SiO 2 / Si͑100͒ substrate ͓Fig. 11͑a͔͒. With decreasing particle size down to 100 nm, caps preferentially in a single-domain state are found ͓Fig. 11͑e͔͒. This situation changes again for the deposit on the smallest particles of 10 nm. In this case, the observed domain pattern appears to be rather similar to the one obtained on the planar SiO 2 / Si͑100͒ substrate ͓compare Figs. 11͑a͒ and11͑f͔͒. Therefore, it is suggested that a strong exchange coupling between neighboring caps is present and that magnetic domains can easily spread over the particle array.

In order to follow the magnetization reversal process in the magnetic cap arrays, MFM images had been taken at remanence after exposing samples to different reverse magnetic fields H R . Note that an out-of-plane reverse field was applied to the initially saturated samples. A series of selected MFM images for the 100 nm particle array is shown in Fig. 12͑a͒. In agreement with the P-MOKE hysteresis loop revealing a full remanence, the magnetization direction of the nanocaps after saturation remains unchanged at remanence. With the increase in the reverse field to Ϫ1.5 kOe, several switching events, which are randomly distributed, occur. This shows the presence of various nucleation sites; however, at larger reverse fields, it appears that domain wall propagation sets in as well. The reversal of the 330 nm particle array shows the formation of multidomain states on the particle caps. From this comparison, in addition to the angle dependence of the switching field, it is suggested that rather exchange-coupled caps are present, leading to a reversal process that is dominated by nucleation which is widely spread accompanied by domain wall propagation across the particle arrays.

Furthermore, the particle template can also provide effective pinning sides for domain walls where effective domain wall pinning occurs when the magnetic domain wall width is comparable with the size of the pinning sites. [34][35][36][37] In our films, the thickness of the Bloch domain wall is estimated to be about 18 nm, which is of similar size compared to the areas where the caps are interconnected. A similar behavior was recently reported for CoPt alloys grown on arrays of SiO 2 particles using 10-nm-thick MgO seed layers. 38 However, an alternative explanation of the presence of single-domain caps in the exchange-coupled media could be related to the formation of the bubble domains with a domain wall at the rim of a particle. Indeed, the magnetic parameters of the CoPt films used in the study fulfill the stability requirements for bubble domain formation. [39][40][41][42] 

IV. CONCLUSIONS

A study on the structural and magnetic properties of nonepitaxial Co-Pt alloy films grown on amorphous SiO 2 substrates was presented. It turns out that hard magnetic Co-Pt thin films with out-of-plane anisotropy can be formed at deposition temperatures as low as 250 °C in a broad composition range between 40 and 70 at. % of Pt. The structural origin of this out-of-plane magnetic anisotropy in textured films is attributed to the anisotropic short-range order effect; however, this needs to be further investigated.

A CoPt alloy with an equiatomic composition was then deposited on arrays of SiO 2 particles of various sizes. The magnetic properties appear to be independent of particle size and similar to those found for films grown on planar substrates concerning M R / M S , coercive field H C , and angledependent switching. This behavior is related to the specific morphology of the cap structures where domain wall pinning at the rim of the cap might play an important role in the magnetization reversal process.
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FIG. 1 .

 1 FIG. 1. ͑a͒ Cross-sectional bright field TEM study performed on a CoPt film grown at 415 °C revealing CoPt grains with a width of about 20 nm. ͑b͒ HRTEM micrograph shows randomly oriented CoPt grains.

FIG. 4 .

 4 FIG. 4. The evolution of ͑a͒ the effective anisotropy constant, ͑b͒ out-ofplane coercive field, and ͑c͒ remanence magnetization with increasing deposition temperature.

FIG. 6 .

 6 FIG. 6. ͑Color online͒ XRD -2 diffraction patterns of 5-nm-thick Co-Pt films with various compositions. The positions of the 111 peak for the CoPt 3 and Co 3 Pt alloys are marked with dashed lines. All samples were grown at 415 °C on amorphous SiO 2 / Si͑100͒ substrates.
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 78 FIG.7. Hysteresis loops measured in out-of-plane and in-plane geometries of the applied magnetic field for 5-nm-thick Co-Pt alloy films grown at 415 °C.

FIG. 9 .

 9 FIG. 9. CoPt alloy grown on an array of SiO 2 particles with a diameter of 160 nm. ͑a͒ Corresponding SEM image and ͑b͒ bright field cross-sectional TEM image. ͑c͒ The high-resolution TEM image revealing a polycrystalline structure of an individual CoPt grain. The white solid lines in ͑c͒ indicate the different orientations of the dense plane packing. The selected area electron diffraction pattern is presented as an inset in ͑c͒.