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Abstract—Half-metallic Heusler alloys typically have in-plane magnetic anisotropy, which can be converted to perpendicular by attaching MgO or heavy metal, e.g., Pt, layers as similarly applied for conventional ferromagnets. Recently we have found body-centred cubic (bcc) seed layers, e.g., V and W, to induce perpendicular anisotropy in Heusler alloy films above, however, they show small giant magnetoresistance (GMR) ratios in spin-valve structures to date. This is partially because of the large resistivity of the seed layer and the non-magnetic layer in the spin-valve. In this study we have systematically investigated non-magnetic overlayers and have found that a Ag layer best maintains the perpendicular anisotropy. The corresponding GMR devices have then been fabricated and characterised, achieving the GMR ratio of ~0.03% at room temperature. Such bcc seed layers can offer an alternative method for perpendicularly magnetised GMR junctions for applications.
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Introduction
H
EUSLER alloys have been investigated intensively due to their half-metallicity at room temperature, which is ideal as an ideal spin source for spintronic devices [1],[2],[3]. The alloys can also exhibit other magnetism by controlling the number of valence band electrons in the alloys and the associated magnetic interactions, achieving antiferromagnetism [4], ferrimagnetism [5], topological insulator [6] and spin gapless semiconductor [7]. Such broad controllability of the Heusler alloys [8] allows us to develop spintronic devices consisting of Heusler alloys with different magnetic properties, e.g., giant magnetoresistive (GMR) [8] and tunnelling magnetoresistive (TMR) [9] junctions for a next generation hard disk read head and a magnetic random access memory cell [10].
For these device applications, a film form of Heusler alloys has some obstacles, including their large crystallisation energy, atomic disordering in the film and interfaces, and magnetic isotropy due to their cubic unit cells [11]. To date significant efforts have been made to induce perpendicular magnetic anisotropy in a Heusler alloy film by attaching a perpendicularly magnetised ferromagnet [13] or MgO layer [14]. Namely the latter structures can be useful for TMR junctions [15]. We have recently found a method to lower the crystallisation temperature of a ternary/quaternary Heusler alloy film by growing on the (110) plane [16]. Our latest study demonstrates that almost 85% of a Co2FeAl0.5Si0.5 (CFAS) Heusler-alloy film can be crystallised at 353K for 2 min. by growing on a body-centred cubic (bcc) seed layer, e.g., vanadium [17] or tungsten [18]. The CFAS(110) films are also found to exhibit perpendicular magnetic anisotropy (PMA) by growing the films even at 62ºC but with a small GMR ratio.
In this study, we systematically investigate the effect of seed and capping layers on Co-based Heusler-alloy films, which can be used as a non-magnetic layer in a GMR junction. We have found W shows strong PMA but with some magnetic dead layer at the interface against the Heusler-alloy films. Ag spacers in a GMR junction show consistent magnetisation reversal and small interfacial mixing, which is ideal for the device applications, achieving a GMR ratio of ~ 0.03% at room temperature.
Experimental Procedures
Heusler alloy films were grown on a thermally oxidised Si substrate in the form of Cr (0 and 3)/X (t)/CF(A)S (10)/Y (5)/Ru (3) (thickness in nm, X: V and W, Y: W, Ta, V and Pt, and 5 ≤ t ≤ 30 nm) using a high target utilisation sputtering system (PlasmaQuest, HiTUS) at room temperature. These films were annealed at 300 ~ 350ºC for 1 ~ 3 hours. The structural and magnetic properties of these films were characterised by X-ray diffraction (XRD, Rigaku, SmartLab) and vibrating sample magnetometry (VSM, Lakeshore, Series 8600). The magnetisation reversal process was also imaged using magnetic force microscope (MFM, Nanoscan, VLS-80).
A multilayer of W (10)/CFAS (12.5)/W (1.2)/CFAS (2.5)/Ru (3) (thickness in nm) was grown on a thermally oxidised Si substrate and patterned into a nanopillar junction using a combination of electron-beam lithography and Ar-ion milling using the same process as previously reported [19]. Here, a seed layer, Cr/W, was patterned into a bottom electrode with a width of 100-200 nm. Nanopillars with diameters between 80 and 200 nm were patterned to just above the bottom Heusler-alloy layer. The typical fluctuation in the diameter of the nanopillar fabricated was <10 nm, leading to a volume fluctuation of ± 4 ~ ± 27% for a 10 nm thick film. The nanofabrication process was carefully optimised by using a double-resist process with methyl methacrylate (MMA) and poly-methyl methacrylate (PMMA). A top electrode, Ag/Ta, was then patterned on the nanopillar in a similar manner. The fabricated nanopillars were measured using a non-magnetic probe station (HiSOL, HMP-400 SMS) with a conventional direct-current (dc) four-terminal method. A dc current between 1 µA and 10 mA was applied to the nanopillar with a constant current source (Keithley, 2400) to induce Joule heating for alloy crystallisation, while the voltage across the nanopillar was measured by a nanovoltmeter (Keithley, 2182A).[image: グラフ, 折れ線グラフ  自動的に生成された説明]
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Fig. 1.  (a) FWHM of the V(110) reflection measured by rocking curves with increasing V thickness without (black) a Cr layer and the roughness of V layers with (red) and without (blue) a Cr layer. (b) Estimated strain in V(110) (black) and CFS(110) (red) planes for samples with increasing annealing time at 300ºC. The corresponding pole figures of the CFS(220) and V(110) peaks are also shown. (c) Out-of-plane magnetisation curves for a 5 nm CFS layer with a 25 nm V seed layer before (black) and after (red) annealing at 300ºC for 1 hour.

Results and Discussion
The texture of vanadium films with and without a chromium seed layer is plotted as the full width half maximum (FWHM) of the rocking curve of the vanadium (110) peak as shown in Fig. 1(a). For the Co2FeSi (CFS) Heusler-alloy films with a Cr layer, FWHM was found to be >20° for all thicknesses of vanadium. For those without Cr, FWHM shows much smaller values and takes the minimum at the V layer thickness of 25 nm, which is found to be optimal for inducing (110) texture in a Heusler-alloy layer. Figure 1(a) also shows the roughness of the V layer with and without the Cr layer as determined by X-ray reflectivity (XRR). The roughness of the films without Cr stays almost constant (< 0.4 nm) and increases at the V thickness between 25 nm and 30 nm, while that with Cr takes a dip of ~ 0.4 nm at 15 and 20 nm thick V layers. There is a clear threshold thickness around 20 ~ 25 nm where the sample properties are optimised. This is possibly due to the creation of islands at greater thicknesses which in turn create the increased roughness. This is the opposite of the case for silver seed layers where the film quality was improved by the presence of chromium [20]. This is likely due to intermixing being more prevalent between Cr and V than with Ag. 
Figure 1(b) shows the change in the level of strain in the (110) planes of the V and CFS lattices calculated from -2 scans by comparing with their bulk values for the films without the Cr seed layer. It is apparent that these two lattices have the opposite trends via the annealing process, which provides energy to improve the lattice match between them. As the V lattice is stretched with increasing lattice strain up to 1.5% after annealing at 300ºC for 3 hours, an opposite change is observed in the CFS layer down to almost no strain. The associated pole figure scans are performed around the CFS(220) reflection. For the as-deposited film, there is a diffuse ring at a = 29º. This confirms a dominant CFS{110} orientation in the films but the lack of intensity and sharpness are indicative of a low level of texture. Note that the spots are from the single crystal Si substrate. After annealing at 300ºC for 1 hour, the definition and intensity of the ring are improved significantly, confirming the increased crystallisation. Further improvement is observed with increasing annealing time, agreeing with the elimination of the film strain.
For the optimum 5 nm thick CFS layer, out-of-plane magnetisation curves normalised by the saturation magnetisation MS are shown in Fig. 1(c). After the annealing at 300ºC for 1 hour, the films are found to show almost no coercivity. By reducing the CFS thickness to 4 nm, the coercivity is increased up to 15 Oe [13], which is not sufficient for device applications.
By replacing V with tungsten [14], significant improvement in the crystallinity of the Heusler-alloy films has been demonstrated, achieving smaller interfacial roughness of just 0.2 nm. Additionally significant increase in the crystallinity of the Heusler-alloy films is also confirmed by the increase in the relative XRD intensity despite the low temperature deposition below 62ºC. This increase is larger in the W layer at around five times, as compared to only twice in CFAS. This is accompanied by the relaxation of the W lattice toward the bulk value as shown in Fig. 2(a). This distortion of the lattice is not seen by in-plane 2 measurements, indicating that the W lattice is deposited with a tetragonal stretch out of plane. [image: グラフ, 折れ線グラフ  自動的に生成された説明]
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Fig. 2.  (a) Lattice relaxation of the tungsten layer estimated by XRD spectra for a W (10)/CFAS (10) (thickness in nm) multilayer deposited at the substrate temperature of 62ºC for up to 2 min. (b) Out-of-plane magnetisation curves for a W/CFAS multilayer deposited at increasing substrate temperature.

The crystallite size is determined using the Scherrer analysis of the seed-layer and Heusler-alloy reflections. In W, there is an almost two-fold increase in the crystallite size from (5.4 ± 0.2) nm to (9.2 ± 0.1) nm associated with the increased crystallinity. CFAS without heating shows non-crystalline or nanocrystalline nature as expected [3]. In the samples grown at 62ºC, on the other hand, a crystallite size of (7.9 ± 0.1) nm is obtained. This has significant effects on the magnetisation reversal as previously reported [14]. The nanocrystalline samples grown below 22ºC have very strong intergranular coupling, leading to a low coercivity HC with a squareness of 0.8 as shown in Fig. 2(b), which also contains some in-plane contributions as previously reported [19]. For samples deposited above 30ºC, the magnetisation reversal is dominated by domain rotation and strong pinning up to 1 kOe, followed by a nucleation process. HC accordingly increases from 200 to 1000 Oe with increasing the growth temperature from 20 to 62ºC. Hence, the optimum structure is selected to be 10 nm thick bcc W seed layer for further study.
The magnetisation reversal process in a multilayer consisting of W (10)/CFAS (12.5)/W (1.2)/CFAS (2.5)/Ru (3) (thickness in nm) deposited at 62ºC is observed by MFM with a magnetic field applied perpendicular to the multilayer as shown in Fig. 3. At the remanence state without a field application after the positive saturation with the magnetic field applied from the substrate to the capping layer, the MFM image in Fig. 3 shows almost uniform magnetisation aligned perpendicular to the multilayer with minor ripple domains with the size of a few 100 nm. This agrees with the large remanence measured in the above films (M / MS ~ 0.8). The magnetic domain configurations do not change up to 300 Oe, which agrees with the magnetisation measurement in Fig. 2(b). Above 400 Oe, reverse domain nucleation is observed with rapid rotation of these domains with increasing a magnetic field. Here the magnetisation reversal is dominated via nucleation as reported in Ref. [19]. There are several pinning sites observed up to ~ 600 Oe as seen for the MFM image taken under 600 Oe. The magnetisation reversal is completed under a large field, 3 kOe.[image: 文字と写真のスクリーンショット  中程度の精度で自動的に生成された説明]
Fig. 3.  Magnetisation process observed by MFM (20 µm  20 µm area) on Si/SiO2//W (10)/CFAS (12.5)/W (1.2)/CFAS (2.5)/Ru (3) (thickness in nm). Some minor distributions in the magnetic moments are visible under the remanent and saturation, which may be induced by the coexistence of in-plane contributions in the CFAS films.

For the investigation of the influence of a capping layer, the optimum 10 nm thick CFAS Heusler alloy films grown on the 10 nm thick W layer has been used. Figure 4(a) shows XRD -2 signals on CFAS capped with a series of 5 nm thick layers Y (Y: W, Ta, V and Pt). All films show W crystallisation along the (110) surface orientation, which promotes the CFAS crystallisation as confirmed by the CFAS(220) peak as previously reported [14]. On CFAS, all the capping layers, Pt, β-W and (lesser extent) V, are found to crystallise. Among these capping layers, Ta and W encourage the crystallisation of Ru. 
Figure 4(b) shows VSM data measured under the application of out-of-plane magnetic fields. All CFAS films exhibit perpendicular magnetic anisotropy as discussed above but with clear effects of top-interface variation, which induces some in-plane anisotropy possibly due to the poor crystallisation caused by the presence of the capping layer. The magnetisation curve of the W cap reveals the highest squareness, indicating a magnetisation reversal generated by effectively single nucleation due to strong intergranular coupling. This single reversal may be induced by the symmetric W/CFAS/W interfaces, showing square nucleation with HC of ~ 300 Oe. The V cap, on the other hand, appears to have two switches with stepped loop, which suggests the nucleation occurs at the both top and bottom interfaces. Additional rotation-controlled reversal is added on top from the CFAS/V interface. The Pt cap also has two weak switches in the magnetisation curve but promotes the domain wall motion significantly. Here, the effect of CFAS/Pt interface dominates over the W/CFAS interface. This suggests that the nucleation is significantly reduced by the Pt cap due to the reduction in the intergranular coupling in CFAS and/or the pinning during the magnetisation reversal is increased at the CFAS/Pt interface. Since the CFAS crystallinity stays the same under the same growth condition, the latter scenario may govern the reversal process. 
In-plane magnetisation measurements further support the formation of two distinctive interfaces for W/CFAS/V and W/CFAS/Pt samples as shown in Fig. 4(c). The stepped magnetisation curves again confirm the difference in the pinning strengths between the top and bottom CFAS interfaces, indicating the CFAS/Pt interface dominates the domain wall motion as discussed above for the out-of-plane measurements. On the other hand, the CFAS/W top interface again shows very different behaviour, indicating single-step magnetisation reversal. This sample shows the ideal magnetic properties for junction applications. [image: グラフ, ヒストグラム  自動的に生成された説明]
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Fig. 5.  GMR loops of a pillar with dimensions of 1 µm 0.5 µm, consisting of Si/SiO2//W (10)/CFAS (12.5)/W (1.2)/CFAS (2.5)/Ru (3) (thickness in nm), (a) before [16] and (b) after annealing at 350ºC for 1 hour measured at room temperature under the magnetic field applied perpendicular to the plane.
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Fig. 4.  (a) XRD -2 scans and (b) out-of-plane and (c) in-plane magnetisation curves of Si/SiO2//W (10)/CFAS (10)/Y (5)/Ru (3) (thickness in nm, Y: W, Ta, V and Pt). (d) Saturation magnetisation of these films calculated from (c).

The saturation magnetisation MS of these CFAS films is calculated in Fig. 4(d) from the magnetisation curves. All films show 650 ~ 850 emu/cm3, which is almost 30% smaller than the bulk value of 1200 emu/cm3 [14]. This may be due to the interfacial mixing across the CFAS layer, especially at the CFAS/cap interfaces. Among these capping layers, W shows the largest reduction as reported earlier [14]. This leads to the GMR ratio of ~0.03% for an elliptical pillar with the long and short axes of 1 and 0.5 µm at room temperature. This is almost the same with the GMR pillar with the Ru capping layer as reported previously [14]. By annealing at 350ºC for 1 h, the GMR ratio is found to be reduced by half possibly due to the interfacial mixing. Although the interfacial roughness is reduced to ~ 0.2 nm at the bottom W/CFAS interface, further optimisation of the growth is required for the top CFAS/W interface for device implementation. 
Conclusion
We used a bcc tungsten seed layer to promote the (110) surface to crystallise a Co-based Heusler-alloy films in a layer-by-layer mode at low energy and to induce perpendicular magnetic anisotropy. For the reduction in resistance in a GMR junction with the Heusler-alloy films, a series of non-magnetic layers have been studied to maintain high degrees of crystalline ordering and strong perpendicular anisotropy. Ag and Ta are found to satisfy these requirements with rotation-dominated magnetisation reversal. We have demonstrated the GMR ratio of ~0.03% at room temperature, which can be improved further by tuning the thickness of the Heusler-alloy and non-magnetic layers. These can be useful for all-metallic spintronic device applications.
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