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Magnetic properties of perpendicularly magnetized [Au/Co/Pd] n thin films and nanostructures with Dzyaloshinskii-Moriya interaction

Magnetic force microscopy imaging enable to extract the main magnetic parameters (saturation magnetization, anisotropy, domain size, exchange constant). The magnetoresistance and the extraordinary Hall effect of the material have been characterized using nanostructures patterned on the multilayer. Both the magnetization reversal mode and the magnetotransport properties are found to depend strongly on the nanowire width. The relatively low coercive field, the high anisotropy, and the possibility to control domain wall motion in sub-100 nm wires make this system an interesting alternative to Pt-based multilayers for spin-transfer torques experiments.

Materials with perpendicular magnetic anisotropy and high Dzyaloshinskii-Moriya interaction (DMI) have recently attracted a large interest for spin-transfer torque applications based on domain walls (DW) and skyrmions. Indeed, the possibility to repel the Walker breakdown 1,2 and to stabilize Néel walls 3,4 or skyrmions in films 5 or nanostructures [6][7][8] could be the basis of new memory and logic devices. 9,10 Most experiments have been realized in bilayers or trilayers, including a layer of heavy metal and an ultrathin Co 8 or Fe layer. 11 In the case of single bilayers or trilayers, the magnetic texture has been found to be stable only at very low temperature, 12,13 and magnetic fields are required to stabilize a single metastable skyrmion. 14 Another route is the development of thick [metal 1/ferromagnet/metal 2] n multilayers, or of [metal/ferromagnet/oxide] n stacks, such as [Ir/Co/Pt] 10 , 15 [Pt/Co/Ta] 15 and [Pt/CoFeB/MgO] 15 . 16 In such materials, the interface effects could provide both the DMI and the perpendicular anisotropy, while conserving the lack of inversion symmetry at the vicinity of the ferromagnetic layer. It becomes possible to reach thicknesses large enough to facilitate skyrmions or DWs observation, to enhance their thermal stability, 15,16 and to enable the measurement of the topological Hall effect. 17,20 The use of multilayers could help tuning precisely the magnetic parameters such as the DMI, the anisotropy and the saturation magnetization. [18][19][20][21] More importantly, it would allow developing stacks in which most of the current used to induce DW or skyrmion motion would go through the magnetic part. 20 In this context, ab initio calculations 22 have recently predicted that [Au/Co/Pd] n multilayers are an interesting system to perform spin-transfer experiments, thanks to the opposite DMI signs of the Co/Pd and Co/Au interfaces.

In this article, we study the magnetization reversal and magnetotransport properties of [Au (10 Å)/Co (6.6 Å)/Pd (10 Å)] 10 thin films and nanostructures. The magnetoresistance (MR) a Jean-philippe.attane@cea.fr 2158-3226/2018/8(9)/095315/6 and the extraordinary Hall effect (EHE) of the material have been measured using nanostructures patterned on the multilayer. Both the magnetization reversal, which occurs by DW propagation, and the magnetotransport properties, are found to depend strongly on the nanowire width.

[Au (10 Å)/Co (6.6 Å)/Pd (10 Å)] 10 multilayers have been grown by DC magnetron sputtering on a silicon oxide substrate, with a Ti (5 Å)/Au (50 Å) buffer layer, and a Au (30 Å) capping layer to prevent oxidation. The magnetic properties of the sample have been measured using a SQUID magnetometer. The hysteresis loops for an in-plane and an out-of-plane applied field are shown in Fig. 1a. The multilayer is found to possess an out-of-plane magnetization, with a saturation magnetization of 1400 ± 100 kA/m and a large perpendicular anisotropy Keff = 150 ± 10 kJ/m 3 (estimated from the area between in-plane and perpendicular magnetization curves), comparable to that of Co/Pt 23 or Co/Ni 24 multilayers. The saturation magnetization has been calculated considering the ten 6.6 Å-thick layers of cobalt. The hysteresis loop for out-of-plane fields exhibit a remanence of around 30 %, and a relatively low coercive field of 14.5 ± 0.2 mT.

Fig. 1b shows the magnetic configuration of an as-grown thin film, observed by magnetic force microscopy (MFM). The structure of interlaced up and down domains is characteristic of layers with perpendicular magnetization, with a mean domain width of around 135 ± 5 nm (evaluated from the Fourier transform of the MFM images). Note that the mean domain width is also found to be around 135 nm after demagnetization, so that we can suppose that the observed domain width is close to the equilibrium domain width.

The equilibrium width results from the competition between the DW energy and the demagnetizing field energy. Using the analytical model proposed by Kaplan and Gehring, 25 and modified by Gehanno et al., 26 it is possible to extract the DW energy σ DW = 2.6 ± 0.2 mJ/m 2 . The energy of a Bloch DW is σ DW = 4 AK eff , with A the exchange stiffness. Considering A = 5 -15 pJ/m (values reported in literature for Co), we find σ DW = 3.5 -6.0 mJ/m 2 , which is larger than the value calculated from the equilibrium width of magnetic domains. This could indicate the presence of the DMI, as the DMI is known to lower the DW energy by a value equal to πD, 27 D being the DMI constant. The DMI constant value extracted from the DW energy would thus be of 0.7 ± 0.4 mJ/m 2 , slightly smaller than the theoretical prediction of 1.25 mJ/m 2 obtained by adding the two Co/Pd and Co/Au contributions calculated ab-initio, 22 and smaller than what can be obtained using Pt. 15 Note however that this value FIG. 1. a) In-plane and out-of-plane hysteresis loops at room temperature, measured using a SQUID magnetometer. 5×5 µm 2 MFM image of the magnetic domains b) in an as-grown sample and c) in the remanent state after magnetic saturation.

has to be taken cautiously. Further experiments could allow determining more precisely the strength of the DMI. 28,29 Fig. 1c shows the magnetic configuration observed by MFM in the remanent state, after saturation. The reversed domains appear in black. The DWs are less smooth than what was observed in the asgrown state: there is indeed a competition during the growth between the disorder (i.e., the pinning of DWs on structural defects), which tends to roughen the DW, the domain wall energy, which tends to smooth it, and the demagnetizing field effects, which try to impose the equilibrium domain size. 30 The resulting domain width of the growth process remains close to the equilibrium (135 ± 5 nm), which means that the domain structure is mostly governed by demagnetizing field effects. The coercivity, which is due to DW pinning, is relatively small (H C = 14.5 ± 0.2 mT). It is comparable to that of typical [Co/Pt] n multilayers with perpendicular anisotropy, 31 so that one can expect to observe current-induced DW motion at zero field.

The samples have been patterned into double Hall crosses separated, using e-beam lithography on a negative resist and ion milling (cf. Fig. 2a), with wire widths of 100, 200 and 500 nm. The wires are connected to large areas serving both as electrical contacts and domain nucleation pads. The devices have then been wire-bonded to perform magnetotransport measurements. The longitudinal and Hall resistances have been measured using a lock-in amplifier, working at 107 Hz, and with an applied current of 100 µA.

The temperature dependence of the longitudinal resistivity of the entire stack is given on Fig. 2b. The resistivity, which depends on the quality of the sample, is reasonably small (ρ xx = 24.3 µΩ.cm at 300 K, with a RRR ρ xx (300 K)/ρ xx (10 K) = 1.3). The longitudinal MR and the EHE have been measured in thin films and in the double Hall crosses, the magnetic field being applied perpendicular to the specimen. The evolution of these magnetotransport properties as a function of the width of the wires is presented on Fig. 3.

The measurement of the EHE on the thin film is consistent with the SQUID measurements of Fig. 1a. The EHE measurements in the Hall crosses allow to extract the EHE angle of the whole stack. The EHE angle is found to be θ EH = ρ EHE /ρ xx = 0.44 % at room temperature and at 10K, close to [Pt/Co] n multilayers (1.3 % for similar thicknesses). 31 Note that, since part of the current is shunted by the Au buffer layer, this value has to be considered as a lower bound of the EHE angle of the [Au/Co/Pd] 10 multilayer.

The MR curve presents at high fields a non-saturating linear decrease of the resistance, which can be attributed to the magnon magnetoresistance (MMR), i.e., to the contribution of magnons to the resistivity. 32 The value of dρ dB at room temperature is 0.04 µΩ.cm.T -1 or 0.2 %/T for the whole stack, comparable to that of FePt 34 and NiFe, 33 so that the MMR could be used to detect DW motion. 34 The MR curves of Fig. 3b also present a hysteretic behavior at low fields, with an increase of resistance due to the MMR, with possible additional contributions from the anisotropic MR and the DW resistance. Several features appear when measuring the MR and EHE of patterned nanowires. Concerning the Hall measurements of Fig. 3a, the EHE angle is not modified, but there is strong dependence of the hysteresis loop with the wire width. The decrease of the wire width leads to an increase of the remanence, which is of 100 % for 500 nm-wide crosses, an increase of the coercive field, and a decrease of the saturation field. The reasons for this evolution will be discussed later.

As the MMR contribution is proportional to the product M • B, 32 these evolutions of the hysteresis loop are responsible for the evolutions of the MR loops of Fig. 3b, with in particular the sharpening of the MR loop for narrow widths.

Fig. 3c exhibits MFM observations performed on nanostructures of different widths. The imaging being made right after the nanoprocessing, the sample is still in the as-grown magnetic state. For the 200 nm-wide crosses, the DWs tend to align perpendicularly to the nanowire edges, in order to minimize the DW surface, and thus the anisotropy and exchange energy cost. At 100 nm, the magnetic state consists of magnetic domains separated by DWs orthogonal to the wire. This is the ideal configuration to realize current-induced DW propagation experiments. This effect can also be seen in the nanostructure of Fig. 3d, which consists in a single nanowire of varying width. The transition occurs at a width comprised between 100 and 150 nm: when the wire width becomes smaller than the equilibrium domain width, the intertwined domain configuration is obviously unstable.

Let us now discuss the evolution of the loops observed in Fig. 3a for thin wires. A large decrease of the saturation field can be observed in thin wires, from 132 mT in thin films to 62 mT in 100 nm wide nanowires. This can be attributed to the decrease of demagnetizing field effects: while the demagnetizing field tends to prevent the magnetic saturation, in a very thin wire the effect is limited by the geometry.

Conversely, the coercivity increases in thin wires, from 15 mT to 56 mT. As discussed in Ref. 36, the main origin of this increase is the suppression of the available paths for DW propagation. The DW is moving in a disordered medium. In thin wires, the DW is forced to cross all the defects. In large wires, the DW somehow follows the easiest path during its propagation, since it can get around the biggest defects.

Note that at low temperature it becomes possible to observe Barkhausen jumps (cf. Fig. 3e and3f), i.e., the discrete motion of the DW from one pinning site to another. 36 The minor loop obtained in a 100 nm-wide cross shows 4 jumps. The EHE amplitudes of these jumps indicate that the DW reverses approximately a fifth of the cross for each jump, and thus that the typical distance between pinning sites is around 20 nm.

The increase of the coercivity in thin wires can also be seen in MFM images performed in remanent states, after magnetic saturation and partial reversal of the magnetization. Fig. 4a shows that the reversed magnetic domain, appearing in black and coming from a nucleation pad on the right side, does not propagate into the thinnest part of the wire. It can also be seen in Fig. 4b, where the injection and the propagation are more difficult in thinner nanowires.

Note that another effect can contribute to the enhancement of the coercivity: as nucleation centers are distributed randomly, the probability of a narrow area to contain a nucleation center is small. This effect tends to increase the nucleation field of smaller areas. For instance, in Fig. 4b there have been nucleation events in the large wires, but none in the two smaller wires.

In the 500 nm-wide nanowire of Fig. 4b, a single domain propagates in the wire. Interestingly, the DW does not switch the magnetization of the whole wire: as the width is larger than the equilibrium domain width, a multidomain magnetic configuration can be stabilized by the demagnetizing field.

This coercivity increase leads to the increase of the remanence seen in Fig. 3a, as it becomes difficult for a DW to reach the Hall cross. It is also responsible for the abruptness of the magnetization switching: at high fields, it becomes possible for the DW to reverse the magnetization of the whole cross.

To conclude, [Au (10 Å)/Co (6.6 Å)/Pd (10 Å)] 10 multilayers are promising candidates for current-induced DW experiments. Indeed, this new system exhibits a high perpendicular anisotropy, a reasonable coercivity and a low resistivity. As the spin-orbit coupling of Pd is lower than that of Pd, one can expect lower damping constants in Pd-based systems, which could thus be an interesting alternative to Pt-based multilayers for current-induced DW propagation. The extraction of the DMI constant from DW energy estimation suggests that the DMI could be large enough to stabilize Néel walls or skyrmions. Furthermore, in sub-150 nm wires the magnetic configuration consists in series of parallel DWs, which is the ideal configuration to perform current induced DW motion experiments. Further experiments should allow quantifying more precisely the DMI strength, the spin transfer torque efficiency, 1 and the maximal DW velocity that can be obtained under current.
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FIG. 2

 2 FIG. 2. a) Scanning electron microscopy image of a 500 nm wide cross (tilted sample). b) Temperature dependence of the longitudinal resistivity.

FIG. 4

 4 FIG. 4. a) MFM image of the structure consisting of wires of different widths, after saturation and partial magnetization reversal. b) MFM image of wires of different widths connected to a nucleation pad, after saturation and partial magnetization reversal.