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Introduction

Developing thermally induced magnetization switching (TIMS), where the temperature control of intrinsic material properties drives a deterministic reversal of the local magnetization, has considerable applicative interest. The combination of materials with different temperature dependent magnetic properties has been used, for instance, to switch the magnetization with a single laser pulse in rare-earth-transition-metal ferrimagnetic compounds, in a process that combines thermal and photon helicity dependent effects [1].

Controlling the local temperature by a laser pulse is also at the basis of heat assisted magnetic recording processes that were proposed to significantly lower the external field values necessary for switching a magnetic bit [2]. A different approach to TIMS makes use of substrates whose intrinsic magnetic properties feature regular spatial modulations generating local surface dipolar fields that can be controlled by tuning the temperature [START_REF] Marangolo | Method for changing the direction of magnetization in a ferromagnetic layer[END_REF]. The proof-ofprinciple of this approach made use of a thin ferromagnetic (FM) Fe layer deposited on a magnetically active MnAs/GaAs(001) template [START_REF] Sacchi | [END_REF]5]. It was shown that it is possible to control the Fe magnetization in Fe/MnAs/GaAs(001) by finely tuning the temperature at ambient. Element selective x-ray resonant magnetic scattering (XRMS) experiments demonstrated that various magnetic configurations of the Fe/MnAs system are stabilized predictably by acting on the thermal cycle parameters and on the presence of a bias field [5].

What one actually does by changing the temperature is to control the surface dipolar fields associated with the template magnetic microstructure, and, ultimately, vary the effective magnetic field acting on the overlayer. Time-resolved experiments showed the potential of this approach for fast magnetization switching, where local temperature changes are triggered by a single optical laser pulse [6].

MnAs/GaAs(001), featuring temperature controlled self-organized ferro/para-magnetic stripes [7], is a useful test case for achieving TIMS by using a magnetically active template, but it is not a practical material for applications. Apart from requiring a complex preparation by molecular beam epitaxy (MBE), the paramagnetic to FM transition in MnAs takes place for decreasing temperatures (while the opposite would be preferable) and at values that are too close to ambient (20-40°C) for ensuring the thermal stability of a real device. In the search for alternatives to Fe/MnAs, we have identified patterned Co/FeRh films as promising candidates for designing more advantageous TIMS systems that work on the principle of a magnetically active template.

The equiatomic α'-phase of cubic FeRh undergoes a first-order magnetic phase transition at ~100 °C from low-T antiferromagnetic (AF) to high-T FM order, accompanied by a 1% volume expansion of the unit cell [8]. The temperature dependent magnetization curve shows a hysteresis over a thermal cycle, as expected for a first order phase transition. The width of the hysteresis and other details of the magnetostructural transition are sensitive to the composition [9], to the strain [10] and, in thin films, to the thickness [11], and can be controlled by applying electric [12] or magnetic [13] fields. High crystalline quality FeRh films can be grown by magnetron sputtering, notably on MgO(001) crystalline substrates [2,11,13].

The basic features that characterize the system that we have devised are:

-a template (FeRh) that features no net magnetization at ambient (AF state), and becomes FM at higher temperature [2,[8][9][10][11][12][13][14]; -a regular lateral confinement (sub-micrometer dots) that, in the FeRh FM phase, generates a dipolar field H D extending above the surface of the dot; -an external bias field H ext (< H D ) that aligns the FeRh dot during its transition to the FM state; -a FM overlayer (Co) with coercive field H C such that H ext < H C < H D .

When these conditions are met, the Co magnetization direction will be oriented according to the sign of H ext by performing a thermal cycle that encompasses the FeRh magnetic transition. This scheme is particularly interesting in view of controlling the local temperature by a focused laser pulse that induces the FeRh phase transition, modifies the surface dipolar field and reverses the Co magnetization only over the irradiated area (ideally, over a single dot). At the end of the thermal cycle, the Co magnetic configuration will depend on the bias field strength and orientation. The process is similar to thermally assisted magnetization reversal in FePt/FeRh [2,15], yet with the template-generated dipolar field contributing to the effective magnetic field acting on the Co layer [5,16].

Here we report on the study of the Co and Fe magnetic response in Co/FeRh/MgO(001) patterned films by using element selective resonant magnetic scattering of polarized soft X rays. Previous XRMS work on Fe/MnAs [START_REF] Sacchi | [END_REF][5][6] demonstrated that element selectivity is a useful complement to other magnetometry techniques for a detailed analysis of field and temperature dependent magnetization curves that are tangled and complex.

Experimental details

A 50 nm thick FeRh film with (001) orientation was grown by magnetron sputtering from a single equiatomic target onto a MgO(001) substrate at the Center for Magnetic Recording Research of the University of California, San Diego [17]. Using a mask, a 5 nm Co layer was deposited on half of the FeRh film. Finally, a 2 nm Au layer was deposited on the whole sample for protecting the surface against contamination. The sample was patterned into two 0.5×0.5 mm 2 areas using optical lithography and ion etching, according to the sketch of Fig. 1. The area on the FeRh side was left intact and served as a reference of the continuous FeRh film without Co and after etching. The area on the Co/FeRh side was patterned into a matrix of 400×800 nm 2 rectangles. Resonant scattering measurements were performed at the Circular Polarization beamline of the Elettra synchrotron (Trieste, Italy), using the IRMA reflectometer [18]. The sample was mounted on a holder that comprised an electromagnet, capable of applying a field of up to 1.7 kOe along any in-plane direction, and a thermoelectric cooler covering the temperature range from -10 to +140 °C. Slitted photodiodes with varying angular acceptance were installed on the detector arm. Soft X rays of selectable polarization (either linear, vertical and horizontal, or circular with positive and negative helicity) delivered by an electromagnetic undulator were tuned in energy to the Fe-2p and Co-2p resonances (700-800eV range) using a grating monochromator. Specular reflectivity provides spatially averaged but element resolved magnetization curves as a function of the sample temperature T and of the bias field H ext [5].

For the patterned sample, one can monitor the magnetic signal originating from regular repeats over the ensemble of the objects by measuring at sample angle positions that correspond to Bragg peaks in the rocking scan [19].

Results and discussion

First we measured specular reflectivity from the reference FeRh patch, in order to check for the reliability of the sample properties after the lithography procedure. Data were collected as a function of photon energy and scattering angle for determining the conditions that optimize the magnetic signal. The photon energy and temperature dependence of the magnetic signal at the Fe-2p resonance is shown in Fig. 2. The magnetic signal is defined as an asymmetry ratio, i.e. as the difference between data obtained at remanence after magnetic pulses of opposite sign divided by their sum. Measurements over a thermal cycle that spans the 40-115 °C range show that FM saturation is attained at ~105°C upon heating and that the system returns to its AF state at ~70

°C when cooling down, with a ~12 °C width at mid-height of the hysteresis loop. These values are characteristic of a good quality FeRh thin film. With the photon energy tuned to the Fe-2p core resonance, the dependence of the specular reflectivity on the applied magnetic field can be used to draw element selective hysteresis loops as shown in Fig. 3, which compares two curves obtained at a sample temperature of 91 and of 113 °C. The element selectivity of resonant magnetic scattering becomes important when moving to the Co/FeRh pattern (Fig. 4). The 2p resonances of Fe and Co are well separated, making it easy to identify individual contributions from the two elements in the temperature and field dependent magnetic signal, by simply tuning the photon energy to the appropriate range. The sign of the magnetic signal in a resonant scattering experiment depends on several parameters beyond the magnetization orientation [20], notably the sample vertical structure and the scattering angle: this explains why the sign of the Fe magnetic signal changes between Fig. 2b and 4b. When measuring the patterned area, one can collect, in addition to the specular reflectivity, the diffracted signal from the regular repeat of the dots by performing a rocking scan, i.e. by scanning the sample angle θ S at fixed detector angle θ D [19]. In co-planar geometry, this corresponds to varying the component q x of the scattering vector q that projects along the intersection between the xy sample surface and the xz vertical scattering plane. Defining Δθ as the off-specular angle (θ S -θ D /2), one has q x = (4π/λ)•sin(θ D /2)•sin(Δθ), λ being the photon wavelength. Peaks in the scattered intensity are observed when 2πn/q x (n integer) matches the period d of the array [START_REF] Daillant | X-ray and neutron reflectivity: principles and applications Berlin[END_REF]. where Δθ is the offspecular angle. Bragg peaks of n th order identify the period d=2πn/q x of the pattern of rectangles along their minor (d=720 nm) and major (d=1120 nm) sides.

Fig. 5 shows the result of two rocking scans measured for the Co/FeRh pattern, with either the short (■) or the long (○) side of the rectangles oriented along the x direction. The resulting periods, 720 nm and 1120 nm, match well the nominal values. Element specific magnetic signals can be measured as a variation of either the diffracted intensity or of the specular reflectivity, the former guaranteeing that the signal comes from the patterned area only [19].

Fig. 6 shows the magnetic signal in the specular reflectivity at the Co resonance, measured as a function of temperature (a) and of the applied field (b), along the short side of the rectangles. The thermal cycle data are collected in an applied field of 200 Oe, after a 1 kOe pulse. They show that when the temperature increases to ~75 °C and the FeRh initiates the transition to the FM phase, the Co magnetic signal steadily decreases and inverts its sign at ~85 °C, then remains constant and negative until the highest temperature is reached. In the cooling branch of the cycle, the Co signal crosses zero again at ~70 °C, and progressively recovers its initial value at ~50 °C. Although this is not the behavior that was sought for, since one does not reverse the Co magnetization at the end of the cycle, the changes with temperature of the magnetization sign (Fig. 6a) and of the shape of the hysteresis loops (Fig. 6b) are suggestive of the mechanism that we had devised, i.e. of the presence of dipolar fields at the surface of the dots in the FeRh FM phase. A similar behavior is observed when applying the field parallel to the long side of the rectangles. Fig. 7 compares the result of a thermal cycle in a 200 Oe bias field at the Co and at the Fe resonant photon energies. Data are collected in diffraction conditions, after a 1.5 kOe magnetic pulse. The main difference with Fig. 6a is that the Co magnetization, after having changed sign at a slightly higher temperature, vanishes at ~110 °C. On the cooling branch, it recovers its initial value at ~50 °C, as it was the case in Fig. 6a. In order to understand better the Co magnetization behavior in the thermal cycle, we plot again in Fig. 8 the same Co data reported in Fig. 7, together with Co-specific hysteresis loops measured at seven different temperatures along the heating branch of the cycle. Up to 75 °C, there is no significant change in the shape of the loops. A reduction of the coercive field from ~300 to ~220 Oe is evidenced at 82 °C. Starting from ~90 °C, the curves display two shifted loops centered at ~1 kOe and a reversed sign of the remanent Co magnetization.

Shrinking of the hysteresis loop begins at the same temperature that corresponds to the FeRh turning ferromagnetic. A similar effect, albeit with different coupling configurations, has been observed previously in other FM/FeRh bilayers [2,22] and was attributed to exchange coupling at the FM/FeRh interface. The behavior observed at temperatures above 90 °C, though, cannot be associated to direct exchange only. We interpret these curves as due to the combined action of the external field and of the surface dipolar field generated by the ferromagnetic dots, the same mechanism at the basis of the temperature driven Fe magnetization reversal observed in Fe/MnAs (see, e.g., Fig. 2b of ref. [5]). For increasing values of H D , the shape of the Co magnetization dependence on H ext varies producing, in particular, a sign change at remanence [5]. Comparing the curves in Fig. 9 with the experimental Co hysteresis data in Fig. 8 provides a rough estimate of H D : in the FeRh FM phase dipolar fields of the order of 500-600 Oe are present at the surface of the dots and parallel to their long side. Higher values in excess of 1 kOe are estimated along the rectangles short side (Fig. 6b).

- 

Conclusion

We have prepared and measured an array of Co/FeRh sub-µm rectangular dots, probing the Co and Fe magnetic properties selectively by X-ray resonant magnetic scattering. We point out properties and behaviors of the Co overlayer magnetization that we correlate with the lateral confinement of the FeRh template and that are relevant for thermally induced magnetization switching processes. The element selective thermal cycles and hysteresis loops provide a first indication of the temperature induced Co magnetization switching, driven by the FeRh dots becoming ferromagnetic. We estimate that local dipolar fields of up to 500-1000 Oe can be turned on by acting on the temperature. The interest of FeRh is twofold: i) it can be prepared by sputtering, a process that is easier to implement than MBE; ii) it is AF at ambient, and it turns FM at temperatures that are high enough to guarantee room temperature stability and low enough to be accessible by laser pulse heating [17,[23][24][25]. Further work is needed for assessing and optimizing the many parameters (e.g., thickness of the FeRh and Co layers, dot shape and size) intervening in the definition of the structure of these objects and in the experimental conditions for achieving TIMS. In particular, introducing a non-magnetic spacer layer may help decoupling the Co and FeRh films limiting a direct interlayer exchange, which can hamper the temperature driven Co magnetization reversal. Care must be exerted, though, since it is known that overlayers can alter the properties of FeRh films close to their surface [26].

Although we have not achieved yet the objective of a stable temperature driven switching of the FM overlayer at ambient, our study shows that patterned FeRh has potential for becoming a viable alternative to MnAs as a template for generating temperature controlled local dipolar fields.

Figure 1 .

 1 Figure 1. Top: sketch of the sample lithographic preparation, showing the FeRh reference patch and the pattern of 400×800 nm 2 rectangles etched in the Co/FeRh film. Bottom: scanning electron microscopy image of the pattern (the white scalebar is 2 µm).
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 2 Photon energy (eV)

Figure 3 .

 3 Figure 3. Field dependent specular reflectivity at the Fe-2p resonance from the FeRh reference patch at T = 91 (○) and 113 (■) °C. The magnetic signal in the hysteresis loop is defined as the measured reflectivity minus its average over a complete cycle, divided by the average.
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Figure 5 .

 5 Figure 5. Scattered intensity vs. sample angle at fixed detector angle (rocking scan). The intensity is plotted against the in-plane exchanged momentum q x =(4π/λ)[sin(θ D /2)•sin(Δθ)], where Δθ is the off-

Figure 6 .

 6 Figure 6. Co magnetization in the patterned Co/FeRh film, probed along the short side of the rectangles. (a) Thermal cycle from RT up to 113 °C. Data are collected at H ext = 200 Oe, after an initial 1 kOe pulse. (b) Hysteresis loops at 21 and 102 °C, showing opposite sign of the Co remanent magnetization.

Figure 7 .

 7 Figure 7. Fe (○) and Co (■) magnetic signal in the diffracted intensity from the pattern of rectangles in a thermal cycle from RT up to 115 °C. The magnetization is probed parallel to the long side of the rectangles. After an initial 1500 Oe pulse, data are collected vs. temperature in a field H ext = 200 Oe.

Figure 8 .

 8 Figure 8. Co magnetic signal in the patterned Co/FeRh film, probed parallel to the long side of the rectangles. The central panel shows the same Co data of Fig. 7, i.e. a thermal cycle from RT up to 115 °C (•) and back (○). Hysteresis loops measured at seven different temperatures along the heating branch of the thermal cycle are also shown. Note the reversed sign of the remanent Co magnetization above ~90 °C (see arrows in the T = 105 °C panel), as well as the high temperature side loops centered at ~1 kOe.

Fig. 9

 9 Fig. 9 illustrates schematically how the strength of H D can modify the shape of the Co hysteresis loop as a function of H ext . The H D =0 curve in Fig. 9 is chosen arbitrarily to mimic the Co hysteresis curve at low temperature, when the FeRh magnetization can be neglected.

Figure 9 .

 9 Figure 9. Co hysteresis curves in presence of a dipolar field H D proportional to the FeRh magnetization (dashed and full lines are for increasing and decreasing H ext values, respectively). At H D = 0 (bottom), the curves are arbitrarily set to mimic the room temperature Co hysteresis loop. The other curves are calculated by adding a dipolar field H D proportional to the FeRh T-dependent magnetization. Bottom to top, they correspond to a maximum dipolar field of 300, 450 and 600 Oe.
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