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ABSTRACT

Since it was recently demonstrated in a spin-valve structure, magnetization reversal of a ferromagnetic layer using a single ultrashort optical pulse has attracted attention for future ultrafast and energy-efficient magnetic storage or memory devices. However, the mechanism and the role of the magnetic properties of the ferromagnet as well as the time scale of the magnetization switching are not understood. Here, we investigate single-shot all-optical magnetization switching in a GdFeCo/Cu/[CoxNi1-x/Pt] spin-valve structure. We demonstrate that the threshold fluence for switching both the GdFeCo and the ferromagnetic layer depends on the laser pulse duration and the thickness and the Curie temperature of the ferromagnetic layer. We are able to explain most of the experimental results using a phenomenological model. This work provides a way to engineer ferromagnetic materials for energy efficient single-shot all-optical magnetization switching.

MAIN TEXT

Magnetization manipulation using ultrashort optical pulses without the use of any magnetic field, namely all-optical switching (AOS), has attracted much attention because of the potential application for ultrafast and energy-efficient magnetic storage or memory devices [START_REF] Kimel | Writing Magnetic Memory with Ultrashort Light Pulses[END_REF][START_REF] Stanciu | All-Optical Magnetic Recording with Circularly Polarized Light[END_REF][START_REF] Alebrand | Light-Induced Magnetization Reversal of High-Anisotropy TbCo Alloy Films[END_REF][START_REF] Mangin | Engineered Materials for All-Optical Helicity-Dependent Magnetic Switching[END_REF][START_REF] Lambert | All-Optical Control of Ferromagnetic Thin Films and Nanostructures[END_REF][START_REF] El Hadri | Two Types of All-Optical Magnetization Switching Mechanisms Using Femtosecond Laser Pulses[END_REF][START_REF] Gorchon | Model for Multishot All-Thermal All-Optical Switching in Ferromagnets[END_REF][START_REF] Radu | Transient Ferromagnetic-like State Mediating Ultrafast Reversal of Antiferromagnetically Coupled Spins[END_REF][START_REF] Ostler | Ultrafast Heating as a Sufficient Stimulus for Magnetization Reversal in a Ferrimagnet[END_REF][START_REF] Bergeard | Ultrafast Angular Momentum Transfer in Multisublattice Ferrimagnets[END_REF][START_REF] Graves | Nanoscale Spin Reversal by Non-Local Angular Momentum Transfer Following Ultrafast Laser Excitation in Ferrimagnetic GdFeCo[END_REF][START_REF] Wienholdt | Orbital-Resolved Spin Model for Thermal Magnetization Switching in Rare-Earth-Based Ferrimagnets[END_REF][START_REF] Lalieu | Deterministic All-Optical Switching of Synthetic Ferrimagnets Using Single Femtosecond Laser Pulses[END_REF][START_REF] Gorchon | Single Shot Ultrafast All Optical Magnetization Switching of Ferromagnetic Co/Pt Multilayers[END_REF][START_REF] Iihama | Single-Shot Multi-Level All-Optical Magnetization Switching Mediated by Spin Transport[END_REF] . Two types of AOS have been observed. In the case of all-optical helicity-dependent switching (AO-HDS) magnetization can be switched by circularly polarized light pulses and the final magnetic state is determined by the light helicity. Recent experimental studies revealed that AO-HDS is observed for a large variety of magnetic materials such as rare earth (RE)-transition metal (TM) alloy and multilayers, RE-free synthetic ferrimagnetic heterostructures, ferromagnetic (FM) multilayers like [Co/Pt]N and granular recording media [START_REF] Stanciu | All-Optical Magnetic Recording with Circularly Polarized Light[END_REF][START_REF] Alebrand | Light-Induced Magnetization Reversal of High-Anisotropy TbCo Alloy Films[END_REF][START_REF] Mangin | Engineered Materials for All-Optical Helicity-Dependent Magnetic Switching[END_REF][START_REF] Lambert | All-Optical Control of Ferromagnetic Thin Films and Nanostructures[END_REF][START_REF] Liao | Controlling All-Optical Helicity-Dependent Switching in Engineered Rare-Earth Free Synthetic Ferrimagnets[END_REF] . However, unfortunately, multiple pulses are required to observe AO-HDS [START_REF] El Hadri | Two Types of All-Optical Magnetization Switching Mechanisms Using Femtosecond Laser Pulses[END_REF] , even if a drastic reduction of the number of pulses required has been recently shown [START_REF] Kichin | From Multiple-to Single-Pulse All-Optical Helicity-Dependent Switching in Ferromagnetic Co / Pt Multilayers[END_REF] . In the case of all-optical helicity-independent switching (AO-HIS), the magnetization can be switched with one single femto-second pulse whatever light helicity is used.

It has also been demonstrated using a single femto-second electron pulse [START_REF] Wilson | Ultrafast Magnetic Switching of GdFeCo with Electronic Heat Currents[END_REF][START_REF] Xu | Ultrafast Magnetization Manipulation Using Single Femtosecond Light and Hot-Electron Pulses[END_REF] .

Nonetheless, AO-HIS is observed only for specific ferrimagnetic materials. First, it was demonstrated only for GdCo alloys and then for a series of Gd-based alloys and multilayers. The number of material exhibiting AO-HIS is limited even if it has recently been observed for TbCo [START_REF] Avilés-Félix | Single-Shot All-Optical Switching of Magnetization in Tb/Co Multilayer-Based Electrodes[END_REF] and half-metallic compensated ferrimagnetic Heusler alloy Mn2RuxGa with crystallographically-inequivalent Mn sublattices [START_REF] Banerjee | Single Pulse All-Optical Toggle Switching of Magnetization without Gadolinium in the Ferrimagnet Mn2RuxGa[END_REF] . The mechanism behind AO-HIS still remains as a subject of intense debate [START_REF] Radu | Transient Ferromagnetic-like State Mediating Ultrafast Reversal of Antiferromagnetically Coupled Spins[END_REF][START_REF] Ostler | Ultrafast Heating as a Sufficient Stimulus for Magnetization Reversal in a Ferrimagnet[END_REF][START_REF] Bergeard | Ultrafast Angular Momentum Transfer in Multisublattice Ferrimagnets[END_REF][START_REF] Graves | Nanoscale Spin Reversal by Non-Local Angular Momentum Transfer Following Ultrafast Laser Excitation in Ferrimagnetic GdFeCo[END_REF][START_REF] Wienholdt | Orbital-Resolved Spin Model for Thermal Magnetization Switching in Rare-Earth-Based Ferrimagnets[END_REF][START_REF] Lalieu | Deterministic All-Optical Switching of Synthetic Ferrimagnets Using Single Femtosecond Laser Pulses[END_REF][START_REF] Avilés-Félix | Single-Shot All-Optical Switching of Magnetization in Tb/Co Multilayer-Based Electrodes[END_REF] . In GdFeCo, it was attributed to the presence of two exchange coupled magnetic sublattices (the RE and the TM one) showing different relaxation times after ultrafast laser excitation. In this model, the toggle effect is mediated by the antiferromagnetic exchange coupling between the Gd and the FeCo [START_REF] Radu | Transient Ferromagnetic-like State Mediating Ultrafast Reversal of Antiferromagnetically Coupled Spins[END_REF][START_REF] Ostler | Ultrafast Heating as a Sufficient Stimulus for Magnetization Reversal in a Ferrimagnet[END_REF][START_REF] Bergeard | Ultrafast Angular Momentum Transfer in Multisublattice Ferrimagnets[END_REF][START_REF] Graves | Nanoscale Spin Reversal by Non-Local Angular Momentum Transfer Following Ultrafast Laser Excitation in Ferrimagnetic GdFeCo[END_REF][START_REF] Wienholdt | Orbital-Resolved Spin Model for Thermal Magnetization Switching in Rare-Earth-Based Ferrimagnets[END_REF][START_REF] Lalieu | Deterministic All-Optical Switching of Synthetic Ferrimagnets Using Single Femtosecond Laser Pulses[END_REF] .

In addition, AO-HIS had never been observed for a single ferromagnetic layer. However, single laser pulse switching has been demonstrated for a ferromagnetic [Co/Pt] multilayers in an exchange coupled GdFeCo/[Co/Pt] bilayer as well as in GdFeCo/Cu/[Co/Pt] spin-valve structure without exchange coupling between the two magnetic layers [START_REF] Gorchon | Single Shot Ultrafast All Optical Magnetization Switching of Ferromagnetic Co/Pt Multilayers[END_REF][START_REF] Iihama | Single-Shot Multi-Level All-Optical Magnetization Switching Mediated by Spin Transport[END_REF] . In the latter case, the [Co/Pt] switching would result from the combined effect of the spin current generated by the AO-HIS of the GdFeCo layer and the laser-induced heating of the ferromagnet [START_REF] Iihama | Single-Shot Multi-Level All-Optical Magnetization Switching Mediated by Spin Transport[END_REF] .

From the later work it was suggested that a single femto-second spin current pulse can induce the switching of the magnetization of a ferromagnetic layer [START_REF] Iihama | Single-Shot Multi-Level All-Optical Magnetization Switching Mediated by Spin Transport[END_REF] , many questions remain unanswered. For instance, how much polarized current is needed? How much heat needs to be brought to the ferromagnetic layer? What type of ferromagnet can be switched? What are the key ferromagnet characteristics needed to observe the switching? Does the Curie temperature of the FM play a role in the switching? What sets the fluence and the pulse duration needed to observe the single pulse reversal?

In this study, we investigate the switching of [CoxNi1-x/Pt] in GdFeCo/Cu/[CoxNi1-x/Pt] spinvalve structure. [CoxNi1-x/Pt] is a model system showing perpendicular anisotropy with a Curie temperature (TC) that can be tuned from 400 K to close 850 K by adjusting the CoxNi1-x concentration. From the experimental results and using a three temperature model, we can demonstrate that the ferromagnetic layer needs to be sufficiently demagnetized to ensure its switching when the spin current generated by the GdFeCo demagnetization reaches the FM layer. This highlights the fact that the FM Curie temperature has a significant role in the observed switching.

RESULTS

Film fabrication and Curie temperature

Ta (5)/Gd23.3FeCo76.7 (5)/Cu (10)/[CoxNi1-x (1)/Pt (1)]4/Pt (3)/Ta (5) stacks were deposited on glass substrate by dc/rf magnetron sputtering as shown in Figure 1a. The numbers in parentheses are nominal thicknesses in nm. FeCo rich composition is used for the GdFeCo layer, meaning that net magnetization of the alloy is parallel to the magnetization of the FeCo sublattice. We prepared several samples with different Co compositions x (= 0.2, 0.3, 0.4, 0.6, 0.8, 1.0) in [CoxNi1-x] to tune its Curie temperature TC [START_REF] Hashimoto | Adding Elements to the Co Layer in Co/Pt Multilayers[END_REF] . The temperature dependence of the magnetization of Ta (5)/Cu (10)/[CoxNi1-x (1)/ Pt (1)]4/Pt (3)/Ta (5) was measured by a vibrating sample magnetometer with an oven. The increase of the TC as the Co concentration increases in CoxNi1-x is shown in Figure 1b. From previous reports [START_REF] Ostler | Crystallographically Amorphous Ferrimagnetic Alloys: Comparing a Localized Atomistic Spin Model with Experiments[END_REF][START_REF] Gorchon | Role of Electron and Phonon Temperatures in the Helicity-Independent All-Optical Switching of GdFeCo[END_REF] , GdFeCo exhibits a Curie Temperature around 540 K, which corresponds to the Curie temperature of a [CoxNi1-x /Pt] multilayer for x between 0.3 and 0.4. Figure 1c shows one example of the magneto-optic Kerr effect (MOKE) signal (θK) as a function of the magnetic field (H) applied perpendicularly to the film plane for the sample with x = 0.6. We confirm that four magnetic configurations (P+, AP+, AP-, P-) can be accessed by applying a field except for the sample with x = 0.2. The four magnetic configurations are the one for which the two magnetization configurations are parallel P+, P-, or anti-parallel AP+, AP-. P+ and AP+ correspond to the cases for which the magnetization of the [CoxNi1-x/Pt] is along the positive field direction. Red and blue triangle symbols in Fig. 1c 

All-optical switching

Figure 2a shows MOKE images obtained after shooting one, then two, three, and four single femto-second laser pulses starting from a saturated P+ state for different samples. Here, the sample is irradiated from the capping layer side and MOKE images are obtained from the substrate side. The fluence used in the measurements shown in the figure are between 14 and 21 mJ/cm 2 . The laser pulse duration is fixed to 35 fs. When the MOKE images are changed from dark red (P+) to light red (AP+) it indicates that only the GdFeCo layer magnetization has been switched. This transition is observed, for an outer ring, after a single pulse for all samples concentration. After every pulse the GdFeCo magnetization switches. This is an AO-HIS. The change of MOKE contrast from dark red (P+) to dark blue (P-) proves that both the GdFeCo and the [CoxNi1-x/Pt] magnetization are switched. The later is observed after one single pulse in the case of x = 0.4, 0.6, 0.8. For those samples, the single pulse reversal of both layers is possible as already observed by Iihama et al. [START_REF] Iihama | Single-Shot Multi-Level All-Optical Magnetization Switching Mediated by Spin Transport[END_REF] . This effect can be explained by the generation of a spin current pulse, whose polarization is parallel to the initial Gd magnetization, due to the change in magnetization (-dM/dt) generated by the GdFeCo layer AO-HIS. The generated spin current can then switch the [CoxNi1-x/Pt]. We also observe a white spot at the center at high power, corresponding to the formation of random domain states due to high energy density (Shown in Supporting Information S3, and ref. (15)). In the case of x = 1.0, although both layers are impacted by the laser beam, no full switching of the layers is observed. To determine the laser pulse energy Ep required for switching, the radius of the switched domain ri (where i indicates the type of reversal) is evaluated (see Supporting Information S3). Assuming a Gaussian spatial distribution of the laser pulse as follow: Fpi = 2Ep/(πw0 2 )exp(-2ri 2 /w0 2 ), where Fpi and 2w0 are the threshold fluence and the 1/e 2 spot size respectively (details are shown in Supporting Information S3). Figure 2b shows the obtained Fpi versus TC. We do not observe any effect of the FM composition on the critical fluence required to switch the GdFeCo layer. On the other hand, the threshold fluence for the switching of both layers (Fboth) and the generation of multi-domain states (Fmulti) increases with the increasing TC of the FM layer. Figure 2c shows the difference between the fluence to obtain the multi-domain state and the fluence to switch both layers (Fmulti -Fboth) as a function of TC. Fmulti -Fboth increases with increasing TC up to ~ 800 K, indicating that there is a certain fluence window that allows the switching of both layers without generating a multi-domain state. Note that other parameters such as saturation magnetization, perpendicular anisotropy, refractive indices, moreover, the probability of spin-flipping, also depends on x and may affect the FM layer switching since it changes the amount of angular momentum transfer to the magnetization (see Supporting Information S1, S4, and S5). This latter comment is out of the scope of this study. In Figure 2, calculated fluence to switch the interface layer (Fint) and to fully demagnetize at the end of the FM layer (Fend) are shown. These will be discussed later. Finally, we performed single pulse switching measurements for various pulse durations ranging from 35 fs to 3 ps. The sample is the same as in the previous experiment with tCo = 0.6 nm. Figure 4a shows MOKE images after irradiation of laser pulse with different pulse durations.

Clear single-shot switching of the [Co/Pt] layer is observed for a pulse duration of up to 500 fs.

Note that in the case of a single-layer GdFeCo, single-shot AO-HIS up to 1 ~ 10 ps was observed depending on the Gd composition [START_REF] Gorchon | Role of Electron and Phonon Temperatures in the Helicity-Independent All-Optical Switching of GdFeCo[END_REF] . Figure 4b shows the threshold fluence for the GdFeCo switching (FGdFeCo), both layers switching (Fboth) and formation of multi-domain states (Fmulti) plotted as a function of the laser pulse duration. For the GdFeCo switching and both layers switching, the threshold fluence does not change when increasing the pulse duration up to 200 fs, then it increases with increasing the pulse duration up to 1(3) ps for Fboth (FGdFeCo). On the other hand, the evolution of Fmulti as a function of the pulse duration is different from the evolution of Fboth and FGdFeCo. Fmulti is constant for pulse durations up to 100 fs, then it starts to decrease with increasing pulse duration up to 2 ps. 

DISCUSSION

We have demonstrated in this work that three parameters can have a strong impact on the single pulse switching of a ferromagnetic multilayer [CoxNi1-x/Pt] in a GdFeCo/Cu/[CoxNi1-x/Pt] spin-valve: the concentration of the CoNi alloys, the thickness of the interface ferromagnetic layer in contact with the Cu and the laser pulse duration.

From those measurements, one can reach the following general understanding of the mechanism behind the two-layer switching with one single light pulse: The laser pulse interacts with the GdFeCo leading to its switching, this is AO-HIS. During the reversal, the magnetization relaxation of the two sublattices leads to two distinct spin current pulses separated in time as described by Choi et al [START_REF] Choi | Laser-Driven Spin Generation in the Conduction Bands of Ferrimagnetic Metals[END_REF] . The first one is generated mainly by the TM sublattice, a few femtoseconds after the laser pulse, and is polarized along the TM magnetization direction. The second one is generated and polarized by the Gd after 1 ps. We believe that in order for the FM layer to switch, this second spin current pulse has to interact with the FM layer when the FM is sufficiently demagnetized. Based on angular momentum conservation, our hypothesis is that the FM switching will take place only if the remaining magnetization of the interfacial FM layer reaches a threshold value which corresponds to the amount of angular momentum transferred by the spin current originating from the Gd sublattice. We do not consider the first current pulse as it interacts with the FM layer while its demagnetization has barely started. However, the second pulse reaches the FM layer typically 1 ps after the FM started demagnetizing. The demagnetization is mainly generated by the direct laser irradiation plus possibly by some hot electrons generated in the structure [START_REF] Bergeard | Hot-Electron-Induced Ultrafast Demagnetization in Co / Pt Multilayers[END_REF] . To observe the multi-domain state, we presume that the full CoNi/Pt layer needs to be demagnetized for a long period such that the system can no longer "remember" the polarization of the Gd polarized current.

The influence of the CoNi concentration on the fluence needed for the ferromagnetic switching and the multi-domain formation is then consistently explained by the fact that demagnetized states can be reached with less energy as the TC of the FM layer is lower. Similarly, the significant change in the fluence needed to switch a Co/Pt multilayer as a function of the thickness of the interface Co layer deposited next to the Cu layer can be explained with a similar argument. In a Co/Pt multilayer, the exchange coupling inside the Co layer is strong and it is weaker between the Co layers because of the Pt layer [START_REF] Gottwald | Asymmetric Magnetization Reversal in Dipolarly Coupled Spin Valve Structures with Perpendicular Magnetic Anisotropy[END_REF] . The exchange coupling inside the Co layer also depends on its thickness [START_REF] Liao | Controlling All-Optical Helicity-Dependent Switching in Engineered Rare-Earth Free Synthetic Ferrimagnets[END_REF] . If the interface Co layer is thin, the effective exchange coupling inside the layer will be weak and it will require less energy to be partly demagnetized.

It will then be easier to reach the demagnetization threshold and consequently to be switched. If the interface layer switches, the switching of the rest of the multilayer can then be explained by the propagation of the reversal due to the exchange coupling between the layer as observed in several systems [START_REF] Gorchon | Single Shot Ultrafast All Optical Magnetization Switching of Ferromagnetic Co/Pt Multilayers[END_REF][START_REF] Beens | Comparing All-Optical Switching in Synthetic-Ferrimagnetic Multilayers and Alloys[END_REF] .

Concerning the experiments for which the laser pulse duration is tuned, we observed that the fluence needed for the GdFeCo switching increases monotonically as the pulse duration increases, as has been reported previously [START_REF] Gorchon | Role of Electron and Phonon Temperatures in the Helicity-Independent All-Optical Switching of GdFeCo[END_REF][START_REF] Steil | All-Optical Magnetization Recording by Tailoring Optical Excitation Parameters[END_REF] . In our spin-valve samples, the threshold for switching both the GdFeCo and the ferromagnet's magnetization follows a similar trend of monotonic increase. Both these increases can be simply explained by the fact that, as the pulse duration becomes longer more energy is lost to the lattice that does not contribute to the demagnetization or the switching. Surprisingly, the threshold energy to generate a multi-domain state decreases with increasing pulse duration, which cannot be understood in the frame of the above discussion. This has never been reported in single GdFeCo layers [START_REF] Gorchon | Role of Electron and Phonon Temperatures in the Helicity-Independent All-Optical Switching of GdFeCo[END_REF] and is certainly due to our spin-valve structure. We believe thus that such decrease in threshold fluence with pulse duration maybe due to (mutual) spin currents (stronger for short pulses) that stabilize the magnetization of the remote layer.

In order to be more quantitative, we first evaluate the amount of angular momentum or magnetic moment transfer from the GdFeCo (during its reversal) to the CoNi/Pt multilayer.

Considering Choi et al [START_REF] Choi | Laser-Driven Spin Generation in the Conduction Bands of Ferrimagnetic Metals[END_REF] work, we can assume that the change in magnetization at the Cu/FM interface, due to the generated spin accumulation, can reach a maximum value of about M = 1000 A/m at 1 ps since the laser pulse we are using is ten time more energetic. This M value is a very rough estimate since we consider that the same magnetization is transferred to the first layer of the ferromagnetic multilayer. Moreover, we do not take into account the time dependence of the angular momentum transfer and the nonuniformity of the resulting magnetization in the first CoNi layer. We can now define a criterion to observe the switching of the FM multilayer: "To generate the switching of the FM, the magnetization of the first CoNi layer at the interface with Cu should reach the value M 1 ps after the laser pulse irradiation".

We then assume that after the first layer has switched the rest of the layer will reverse because of the exchange coupling as in ref. (13), (14). Note that with the above criterion, switching is observed when the normalized magnetization of the interface layer m = M/MS reaches around 10 - 3 . A better model would consider the rate of transfer of angular momentum through an s-d model [START_REF] Beens | S -d Model for Local and Nonlocal Spin Dynamics in Laser-Excited Magnetic Heterostructures[END_REF] , although this is out of the scope of this study. The criterion for the appearance of the multidomain state should be the complete demagnetization of the full multilayer. However, because a zero magnetization depends on the numerical precision and because it does not lead to qualitative changes, we assume that it is the case when the magnetization of the last layer of the FM reaches 10% of M.

Then, in order to determine the time evolution of m at the interfacial CoNi layer and in the last CoNi layer, due to the laser pulse, we have modeled the magnetization dynamics of the FM layer with a microscopic three temperature model (M3TM) for a spin 1/2 ferromagnetic system, considering heat diffusion and realistic light absorption profiles in the full structure. Information on the calculation procedure can be found in Supporting Information S5 [START_REF] Koopmans | Explaining the Paradoxical Diversity of Ultrafast Laser-Induced Demagnetization[END_REF] . Several parameters used for the calculation, shown in the Supporting Information, are determined either experimentally or from the literature [START_REF] Gorchon | Role of Electron and Phonon Temperatures in the Helicity-Independent All-Optical Switching of GdFeCo[END_REF][START_REF] Bergeard | Hot-Electron-Induced Ultrafast Demagnetization in Co / Pt Multilayers[END_REF][START_REF] Kittel | Introduction to Solid State Physics[END_REF] . Using the above criterion, we can then calculate the fluence to switch the interface layer Fint and compare with the experimentally determined fluence needed to switch both layers (Fboth). Similarly, the calculated fluence to demagnetize the last FM Fend is compared to the experimentally determined fluence needed to observe a multi-domain state (Fmulti) as shown in Figure 2b, 3c and 4b.

In Figure 2b, one can see the evolution of the calculated fluences (Fend and Fint) as a function of the CoNi Curie temperature. We can see that the calculation reproduces accurately the experimental trend. With no adjustment, we find about a factor two difference, which is reasonably good for such a simple model. In Figure 3c The evolution of the fluence as a function of the interface Co layer thickness is also well reproduced and the same factor two is observed.

In Figure 4b, showing the evolution of the fluence for both layer switching (Fboth and Fint) as a function of the pulse duration, a good agreement is observed between calculations and experiments. However, the evolution of the multi-domain fluence (Fend and Fmulti) as a function of the pulse duration is following the opposite trend. This could be a hint that the spin current from the GdFeCo demagnetization not only induce the FM switching but tends to avoid its demagnetization. Indeed if the laser pulse is longer, we expect the spin current to decrease because the GdFeCo relaxation will be longer (-dM/dt will decrease). Consequently, the fluence needed for the switching of both layers should increase and this spin current should no longer be as efficient in maintaining the magnetization direction once it has switched. Thus, the fluence needed to observe the multi-domain state should decrease.

In summary, we have studied femto-second single-shot all-optical magnetization switching for the various ferromagnetic layers (FM) in GdFeCo/Cu/FM spin valves and various pulse durations. The results shed light on the mechanism leading to this single laser pulse switching of a ferromagnet where FM layer thickness, Curie temperature, and pulse duration play decisive roles. Based on this finding, we developed a phenomenological criterion, and confirmed that it reproduces most of the experimental results. We also find that AOS of ferromagnetic layer is observed in a wide range of stack structures and pulse duration ranging from 35 fs to 1 ps, indicating robustness of the phenomenon. This work will provide us a way to engineer ferromagnetic materials for single-shot all-optical magnetization switching.

MATERIALS AND METHODS

Sample Preparation

All samples were prepared by physical vapor deposition. The base pressure used to deposit multilayer film was about 1 × 10 -7 Torr. Basic stacking structures used in this study for the spinvalve structure were as follows: 

  are minor loops corresponding to the magnetization reversal of the GdFeCo layer. No shift of the minor loop indicates no coupling between GdFeCo and [CoxNi1-x /Pt] magnetic layers (The results for other x are shown in supplementary Supporting Information S2).
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 5 /Gd23.3FeCo76.7 (5)/Cu (10)/[CoxNi1-x (1)/Pt (1)]4/ Pt (3)/Ta (5)/glass sub. (thickness in nm). The different composition x of Co were 0.2, 0.3, 0.4, 0.6, 0.8 and 1.0. Ta (5)/Gd23.3FeCo76.7 (5)/Cu (10)/Co (tCo)/Pt (1)/[Co (0.6)/Pt (1)]3/Pt (3)/Ta (5)/glass sub. The different top Co thicknesses tCo in [Co/Pt] were 0.2, 0.6 and 1.0 nm. AOS Measurement Ti: sapphire fs-laser source and regenerative amplifier were used for the pump laser beam in AOS measurement. Wavelength and repetition rate of the fs laser was 800 nm and 5 kHz, respectively. The 1/e 2 spot size 2w0 is ≈ 94 μm. MOKE images were obtained from the other side of the film. LED light source with a wavelength of 628 nm was used for taking MOKE images. ASSOCIATED CONTENT Supporting Information. The Supporting Information is available free of charge at XXX. Magnetic properties of [CoxNi1-x/Pt], MOKE Hysteresis loop, Determination of threshold fluence, Absorption profile, and M3TM calculation for the spin-valve structure. (PDF)
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