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Multilevel thermally assisted magnetoresistive random access memory based on exchange-biased vortex configurations

A new concept of multilevel thermally assisted MRAM is proposed and investigated by micromagnetic simulations. The storage cells are magnetic tunnel junctions in which the storage layer is exchange biased and in vortex configuration. The reference layer is an unpinned soft magnetic layer. The stored information is encoded via the position of the vortex core in the storage layer. This position can be varied along two degrees of freedom: radius and inplane angle. The information is read out from the amplitude and phase of the tunnel magnetoresistance signal obtained by applying a rotating field on the cell without heating the cell. Various configurations are compared in which the soft reference layer consists of either a simple ferromagnetic layer or a synthetic antiferromagnetic sandwich (SAF). Among those, the most practical is one with SAF reference layer in which the magnetostatic interaction between SAF and storage layer was minimized. This type of cells should allow to store at least 40 different states per cell representing more than 5 bits per cell.

Introduction

Since the discovery of tunnel magnetoresistance (TMR) at room temperature in magnetic tunnel junctions (MTJ) [START_REF] Miyazaki | Giant magnetic tunneling effect in Fe/Al2O3/Fe junction[END_REF][START_REF] Moodera | Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions[END_REF], magnetoresistive random access memory (MRAM) technologies have been extensively investigated. In the last few years, MRAMs have been identified with resistive RAM as one of the most promising technology of non-volatile memories allowing downsize scalability to and beyond the 16nm technology node. Thanks to their very large endurance, they are even envisioned as a possible replacement of DRAM. Indeed, the DRAM technology becomes increasingly complex as the feature size keeps on decreasing below 20nm.

MRAMs gather a number of advantages since they are non-volatile, exhibit good downsize scalability, quasi-infinite endurance and invulnerability against ionizing radiations in hard environment applications, like aerospace or nuclear technology. Furthermore, they are compatible with CMOS technology by integrating magnetic tunnel junctions (MTJ) between metallic levels of CMOS technology [START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF].

In MRAM devices, the storage element within each bit cell is an MTJ, which comprise two ferromagnetic layers, denominated storage and reference layers, separated by a thin insulating layer acting as a tunnel barrier. In in-plane magnetized MTJ, the reference layer magnetization is usually pinned by coupling with an adjacent antiferromagnetic layer (exchange bias phenomenon), while the storage layer magnetization can be switched upon writing. Most of the previously developed MRAM are for binary storage. Their two logic states ("0" and "1") correspond to two possible orientations of the storage layer magnetization. The in-plane anisotropy yielding these two stable magnetization orientations is usually a uniaxial magnetic shape anisotropy obtained by giving to the cell and elongated elliptical shape. Each MTJ is connected in series with a selection transistor. Upon reading, the transistor is turned on so that a current can flow through the MTJ. The cell magnetic state is then assessed from the MTJ resistance value, high or low corresponding to a "1" or a "0" logical state, thanks to the MTJ TMR. The MRAM technologies are divided in several generations, which differ by their writing process. The first to stand out was the field written toggle MRAM, using a synthetic antiferromagnetic (SyAF) sandwich in the storage layer [START_REF] Savtchenko | Method of Writing to Scalable Magnetoresistance Random Access Memory Element[END_REF]. The elliptical bit cell is located between orthogonal writing lines (bit and word lines) with long axis oriented at 45 o with respect to them. To toggle the magnetization of the storage layer, a sequence of pulses of current is applied in the orthogonal writing lines, which cross each other at the addressed memory point. These pulses of current create local magnetic fields on the storage layer magnetization in order to switch it in the desired direction. This sequence of write pulses is such that the net field acting on the storage layer magnetization rotates by 3 successive steps of 45°. This applied field first induces a scissoring of the SyAF storage layer magnetization creating a net moment, which then rotates with the rotating field in three steps of approximately 45°.

When the field is switched off, the SyAF storage layer relaxes to its antiferromagnetic configuration along the easy axis resulting in-fine in a 180° rotation of its magnetization [START_REF] Slaughter | Toggle and Spin-Torque MRAM: Status and Outlook[END_REF]. Toggle MRAM technology provides good bit selectivity, but presents a poor downsize scalability due to the large current (~10mA) required to create the magnetic field pulses and to the associated electromigration limit in the field generating lines [START_REF] Slaughter | Toggle and Spin-Torque MRAM: Status and Outlook[END_REF].

To lower the memory power consumption and the requirement for large writing field of toggle MRAM, a thermally assisted writing approach was proposed (TA-MRAM) [START_REF] Prejbeanu | Thermally assisted MRAM[END_REF]. This approach allows circumventing the classical dilemma in storage technology between the stability of the written information (retention) and the memory writability [START_REF] Prejbeanu | Thermally Assisted Switching in Exchange-Biased Storage Layer Magnetic Tunnel Junctions[END_REF]. The approach consists in temporarily heating the memory element upon write so as to reduce the energy barrier separating the two memory states. Once heated, the storage layer magnetization is switched with a low field (~5mT). After magnetization switching, the cell cools back to its standby temperature where the energy barrier recovers its large value. This approach has been mostly implemented with in-plane magnetized storage layer. In this case, the storage layer is advantageously coupled to an antiferromagnetic (AF) layer [START_REF] Prejbeanu | Thermally Assisted Switching in Exchange-Biased Storage Layer Magnetic Tunnel Junctions[END_REF]. Thanks to the phenomenon of exchange bias, the storage layer magnetization is pinned by the adjacent AF layer up to the AF blocking temperature. Above this temperature, the storage layer magnetization is no longer pinned and can be easily switched by an applied field. Since the storage layer magnetization is here pinned by the adjacent AF layer, there is no need to give to the cell an elliptical shape. Consequently, in TA-MRAM, the cells can be circular. The AF coupled to the storage layer is chosen with a blocking temperature lower than the AF pinning the reference layer (typically 200°C versus 350°C) so that upon heating at about 220°C, the storage layer magnetization can be switched whereas the reference layer magnetization always remains in the same state. During the writing process, the transistor is turned on to generate a current through the MTJ, thus heating the storage layer up to the AF blocking temperature. Thanks to the circular shape of the bit cells and correlative absence of shape anisotropy, only a weak magnetic field of a few mT is then sufficient to switch the storage layer magnetization [START_REF] Dieny | Extended scalability and functionalities of MRAM based on thermally assisted writing[END_REF]. The TA-MRAM power consumption can be further reduced by sharing the field pulse between all bits of a given word [START_REF] Dieny | Extended scalability and functionalities of MRAM based on thermally assisted writing[END_REF]. This however remains a field-written technology and therefore has also a limited downsize scalability albeit better than that of toggle MRAM thanks to the lower write field and field sharing. However, nowadays, the mainstream MRAM technology is based on spin transfer torque writing (STT-MRAM), a phenomenon independently predicted by Slonczewski and Berger [START_REF] Slonczewski | Current-driven excitation of magnetic multilayer[END_REF] [START_REF] Berger | Emission of spin waves by a magnetic multilayer traversed by a current[END_REF], not requiring any field line. When the transistor is turned on, an applied current flows through the MTJ. This current becomes spinpolarized when traversing the reference layer. The spin-polarized electrons then tunnel through the tunnel barrier and, due to their exchange interactions with those responsible for the local magnetization, exert a torque on the storage layer magnetization [START_REF] Slonczewski | Current-driven excitation of magnetic multilayer[END_REF]. If the current is large enough, the storage layer magnetization then switches parallel or antiparallel to the reference layer magnetization depending on the current direction through the stack (upwards or downwards). STT induced switching in MTJ was first observed in 2004 [START_REF] Huai | Observation of spintransfer switching in deep submicron-sized and low-resistance magnetic tunnel junctions[END_REF]. STT-MRAM offers much better downsize scalability then field-written MRAM, especially STT-MRAM based on out-of-plane magnetized MTJs [START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF]. However, the fact that at each write event, the tunnel barrier is exposed to a significant voltage pulse (~0.5V) can cause reliability and endurance issues [12][13]. This becomes more critical if one tries to increase the switching speed to address for instance SRAM type of applications. Indeed, the faster the switching, the larger the voltage pulse has to be, especially below typically 5ns write pulse [START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF].

To circumvent this problem, another write approach based on spin orbit torque (SOT) switching was recently proposed [START_REF] Miron | Current-driven spin torque induced by the Rashba effect in a ferromagnetic metal layer[END_REF][START_REF] Miron | Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection[END_REF][START_REF] Liu | Current induced switching of perpendicularly magnetized magnetic layers using spin torque from the spin Hall effect[END_REF][START_REF] Cubukcu | Spin-orbit torque magnetization switching of a three-terminal perpendicular magnetic tunnel junction[END_REF][START_REF] Garello | Ultrafast magnetization switch by spin orbit torques[END_REF]. This approach seems promising for high speed operation. However, due to the larger footprint associated with the 3-terminal geometry, it does not allow high density. In all the generations described above, the memories have only two states per bit.

These MRAM are intended for binary storage. A multilevel concept of STT-MRAM consisting in stacking several MTJs was proposed but the implementation in real products looks extremely challenging due to very narrow margins and reduced performances in terms of write and read speed [START_REF] Ishigaki | A Multi-Level-Cell Spin-Transfer Torque Memory with Series-Stacked Magnetotunnel Junctions[END_REF].

A multilevel storage approach in TA-MRAM was also proposed based on the possibility, thanks to the use of an exchange biased storage layer, to set the storage layer magnetization not only in two opposite directions along an easy-axis but in any in-plane direction. Multilevel storage can then be achieved by applying the write field in one of a number of predetermined in-plane directions, as presented in Figure 1a, thanks to two sets of orthogonal field generation lines (bit lines and word lines) similar to those of toggle MRAM [START_REF] Prejbeanu | Multibit magnetic random access memory cell with improved read margin[END_REF].

This concept has been experimentally demonstrated using single domain storage and reference layers. The capability to store 8 or 16 different states per cell (i.e. 3 or 4 bits per cell) was demonstrated [START_REF] Stainer | Self-referenced multi-bit thermally assisted magnetic random access memories[END_REF]. In such approach, it is advantageous to use a soft reference layer for reading out the stored information. This means that instead of being pinned as in conventional MRAM, the reference layer is made of an unpinned soft magnetic material so that its magnetization can be easily rotated with a weak rotating applied field. Upon read, a rotating field is generated thanks to sinusoidal currents in quadrature applied in the bit and word lines. The rotation of the soft reference layer yields an approximately sinusoidal variation of the MTJ conductance which phase indicates the direction of the storage layer magnetization and therefore the stored information.

In this work, we investigated the possibility to go even further in multilevel storage thanks to the use of magnetic vortex configuration in the storage layer [22]. As demonstrated by J.Sort et al [START_REF] Sort | Imprinting Vortices into Antiferromagnets[END_REF], it is possible to imprint an exchange biased vortex configuration in ferro/antiferromagnetic bilayers patterned in disk shape by cooling the bilayer from the AF blocking temperature while the ferromagnetic layer magnetization is in vortex configuration. If the system is zero field cooled, the vortex core is located at the center of the disk and pinned in this configuration. However, if the system is cooled under magnetic field lower than the vortex annihilation field, then the vortex can be pinned in an asymmetric configuration wherein the position of the vortex core is shifted transversally to the direction of the applied field at a radius which depends on the field amplitude, exchange stiffness, magnetization and disk geometry [START_REF] Sort | Imprinting Vortices into Antiferromagnets[END_REF]. This allows developing an alternative multilevel TA-MRAM approach in which the information is encoded via the core vortex position in the storage layer with two control parameters: radius and angle of vortex core position. Concerning the soft reference layer, depending on its chosen thickness, its magnetization can be either in vortex configuration or in uniform in-plane configuration. This latter case is illustrated in Figure 1b. In both cases, the readout can be performed by applying a rotating field. This field acts mainly on the soft reference layer magnetization since the storage layer magnetization is pinned by exchange bias at the standby temperature. Then by analyzing the phase and amplitude of the oscillation of MTJ conductance during the field rotation, one can assess at which angle and radius the core vortex is located in the storage layer and thus determine the associated logic state. In this study, we investigated this multilevel storage approach by micromagnetic simulations. We show that the proposed approach can enable storage of more than 32 states per cell, equivalent to 5 bits per cell. The micromagnetic simulations were performed with Mumax 3 code [START_REF] Vansteenkiste | The design and verification of MuMax3[END_REF]. The material parameters used were representative of CoFe, i.e. saturation magnetization Ms=1.4x10 6 A/m, exchange stiffness Aex=1.5x10 -11 J/m and damping constant α=0.03.

With these values, the exchange length
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is equal to 3.5nm. The mesh size was 3x3x1nm. To describe the exchange bias, the chosen parameter for the F/AF exchange bias interaction was representative of Co alloy/IrMn bilayers characterized by an interfacial exchange energy per unit area of JEX=0.36mJ/cm 2 [START_REF] Tanahashi | Exchange-biased CoTaZr soft underlayer for perpendicular recording[END_REF].

With this value, assuming a storage layer thickness t=3nm, a resulting exchange bias field of HEX=80mT is derived using the following expression:
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Our study was conducted assuming a cell diameter of 150nm, which is in the range of cell size generally used in field written MRAM (toggle [START_REF] Slaughter | Toggle and Spin-Torque MRAM: Status and Outlook[END_REF] or TA-MRAM [START_REF] Prejbeanu | Thermally assisted MRAM[END_REF]). This corresponds to a radius/exchange length ratio R/Lex=21.5. According to [22], for this R/Lex ratio, a unique equilibrium ground state of the storage layer at zero field corresponding to a vortex state is obtained for a thickness/exchange length ratio L/Lex of the order of 1.74 meaning a thickness of the storage layer of L=6nm. This would however be excessively thick for our foreseen application for two reasons: i) the exchange bias field decreases inversely proportional to the layer thickness and would be too weak to be able to pin the vortex core in strongly asymmetric position upon field cooling; ii) the vortex susceptibility in the regime L/R<<1 is expected to vary as [START_REF] Yu | Field evolution of magnetic vortex state in ferromagnetic disks[END_REF] which means that for a given applied field, the transverse vortex core shift decreases approximately inversely proportional to the layer thickness.
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In this multilevel storage where we seek at positioning the vortex core at various radius, it is preferable to maximize the vortex susceptibility and therefore minimize the storage layer thickness. We therefore chose a storage layer thickness L of the order of 3 to 4nm. For the corresponding value L/Lex between 0.86 and 1.1, the storage layer can be stabilized in two different micromagnetic states: either in vortex state or C-state [22].

Since we want the storage layer to be in vortex state and not in C-state, we applied an initializing procedure consisting in saturating the storage layer with an out-of-plane field of 1T while heating up the AF layer above its blocking temperature. Then by gradually reducing the out-of-plane field to zero, the vortex state can be stabilized. Subsequently the in-plane write field was applied lower than the vortex annihilation field and the cell cooled down to the standby temperature to pin the vortex state in the asymmetric configuration acquired during the field cooling.

Concerning the soft reference layer magnetic configuration, the latter can also be set in vortex state by using the same thickness as for the storage layer (e.g. 3nm) and exposing it to the same 1T initialization out-of-plane field as for the storage layer. In addition, to make sure that the vortices in the storage layer and reference layers are both of the same chirality, a 1 mA current is assumed to be sent through the cells creating an Oersted field large enough to force all vortices to acquire the same chirality.

Otherwise, the vortices chirality would not be well controlled, possibly ending up clockwise or anticlockwise resulting in different responses of the cells to the same write applied field.

Alternatively, the reference layer can be made close to single domain by choosing a thinner reference layer (~1.2nm thick). We show in this study that this configuration is more favorable in terms of readout signal. Besides, using thin reference layer may experimentally allow to get less hysteresis in this soft reference layer since its magnetization is then closer to the superparamagnetic limit. The advantage of using such thinner layer to improve the softness of the free layer in MTJs was demonstrated for instance in the context of TMR sensors [START_REF] Wiśniowski | Effect of free layer thickness and shape anisotropy on the transfer curves of MgO magnetic tunnel junctions[END_REF]. The drawback is however a reduction in the TMR amplitude [START_REF] Wiśniowski | Effect of free layer thickness and shape anisotropy on the transfer curves of MgO magnetic tunnel junctions[END_REF].

Results and discussion

Two different configurations were compared. The storage layer is engineered to be always in vortex state while the soft reference layer is either in vortex state or close to single domain state. These two configurations can be realized by adjusting the thickness of the soft reference layer and using different initialization conditions, as described below:

a) Storage and soft reference layer both in vortex configuration:

Two different configurations were compared. In the first one, the storage layer was chosen 4nm thick and the reference layer 2nm thick. In this case, after applying the out-of-plane field cooling protocole described above and despite the presence of the Oersted field from the setting current, it was found that in the relaxed remanent state, the two vortices have aligned core polarization but opposite chirality (Figure 2a). This can be explained by the dipolar interactions between the two vortex-cores and between the in-plane components of the two vortices exceeding the Oersted field due to the setting current. In a second configuration, the reference layer and storage layer were chosen with the same thickness of 3nm. After relaxing the structure as in the previous case, the chirality and polarization were found to be the same in both layers, as presented in Figure 2b. In order to study the stability of this double vortex configuration, a full hysteresis curve (Figure 2c) was simulated on this second structure assuming a damping of α=0.1. From this loop, the field necessary to annihilate the vortex in the soft reference layer can be estimated to be ~50mT and ~140mT for the pinned storage layer. On the decreasing hysteresis branch, it is important to note that the reference layer never switches back to vortex state. Once the vortex is annihilated, it does not appear again with in-plane field. This means that this configuration with two vortices of same chirality is quite metastable for these choice of thicknesses and that the procedure with out-of-plane field application is mandatory to initialize it. The field necessary to reverse the reference layer magnetization coming from positive saturation (after vortex annihilation i.e. when this layer is close to single domain state) is ~20mT.

The possibilities of multilevel storage using these two types of configurations (double vortex of opposite chirality or double vortex of same chirality) are compared below. In the configuration with storage layer and reference layer in vortex configuration of opposite chirality (storage layer 4nm thick/reference layer 2nm thick), the writing process is performed by cooling down the system from its blocking temperature to RT under 20mT. After switching off the field, the storage layer magnetization remains in a shifted vortex configuration [START_REF] Sort | Imprinting Vortices into Antiferromagnets[END_REF] as illustrated in figure 3a. For the reading process, AC currents in quadrature with frequency of 200 MHz are supposed to be applied in the orthogonal word and bit lines, in order to generate an in-plane rotating field of amplitude 20mT, enough to rotate the vortex core in the soft reference layer (Figure 3b). In MTJ, due to the TMR, the conductance varies as the cosine of the angle between the magnetization in the two magnetic electrodes. Here the two electrodes are in inhomogeneous magnetic states so that a spatial integration must be performed of all local conductances to obtain the total MTJ conductance in a given configuration. The local conductances are given by the scalar product of the facing spins on both sides of the tunnel barrier. For convenience, we will work in the following with the magnetoconductance TMG knowing that the conductance is just the inverse of the resistance. The advantage of the TMG is that it is a linear function of the integrated scalar product between the local magnetization in the two ferromagnetic electrodes.

The expression of the normalized TMG is the following: = ∑ . , [START_REF] Moodera | Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions[END_REF] where iR and iS represents facing meshes from reference and storage layer in contact with the tunnel barrier, and are the local magnetization orientations at these meshes, n is the total number of meshes in a layer. The TMG as defined in (2) varies between -1 and 1 corresponding respectively to full antiparallel and parallel configurations. Snapshots of storage and reference layer magnetization obtained during application of the rotating field corresponding respectively to the situations of maximum and minimum conductances are presented in Figures 3a and3b together with the mapping of the local scalar products. The evolution of the TMG versus time is presented in Figure 3c. From these results, it is possible in principle to derive the vortex position in the storage layer from the phase of the measured TMG signal. However, in this configuration where the two ferromagnetic layers have opposite vortex chirality, due to the relatively strong magnetostatic interactions between the two layers, the amplitude of the TMG signal is quite weak, of the order of 5% only of the full TMR signal. This value is too low for practical applications and would yield long read access time.

We next turn to the configuration where the storage layer and reference layer have same thickness (3nm). In this case, two vortices of same chirality can be stabilized thanks to the out-of-plane field cooling procedure. As a result, higher values of TMR can be expected since almost full local parallel alignment can be obtained when the two vortices lie on top of each other.

However, as previously noted from the hysteresis loop, this configuration is very unstable. When applying the rotating external magnetic field to read out the information, even a small rotating field of 10mT is enough to yield vortex annihilation in the reference layer after a few nanoseconds (less than one 360° rotation of the rotating field), as illustrated in Figure 4a. In conclusion, the two configurations investigated in which the reference layer is in vortex configurations do not seem very practical either because of quite low readout signal (case of vortices of opposite chirality) or because of the instability of the vortex configuration during operation (case of vortices of same chirality).

Another option is then to use a reference layer in close to single domain configuration. This is described in the following section.

b) Storage layer in vortex configuration and soft reference layer in single domain configuration:

In a second approach, the thickness of the soft reference layer and/or its initializing procedure were chosen to set this layer in a configuration close to single domain. This configuration is not perfectly single domain due to the natural tendency of the magnetization to follow the pillar edges to minimize magnetostatic energy. However, in the following, we will call this state single domain for simplicity. In this case, after having applied the initializing protocol with out-of-plane field cooling to set the storage layer in vortex state, an in-plane field of 20mT is applied to annihilate the vortex which has formed in the reference layer.

After these initializations, the write procedure consists as before in heating the storage layer above its AF blocking temperature and cooling down the cell under a 20mT magnetic field. This results in a transverse shifting of the core of the storage layer vortex.

We first considered the cells in which the storage layer and reference layer have the same thickness 3nm.

In this case, due to the strong magnetostatic field created by the single domain reference layer on the storage layer during the field cooling procedure, the field cooling of the storage layer magnetization must be realized quite fast to avoid vortex annihilation during the cooling. In these simulations, the vortex state in the storage layer could be stabilized provided the heating/cooling procedure be faster than ~1ns which would be experimentally challenging. We will see later that by using thinner soft reference, this condition is removed thanks to the reduced magnetostatic field created by the reference layer on the storage layer.

Figure 5 illustrates some results obtained under these conditions. Different radial positions of the vortex core in the storage layer could be obtained by dynamically playing on the heating/cooling pulse duration while the vortex was dynamically moving from the center of the cell towards the edge before its annihilation. Several angular positions could also be obtained by varying the applied field directions, illustrated in Fig. 5c by using Hx or Hy applied fields. In order to extract the stored information contained in the amplitude and phase of the TMG readout signal, a Fourier transform of the TMG signal was performed for each vortex core position. The graph presented in Figure 6a, shows the amplitude and phase extracted after 25ns of reading for different vortex core positions obtained in the conditions of Fig. 5c with field applied along x, y axes and along their diagonal. For a given direction of the applied field, a shift of the phase of the core by about 20° is observed as the vortex core is set further off-center. This is due to the dynamic motion of the core during the heating/cooling pulse under the influence of applied field and stray field from the reference layer. As the angular shift of the phase is the same for all written directions at each field value, this phase shift in principle does not affect how many states can be written. Concerning the TMG signal amplitude, it is interesting to note that the obtained amplitudes are much larger here than in the case where the reference layer was also in vortex configuration. In the present case, the calculated difference of about 15% between the normalized TMG amplitude obtained in the 5 radial positions tested and 2 angular positions per quadrant, opens the possibility to obtain more than 40 states, represented in Figure 6b, in the same bit cell. As mentioned previously, due to the strong magnetostatic field created by the reference layer in single domain state on the storage layer when these two layers are 3nm thick, the heating/cooling pulse during write must be quite short (<~1ns) to avoid the vortex annihilation in the storage layer. This would be rather difficult to implement experimentally since in typical TA-MRAM, the heating/cooling phase typically lasts for 10ns. In order to decrease the dipolar influence of the reference layer on the storage layer, as straightforward approach is to reduce the thickness of the reference layer. In the following, the reference layer thickness was decreased to 1.2nm. Simulations were performed with the same parameters as before, just with the mesh size changed to 3x3x0.3 nm. After applying the initial protocol to generate vortex in the storage layer, the magnetization ground state observed was directly in-plane single state magnetization in the reference layer and pinned vortex in the storage layer with the core slightly shifted due to the dipolar interaction with the reference layer (See Figure 7a). In order to further reduce the magnetostatic influence of the reference layer on the storage layer, a synthetic antiferromagnetic (SAF) reference layer was then used. The reference layer now consists of two antiferromagnetically coupled CoFe layers separated by a 0.9 nm Ru spacer providing an RKKY antiferromagnetic exchange coupling assumed to be equal to 1 mJ/cm 2 . The use of different CoFe layer thicknesses in the two layers constituting the SAF (1.2nm for the layer the closest to the storage layer and 1.8nm for the other layer), allows decreasing the dipolar interaction with the storage layer while maintaining a net magnetization in the reference layer, which will be necessary for magnetization rotation, under external rotating magnetic field, during the readout process. The remanent state obtained after the initializing protocol is presented in Figure 7b. The vortex core is now well centered thanks to the reduced magnetostatic interaction between reference layer and storage layer. The simulation of storage and reading processes were the same as before, with rotating field lowered to 10mT. The vortex core was set at 3 different radial positions by applying write cooling field of 4, 5 and 6mT. Interestingly, thanks to the reduced magnetostatic interactions between reference layer and storage layer, there is no more requirement in the heating/cooling pulse duration to stabilize the vortex core position. The position of the vortex core in the storage layer can be set here as in conventional TA-MRAM with heating pulse of about 5 to 10ns. The obtained TMG signals under 10mT rotating read field are shown in Figure 7c. Since the vortices are written here in a quasistatic way and not in a dynamic way as before, no more shift in the vortex core angular position is observed as the radial off-centering of the core is increased. In addition, during the rotation of the soft reference layer magnetization, the vortex in the storage layer remains almost fixed which increases its stability upon reading. Due to these advantages, this configuration looks the most appropriate for implementation in practical devices. 

Conclusion

We have proposed and investigated by micromagnetic simulations, a new approach for multilevel TA-MRAM design. It is based on the use of an exchange biased storage layer in vortex configuration. The information is encoded via the position of the vortex core which can be varied along two degrees of freedom: radius and angular position.

Various configurations were studied and their advantages and drawbacks discussed.

The best one among the investigated configurations is one in which the reference layer is a synthetic antiferromagnetic layer in single domain configuration in which the thickness of the two antiferromagnetically coupled ferromagnetic layers were adjusted to minimize the stray field on the storage layer. This configuration enables storage and writing under magnetic fields below 10mT. From the results obtained by our simulations, the proposed TA-MRAM could support more than 40 different logic states, corresponding to at least 5 bits per cell.

22 -K.L.Metlov and Y.Lee, Map of metastable states for thin circular magnetic nanocylinders, Appl.Phys. Lett.92, 112506 (2008).

Note: In the present paper, we use as exchange length the standard expression in SI units given by 
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 1 Fig. 1 -a) Structure of multilevel TA-MRAM with single domain storage layer and single domain reference layer. The two field generating lines (above and below the MTJ) allows creating an in-plane field in any in-plane direction b) Proposed approach wherein the storage layer is in vortex configuration and the reference layer is in single domain configuration.

Fig. 2 -

 2 Fig. 2-Vortex configurations after the out-of-plane field cooling protocol. a) Structure in which the storage (S) layer is 4nm thick and reference (R) layer 2nm thick. At remanence, they exhibit opposite chirality and aligned polarization; b) Structure in which the storage and reference layer have the same thickness 3nm. At remanence, the two vortices have same chirality and polarization; c) Hysteresis loop calculated by micromagnetic simulation for the structure of b). Inset: the different configurations of magnetization under in-plane external field.
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 3 Figure 3 -Snapshot of magnetization in pinned storage layer, reference layer magnetization under rotating field of 20mT and a) Configuration giving the maximum integrated scalar product between spins of both layers (maximum conductance), b) Configuration yielding the minimum integrated scalar product between spins of both layers (minimum conductance), c) Evolution of normalized TMG versus time.

  Figure 4b shows the time evolution of the TMG signal till the vortex annihilation. A variation close to 40% of TMG is obtained between the initial configuration and the vortex annihilation. The inset shows maps of the local scalar product (local conductance) in the initial configuration wherein the vortex cores are almost aligned and just before the vortex annihilation.
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 4 Figure 4 -Case wherein storage layer and reference layer have same thickness (3nm) and have been initialized with vortex of same chirality and polarity a) Snapshots of vortex annihilation in reference layer after 0.6ns under rotating field of 10mT and b) TMG time variation from the initial configuration wherein the vortex cores are almost aligned to the configuration just before vortex annihilation in the reference layer. The inset shows maps of local scalar product in the configurations yielding the highest and lowest conductance values.
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 5 Figure 5 -Case of storage layer in vortex configuration and reference layer in single domain configuration, both 3nm thick. Snapshots of magnetization in storage layer and reference layer under rotating read field with a) configuration yielding maximum and b) minimum average scalar product between spins of both layers. c) Evolution of TMG signal vs time for different initial radial and angular positions of the vortex core obtained by varying the heating time between 0.4 -1.2ns and field application directions (Hx (open dots) and Hy (closed dots)).

Figure 6 -

 6 Figure 6 -a) Amplitude and phase calculated by Fourier transform of the TMG signal presented in Fig. 5c. b) Different schematic possible stored states representing the set vortex core positions in the storage layer at remanence and corresponding TMG amplitude depending on the radial position.

Figure 7 -

 7 Figure 7 -Case where the storage layer if in vortex configuration (3nm thick) and thinner reference layer in single domain state a) Remanent state when the reference layer consists of a single ferromagnetic layer 1.2nm thick. A vortex shift in the storage layer is still observed due to the dipolar interaction with the reference layer. b) Remanent state when the reference layer is part of a synthetic antiferromagnetic layer. The vortex in the storage layer is then centered in the initial state thanks to the reduced magnetostatic interaction with the SAF and c) Time evolution of theTMG signal under the rotating read field of 10mT for three radial positions of the storage layer vortex core obtained by field cooling in Hx= 4, 5 and 6mT.

  http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=6497624 whereas this reference uses as definition data of Ref.22 are transformed according to the standard definition of Lex for discussion in this paper.
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