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Wit is numerically investigated by using a macrospin approach the magnetization 
dynamics of a synthetic antiferromagnet (SAF) as a function of an injected spin polarized 
current and an applied magnetic field. The current is spin-polarized perpendicularly to the 
SAF layer and its effect is experienced only by the top-layer of the SAF. The current-field 
state diagram obtained exhibits three different behaviors: i) an in-plane stable state 
corresponding to the parallel or orthogonal alignment of the two SAF layers for low 
current densities; ii) an incoherent dynamic state for large current densities; iii) a steady 
out-of-plane magnetization precession of the two SAF layers for intermediate current 
densities. The current-field range of these steady state excitations is much larger than that 
obtained for a single free layer spin-torque oscillator and thus more attractive for 
applications.  
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1. Introduction 
 
Development of multimedia lead to an exponential growth in the demand for electronic 

devices with high frequency performances that are multistandard, multiband and have a dynamic 
allocation of frequency. These attributes of future telecommunications applications are difficult to 
achieve using traditional oscillators, like a LC resonant circuit. An elegant solution is to use a new 
type of high frequency oscillators whose operation is based on the effects of spintronics (spin 
transfer torque) [1,2] in nanostructured magnetic devices. There are two types of geometries which 
have been analysed experimentaly and numericaly: nanocontact [3-6] and nanopiller [7-22]. A 
“classical” nanopiller spin-torque oscillator consist of two ferromagnetic layers, a current polarizer 
(POL) and a free layer (FL) separated by a non-magnetic layer. Up to now different configurations 
have been studied combining two in-plane magnetized layers [7-10], a perpendicular polarizer and 
an in-plane free-layer [12-17] or more complex geometries with a SAF structure as polarizer or 
free layer [18, 20-22]. The spintorque oscillator analyzed here consists in an out-of-plane 
magnetized polarizer and a SAF structure separated by a Ru nonmagnetic layer (Fig. 1). A SAF is 
a Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange-coupled two layer system [the top-layer 
(TL) and the bottom layer (BL)]. The nonmagnetic spacer has a thickness adapted to provide an 
anti-ferromagnetic alignment in zero applied magnetic field.  
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Fig 1: Schematics of the perpendicular polarizer planar SAF free layer oscillator. POL – 
polarizer, TL – top layer, BL – bottom layer 

 
 

Testing of this specific perpendicular polarizer structure is realized for magnetic fields 
applied in-plane and currents injected perpendicular to the plane (xOy). Furthermore we assume 
that the external field Happ acts on both layers of the SAF, while the out-of-plane polarized current 
J operates only on the TL. The polarizer magnetization is fixed parallel to the Oz direction. The 
paper is organized as follows: the model and the numerical approach used in simulations are 
described in section II. In section III we present the calculated current-field state diagram for the 
perpendicular polarizer - SAF free layer oscillator for increasing current density. Section IV 
concludes on the results.  

 
2. Macrospin model for the magnetization dynamics 
 
The simulations are carried out by solving the Landau-Lifshitz-Gilbert [23] equation 

enhanced by the Sloncewski’s spintorque term [1] (abridged LLGS in this paper) in the single spin 
approximation:  
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and Ja  represents the amplitude of the spin-torque term, given by: 
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with  Planck's constant, e the negative electron charge, µ0 the magnetic permeability in vacuum, 
t the thickness of the free layer and J the density of the injected current. The prefactor g(η, θ) is 
the angular dependent spin polarization efficiency which is a function of the spin polarization η 
and the angle θ between the magnetization M and the spin polarization vector P. According to the 
ref. [1] its expression is:  
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The effective field Heff regroups the externally applied field Happ, the magnetocrystalline 

anisotropy field Hanis, the demagnetizing field HD and the RKKY type coupling field  HRKKY : 
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    eff app anis D RKKY= + + +H H H H H                  (4) 
 

The external field Happ is oriented in-plane along the Ox direction (Fig. 1), which is also 
the direction of the uniaxial easy axis giving rise to the magnetocrystalline anisotropy field 
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= ⋅H u M u . The magnetization of the sample is assumed to be uniform (macrospin 

approach) and the demagnetizing field HD is estimated by using the demagnetizing tensor 

( , , )xx yy zzN N N N= , D N= −H M , according to the ref. [24]. 

The LLGS equation is solved simultaneously for both layers of the SAF, under the 
assumption that the spintorque acts only on the TL ( 0

J

BLa = ) since the spacer (Ru in our sample) 
is well-known as a high depolarizer material. The RKKY type coupling field corresponding to the 
TL , T L
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The RKKYJ  is the bilinear coupling energy which quantifies the RKKY coupling strength between 
the TL and BL of the SAF [25-27]. It is noted that for the parameters studied here (see Table 1) the 
SAF structure is almost compensated (i.e. the product between the saturation magnetization and 
the thickness is almost the same for both layers). Numerically the LLGS equation is solved for 
both layers simultaneously by using a preditor-corrector Heun scheme [28]. The integration time 
step was 1fs while the total integration time varied from 80ns up to 200ns according to the 
convergence speed of the numerical solution. For the injected spin current and magnetic applied 
field steps we considered a rise time of 2ns. The simulations were carried out at 0K temperature.  
 
 

Table 1: Parameters used in the simulations 

Parameters BL TL 
surface (nm2) 70×60 70×60 
thickness (nm) 2.5 3.0 
MS  (kA/m) 1600 1340 
Ku (J/m3) 8000 // Ox 6700  // Ox 

Nx, Ny, Nz 0.045, 0.053, 0.901 0.051, 0.060, 0.887 
α 0.02 0.02 
η - 0.3 
(Px, Py, Pz) - (0, 0, -1) 
tspacer (nm) 0.8 0.8 
JRKKY (mJ/m2) -1 -1 

 
 

3. Current-field state diagram 
 
For a perpendicular polarizer planar single free layer spintorque oscillator the LLGS 

macrospin simulations reveal three states of the magnetization as a function of the in-plane applied 
field and out-of-plane polarized current [14,16]. 
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Fig. 2a shows the current-field diagram of states for the magnetization of a free layer 
having physical and geometrical proprieties identical to those of the TL. These states are the result 
of the competition between the spintorque and the damping torque which acts on the free-layer 
magnetization. Thus, for small values of the current density J the spintorque, which tends to bring 
the free-layer magnetization out-of-plane, is not strong enough to induce any dynamics and the 
magnetization remains in the plane xOy. This is the in-plane-stable state (IPP). It is noted that the 
magnetization is tilted with respect to the uniaxial easy axis at an angle which increases with 
increasing applied current. For large values of J, the spintorque proportional to J, stabilizes the 
magnetization out-of-plane, parallel to the Oz axis. This stable state is called out-of-plane stable 
state (OPS). We remark that full micromagnetic simulations reveal that this state is in fact a vortex 
state [15]. Finally, for intermediate values of current and field, the spintorque equilibrates the  

(a) 

 
Fig. 2: (a) Diagram of states for the perpendicular polarizer in-plane single free-layer 
oscillator structure. (b) Diagram of states for the perpendicular polarizer SAF free-layer 
oscillator structure. (c) Equilibrium states and trajectories oh the TL and BL 
magnetizations corresponding to different regions on the diagram from case b) : (i) 
equilibrium state in the in-plane antiparallel state (IPAS) for Happ=30kA/m and                     
J=-10.1011A/m2, (ii) equilibrium state in the in-plane stable state (IPS) for Happ=130kA/m 
and J=-10.1011A/m2, (iii) trajectories in the out-of-plane precession state (OPP) for 
Happ=30kA/m  and  J=-25.1011A/m2  and  (iv)  trajectories  in  the  unstable state (US) for  
                              Happ=30kA/m and J=-35.1011A/m2. 
 
 

damping torque and the free-layer magnetization executes precessions around the out-of-plane 
axis, Oz. We obtain a dynamical state, called out-of-plane precession state (OPP) which appears in 
a triangular shaped region in the current-field diagram. Here again we notice that the full 
micromagnetic simulations reveal that in the OPP region two types of magnetization distributions 
exist: a single-spin-like pattern, for small values of current and a more complex pattern with two 
regions of the layer where the magnetization has a strong out-of-plane component immersed in an 
in-plane magnetization configuration [15]. It has been demonstrated experimentally [13] and 
theoretically that in the first case the oscillation frequency increases with increasing current, while 
in the second one the frequency decreases with increasing current. This second counterintuitive 
behavior is due to the fact that the dipolar stray field emanating from the out-of-plane regions 
diminishes the mean out-of-plane magnetization component in the other part of the layer, leading 
to a reduction of the oscillation frequency.  

iii i ii 

(c) 

(b) 

iv 
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In order to avoid the formation of this non-uniform configuration, in the present paper we 
propose to use a free-layer exchanged coupled with another layer forming an SAF. The current-
field diagram of states for this perpendicular polarizer - SAF free layer spintorque oscillator is 
presented in Fig. 2b. In the absence of the spin-polarized current (under the action of the in-plane 
applied magnetic field only), the SAF reveals three stable configurations of the magnetizations 
[29] as follows: 

a) the plateau region where the TL and BL magnetizations are antiparallel aligned to each 
other and parallel with the in-plane easy axis Ox. This antiparallel configuration appears when the 
applied field module is less than a certain value, named spin-flip field HSF, equal to 90kA/m for 
our studies. 

b) the spin-flop region where both layers of the SAF rotate progressively in-plane toward 
the increasing applied field direction (Ox). This region is obtained for SF app SAT< <H H H , 

where HSAT is called saturation field, equal to 380kA/m for our studies. 
c) the saturation region where the TL and BL magnetization are both aligned parallel with 

the applied field. This behavior is obtained for app SAT>H H .  

When the injected current is taken into account different magnetization configurations are 
obtained. In the plateau region and for densities of current varying from   for zero 
applied field to  for the spin-flop field an in-plane antiparallel stable state (denoted 
IPAS) stabilizes (Fig. 2b). Comparing with the initial configuration (// Ox direction), the 
magnetizations of the two SAF layers rotate in-plane (xOy) in the counterclockwise sense for 
positive current densities (Fig. 2c(i)) and in a clockwise sense for negative current densities. In 
addition, we remark that their perfect mutual antiparallel alignment characteristic to the plateau 
region in the absence of the spinpolarized current is slightly altered. For instance, for 

210 /1019 mA⋅
210 /105.0 mA⋅

30 /appH kA= − m  the relative angle between the TL and BL magnetizations ( rϕ ) varies from 
180° to 172° depending on J. The rotation can be explained as in the single layer spintorque 
oscillator case, when the spintorque pushing the TL magnetization out-of-plane is balanced by the 
precession torque, which is nonzero only if the TL magnetization is not parallel with the easy axis. 
In contrast, for constant current density rϕ  remains the unchanged. When the applied field 
increases to a value above HSF, the angle rϕ  evolves gradually from approximately 180° to 0° but 
the magnetizations of the two SAF layers remains in-plane. We simply note this in-plane stable 
state, IPS (Fig. 2c(ii)). 

The most interesting result revealed by the numerical simulations is the dynamical state 
represented by the grey color on the diagram of Fig. 2b, where the TL magnetization oscillates 
around the energy maximum. In this region, the spintorque that pushes the TL magnetization out-
of-plane balances in average the damping torque, which drags the TL magnetization in-plane. Thus 
an out-of-plane precession state (OPP) stabilizes. Even if the spinpolarized current acts only on the 
TL, due to the exchange coupling the BL magnetization oscillates as well. An example of the 
magnetization trajectories is presented on the Fig. 2c(iii). It is observed that both oscillations take 
place in the z-plane of the same sign (+Oz for J>0 and –Oz for J<0) and have more or less the 
same amplitude. Nevertheless due to the antiferromagnetic coupling, the angle of the TL and BL 
magnetizations remains at a maximum value along the trajectory. For stronger densities of current 
(  for negatives J and  for positives J) the OPP state 
becomes unstable and the TL and BL magnetizations describe non-periodic oscillations (Fig. 
2c(iv)). This state is denoted unstable state (US). While for an out-of-plane polarizer- single in-
plane free-layer oscillator the separation between the OPP and OPS states is a straight line [14], for 
the SAF free layer oscillator the limit between the OPP and US states is not clearly defined. For 
this reason we have considered in Fig. 2b the lowest current density generating an unstable state as 
a function of the externally applied field to mark the beginning of the US. It is noted also that the 
transition towards the US state passes by a process of a period doubling of the trajectory. 
Moreover, we remark that for very large current densities the TL magnetization reaches an out-of-
plane stable state (MTL//Oz), while the BL remains in-plane. 

210 /1031 mAJ ⋅−< 210 /1019 mAJ ⋅>
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4. Conclusion 
 
In conclusion we have presented the macrospin state diagram of an original nanoscillator 

structure including an out-of-plane magnetized polarizer and an antiferromagnetic exchanged 
coupled two layers system (SAF). The top layer of the SAF is free to move under the action of the 
perpendicular spin-polarized current and in-plane applied magnetic field, while the bottom layer 
feels only the effects of the field. Comparing with a perpendicular polarizer-single in-plane free-
layer oscillator this SAF –free layer oscillator presents a significantly larger dynamical OPP zone 
(of interest for the applications) but reveal also a more complex behavior for important densities of 
current. 
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