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We present an antiferromagnetically exchange coupled composite (soft/hard) spin torque oscillator (AF-ECC STO) and 

demonstrate its operation via both analytical and micromagnetic modeling. The operation exploits the exchange field due to the 

antiferromagnetic coupling between soft and hard sub-layers of the free layer as well as on the easy-plane anisotropy of the soft 

sub-layer. Optimized AF-ECC STO structures can generate large amplitude magnetization oscillations, which can be tuned over a 

broad frequency range with precessions mostly generated by the soft layer. We demonstrate that the AF-ECC STO structure offers 

flexibility in current control of the oscillation frequency and magnetization angle for realistic material parameters. 

 

 

1. Introduction 

Creating broadly tunable microwave and terahertz sources is 

an ongoing quest for numerous applications, such as high-

resolution imaging, nuclear fusion plasma diagnosis, skin 

cancer screening, large-scale integrated circuit testing, wireless 

communication among others. Magnetic spin-torque oscillators 

(STO) are envisioned to offer a number of attractive properties, 

including high-quality high-frequency microwave generation 

with broad frequency tunability [1-8] and they can be used for 

neuromorphic computing and GHz communications [9-11]. 

STOs typically comprise a reference layer that acts as a spin 

filter that drives the free layer into a steady-state precession [4-

8,12,13]. Additional layers are also introduced for fabrication 

and measurement, and to optimize material properties. 

Conventional STOs based on a ferromagnetic free layer have 

several limitations, such as their highest frequency, which is 

limited by the saturation magnetization and anisotropy energy 

density, as well as the general need to have an applied field for 

a steady precession or to maintain stability and modulate the 

oscillation frequency range. 

There are modified STO configurations that can result in 

increased precession frequency. In particular, recent reports 

include theoretical studies based on macrospin models that 

show that STOs based on an antiferromagnetic free layer (FL) 

can operate at up to THz frequencies [5-12]. Similar ideas can 

be extended to using synthetic antiferromagnetic (AF) FLs [5-

8]. Reported work [12] using a macrospin approximation 

showed that synthetic AF free layer can result in high-frequency 

oscillations due to strong AF exchange. However, such STO 

configurations have limitations, including a need for an 

impractically strong AF coupling, lack of a generated 

microwave field, small precession angle, and narrow 

frequency/current range of operation. 

Here, we present AF exchange-coupled-composite (AF-

ECC) STO with perpendicular uniaxial magnetic anisotropy 

and show its operation via a theoretical model and 

micromagnetic simulations. The AF-ECC STO is shown in Fig. 

1. The FL of the AF-ECC STO is composed of a soft sub-layer 

(SL) and a hard sub-layer (HL) that are AF coupled through 

their surfaces with the surface exchange energy density 
exJ . 

The SL and HL, respectively, have a thickness of 
st  and 

ht , 

saturation magnetization 
,s sM  and 

,s hM , perpendicular uniaxial 

anisotropy energy density 
,u sK  and 

,u hK , damping constants 
s  

and 
h , and exchange constants 

sA  and 
hA . In addition to the 

FL with SL and HL, the stack includes a polarizing layer (PL) 

having 
PLt , 

,s PLM , and 
,u PLK  as well as an AF-coupled read 

layer (RL) consisting of two sublayers, RL1 and RL2, having 

1 2RL RLt t  and 
, 1u h RLK K , which are AF coupled with 

exRLJ . 

The magnetic layers are separated by spacer layers. 

The motivation for the AF-ECC structure is to allow for a 

tunable precession operation at high frequencies and realistic 

values of the material and structural parameters, including 
exJ . 

The operation of the AF-ECC STO is based on the interplay 

between the effective anisotropy and AF exchange interactions. 

,u hK  is chosen high to maintain a perpendicular effective 

anisotropy in HL needed for driving SL. On the other hand, 
,u sK  

is chosen low such that the FL effectively has an easy-plane 

anisotropy, which allows driving its large-amplitude precession 

via the AF exchange. 

 
Fig. 1. AF-ECC STO structure. 
 

The PL has a perpendicular anisotropy that is greater than 

that of the HL to keep it mostly fixed. The magnetostatic fields 
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from the polarizing layer is not compensated, i.e., there is no an 

AF coupled sublayer to cancel the magnetostatic field from the 

polarizing layer as often is done for magnetic tunnel junctions 

(MTJs) used in MRAM [14-16]. The reason for using a single 

PL is that the effect of the magnetostatic field from PL has an 

insignificant effect on the STO precession and so there is no 

need in adding an extra layer. The PL has a perpendicular 

anisotropy that is greater than that of the HL. The role of the RL 

is to generate an electric signal by means of tunnel 

magnetoresistance (TMR). The RL is magnetized in-plane (in 

the x-direction) and the TMR is related to the x-direction of the 

magnetization in the SL. 

All the chosen structure parameters are based on structures 

and materials used in recent experimental demonstrations of 

MTJs and spin valve devices [17-21]. The perpendicular 

anisotropy material of the PL can be composed of a Co/Pt 

multilayer coupled to a thin CoFeB layer. The HL and SL of the 

FL can be composed of thinner and thicker CoFeB layers (the 

perpendicular anisotropy is associated with the CoFeB/MgO 

interface). The RL can be composed of Co layers. The AF 

surface exchange coupling can be achieved using Ru or Ir 

interlayers [17-20]. The dual free layer of the AF-ECC STO 

structure can be fabricated similar to the recently demonstrated 

double MTJs [21], showing the feasibility of realizing 

structures with multiple AF coupled layers. 

 

2. Theoretical model 

To study the operation of the AF-ECC STO, we first consider 

a simplified model that includes only the SL and HL of the FL, 

and the PL is assumed to have a fixed vertical magnetization 

(see the inset in Fig. 2). We consider a two-spin model, 

assuming spatially uniform magnetization states in the SL and 

HL, which are expected to be valid for smaller diameter STOs. 

We, then, show results of micromagnetic simulations of 

structures of larger sizes which have the possibility of 

additional non-uniform dynamics. 

In the two-spin approximation, the dynamics can be 

described by the Landau-Lifshits-Gilbert (LLG) equation 

[12,22,23] for the two magnetization states 
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Here,   is the gyromagnetic ratio, 
m  is the normalized 

magnetization, and eff

H  is the effective field, including the 

spin-transfer torque (STT), exchange field, and effective 

anisotropy fields. The subscript   is for the HL ( h  ) or SL (

s  ) and the subscript   is for the other layer, i.e., for h   

the value of s   and vice versa. The STT component (the first 

term in the second equation of Eq. (1)) is present only for the 

HL, i.e., 0s  . For the STT term in the HL, p  is the 

magnetization of the polarizing layer, which is assumed to be 

perpendicular, i.e., ˆp z , and 
,(2 )h e s h hJ eM    is an 

STT parameter determining the effective STT field strength, 

where J  is the electric current density,   is the spin transfer 

torque efficiency,  is Planck’s constant, e  is the electron 

charge, and 
h  is the HL thickness. The effective anisotropy 

field is given by 
, , 2eff eff

K s sH K M  , where 

2

, , ,(3 (4 ) 1)eff

u s zK K M N        is the effective anisotropy 

energy density defined in terms of the demagnetization factor 

,zN 
 [24]. The demagnetization energy and field have an 

important role in setting the easy axis or easy plane anisotropy. 

For the chosen material parameters, 
, 0eff

K sH   and 
, 0eff

K hH  . 

On the other hand, the magnetostatic interactions between the 

layers have only small quantitative effects and, therefore, are 

excluded from Eq. (1). Additionally, the field-like torque has an 

insignificant contribution and is also excluded. 

The LLG Eq. (1) describes both the initial dynamics and the 

steady state precession. The steady-state precession can also be 

characterized by considering the azimuthal ( ) and elevation (

 ) components of the torques. As shown in [25], the dominant 

torques can be explicitly given by  
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in terms of the elevation angles 
s  and 

h  as well as azimuthal 

relative angles 
s  and 

h  of the magnetization in the HL and 

SL, respectively. The rest of the torques can be neglected 

assuming small  . The elevation angles 
s  and 

h  have an 

important role in determining the torques and in determining 

the magnetization magnitude of the precession in the SL and 

HL. The relative azimuthal angle   has an important role in 

determining the elevation torque exT  and in the non-uniform 

magnetization behavior in larger structures, as shown in the 

micromagnetic analysis. 

In order to find the steady-state parameters, we note that the 

elevation angles 
s , 

h , and the relative azimuth angle  

s h       are constant as a function of time during the 

precession; note that the   in the definition of   is added to 

characterize the angle shift of 
s  and 

h  relative to the mostly 

  angle difference due to the AF coupling. As detailed in [25], 

the angles 
s , 

h , and   can be found as solutions to the 

following system of equations: 

 
0, 0,

( ) sin ( ) sin ,

ex an stt ex an

h h h s s
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h h h s s s

T T T T T
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 (3) 

where the two equations in the first row represent balancing the 

elevation torques needed for a sustained precessional orbit and 

the last equation represents the fact that the precessional 

frequency f  in HL and SL is the same.  

3. Study of the AF-ECC STO operation 

In this section, we study the operation of the AF-ECC STO 

assuming the simplified model, which includes the SL and HL 

of the FL (as in the inset of Fig. 1). The study incudes the zero- 
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and room temperature operation. In Sec. 4, we show that the 

operation of the full stack of Fig. 1 is not altered significantly 

by the presence of the rest of the stack layers. 

3.a Operation at zero-temperature 

Figure 2 shows 
zm  in the HL and SL for three values of 

exJ  

as a function of J . The values 
exJ  are chosen based on using 

Ru and Ir [17-20]. From Fig. 2(a), for a given 
exJ , f  increases 

with J  and reaches the maximal value 
maxf  when 

h  and 
s  

approach  . From the analysis of Eqs. (2) and (3), 
maxf  can be 

approximated by 
max , ,(2 ( ) )eff

ex s s s K sf J d M H    when 

assuming that the maximal frequency is obtained for 

h s    . From here, the maximal frequency depends on 

both 
,

eff

K sH  and 
exJ , and it can reach values of several hundreds 

of GHz for large 
exJ  and 

,

eff

K sH . From Fig. 2(b), for smaller 
exJ

, the magnetization of SL has a much greater in-plane 

component, i.e., it generates a much stronger external magnetic 

field than that of the HL. With an increase of J , 
zm  of the SL 

changes its sign from being opposite to the HL direction to the 

same direction and with a further increase of J , the 

magnetization of SL approaches the perpendicular direction 

together with that of HL. For greater 
exJ , the magnetization of 

both the HL and SL are mostly in plane for small J  and both 

approach the perpendicular direction for larger J . From Fig. 

2(c), the angle   increases with J  and decreases with 
exJ . 

 

Fig. 2. Inset shows the simplified AF-ECC STO structure. The results obtained 

via the 2-spin model are shown for (a) f , (b) zm , and (c)   as functions of 

J  for different exchange coupling exJ  for 20nmD , 0.8nmh st t  , 

spacer 0.3nmt  , 3

, 135 emu0 cms sM  , 3

, 470emu cms hM  , 

3

, M r m4 e g cu hK  , 3

, 1.11Merg cmu sK  , 0.008h s   . 

To understand the behavior in Fig. 2 and demonstrate the role 

of different magnetic interactions, Fig. 3 shows the azimuthal 

and elevation torques for the case of 20.4erg cmexJ   . As 

explained in the model of Eqs. (2) and (3), the elevation torques 

should balance to zero to maintain a steady-state precession. 

From Fig. 3(a), the elevation torques in the HL are dominated 

by the exchange and STT components, which are of an opposite 

sign maintaining the torque balance. The anisotropy elevation 

torque component in the HL is relatively insignificant. For the 

SL (Fig. 3(c)), the elevation torques are dominated by the 

exchange and effective anisotropy components, which are again 

of an opposite sign maintaining the balance. The exchange 

elevation torques in the SL and HL have an opposite sign, which 

explains the same sign of 
zm  in the HL and SL as shown in 

Fig. 2(a). The azimuthal torques (Figs. 3(b) and 3(d)) are 

dominated by exchange and anisotropy components, whereas 

the STT component is subdominant. The reason for the weak 

STT contribution is related to the fact that the main role of STT 

is to overcome the system damping given by  , which is small. 

The azimuthal anisotropy and exchange torques in the HL (Fig. 

3(b)) have an opposite sign with the exchange torque 

dominating. In the SL (Fig. 3(d)), the azimuthal exchange and 

anisotropy torques are of the same sign and thus they are added 

to results in the total azimuthal torque. In the steady state, the 

total azimuthal scaled torques in the HL and SL are the same 

and they match the precessional frequency in Fig. 2(a), in 

agreement with the two-spin model of Eqs. (2) and (3). 

We also studied the effect of different 
h  and 

s , and found 

that an increase of 
h  and 

s  leads to an increase of the required 

J . The major increase of the required J  is due to 
s , e.g., to 

maintain the same f  with a double value of 
s , J  needs to be 

almost doubled. On the other hand, an increase in 
h  has an 

insignificant effect on the required J . This behavior is because 
ex

sT  needs to increase to compensate an increase in an

sT  due to 

an increased 
s , which, in turn, leads to an increase in ex

hT  and 
stt

hT  required for the elevation torque compensation, and hence 

an increase of J . Noting that, typically, soft materials have 

lower damping constants this behavior constitutes an added 

benefit [26]. 
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Fig. 3. (a) and (c) elevation torques in the HL and SL; (b) and (d) azimuth 

torques in the HL and SL. The torques are given for 20.4erg cmexJ   in units 

of GHz, i.e., they are obtained by multiplying the actual torques by  . 

We next show results of micromagnetic simulations obtained 

using the finite element method based micromagnetic simulator 

FastMag [27]. The maximal edge length of the tetrahedrons in 

the FEM discretization was chosen to be 3nm , which is 

below the exchange length, to insure spatial convergence. The 

time stepping is similar to the CVODE package [28] in that it is 

based on the implicit backward differentiation formulas using 

adaptive predictor-corrector time stepping, where the time 

tolerance was chosen as 
510

 to insure time integration 

convergence. 

 

Fig. 4. Micromagnetic results for (a) the average scaled torque sintotal

s sT  , 

which approximates f , (b) averages zm  in the HL and SL, and (c) averaged 

  as a function of J  for 20.4erg cmexJ    for two values of 20nmD  and 

40nm . The remaining parameters are as in Fig. 1 and  erg/cm1h sA A  . 

The bars represent the value spread for a given J . 

We considered STOs of different sizes and found that the 

behavior of smaller STOs ( 10nmD ) is nearly identical to the 

two-spin model in Figs. 2 and 3, whereas for larger sizes the 

behavior has more complicated features resulting from 

magnetization non-uniformities. Figure 4 shows 

micromagnetic results for the same parameters as in Fig. 2 for 

20nmD   and 40nm  with 20.4erg cmexJ    and Fig. 5 

shows the magnetization states corresponding to different 

responses in Fig. 4. For smaller J  the behaviors of all 

parameters in Fig. 4 are close to those for the two-spin model 

in Fig. 2 and the precession of the AF-ECC STO is nearly 

uniform (Fig. 5(a)). For greater J  the behavior deviates. For 

the smaller size of 20nmD  , with an increase of J , the 

precession becomes more non-uniform (Fig. 5(b)). At a certain 

J  ( 20.15 A nmJ  ), the magnetization of the SL goes into 

a vortex state (Fig. 5(c)), the magnetization of the HL is mostly 

out of plane, and the precession stops. This behavior can be 

explained by the azimuthal angle   in Fig. 4(c) (and Fig. 2(c)) 

, i.e., for greater J ,   increases and it leads to an increased 

exchange torques that, in turn, leads to the magnetization 

twisting resulting in the vortex state. For the greater size, 

40nmD  , and greater J , the precession becomes more non-

uniform. The parameters in Fig. 4 have deviations in certain 

ranges and for larger J  (for 20.09 A nmJ  ) the precession 

becomes highly non-uniform and sporadic. As shown in 

Figs. 5(e and f), the magnetization precessional states change in 

certain patterns with features of precessing domain walls and 

vorticies. Figures 4 and 5 are shown for 20.4erg cmexJ   , 

which is a practical value for Ru [17]. For a greater 
20.8erg cmexJ   , which can be achieved with, e.g., Ir [19], 

the behavior is qualitatively similar but the range of J  with 

uniform precession is broader and the precessional frequency is 

greater. 

To further demonstrate the achievable frequency range, Fig. 6 

shows the micromagnetic results of the precession frequency 

for the same parameters as in Fig. 4 for 20nmD   and 40nm  

for different values of 
exJ . It is found that the maximal 

achievable frequency increases with an increase of 
exJ . In 

particular, for 21.5erg cmexJ   , which can be obtained, e.g., 

with Ir [19], the precessional frequency can be above 100 GHz. 

For even greater 23erg cmexJ   , the frequency can be above 

200 GHz; such large values of 
exJ  can be obtained using, for 

instance, Fe1-xSix spacers [29] or direct coupling of rare-earth-

transition-metal alloy layers to transition metal layers [30]. 
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Fig. 5. Snapshots of zm  of the SL for 20.4erg cmexJ    for 20nmD  and 

40nm  for different J . The rest of the parameters are as in Figs. 1 and 3. Videos 

showing the magnetization dynamics are provided for a linearly increasing J  

in a range of 0 to 
20.12 A nm  over the time frame of 2 s  [31]. 

 

Fig. 6. Micromagnetic results for (a) the average scaled torque sintotal

s sT  , 

which approximates f  for different exJ  for (a) 20nmD  and (b) 40nm . 

The remaining parameters are as in Fig. 1 and  erg/cm1h sA A  . The bars 

represent the value spread for a given J . 

 

Fig. 7. Time dependence of the normalized magnetization components 
xm  and 

zm  for different J  in the SL and HL for 20.4erg cmexJ    for 20nmD  

and 40nm . For (a) and (d) 
20.025 A nmJ  , for (b) and (e) 

20.057 A nmJ  , and for (c), (f) 
20.25 A nmJ  . The remaining 

parameters are as in Figs. 2 and 4. 

Figure 7 shows the averaged 
xm  and 

zm  in the SL and HL 

for 20nmD   and 40nm  for different values of J . At the 

smallest shown J  (Figs. 7(a) and (d)), the behavior of 
xm  and 

zm  for 20nmD   and 40nm  is nearly the same: the 

precession is uniform with mostly in-plane precession in the SL 

and smaller amplitude precession in the HL, which corresponds 

to mostly uniform profiles in Figs. 5(a) and (d). At a greater J  

and 20nmD  , the SL still has a uniform precession with a 

higher frequency (Fig. 7(b)), whereas for 40nmD   the 

precession becomes partially non-uniform with a lower 

frequency (Fig. 7(e)). At the highest J , for 20nmD   the SL 

does not precess (Fig. 7(c)), which corresponds to the vortex 

state as shown in Fig. 5(c). At the same highest J , for 

40nmD   the HL has a highly non-uniform precession 

(Fig. 7(f)), which corresponds to the spatial magnetization 

profile of Fig. 7(f). 

3.b Operation at room temperature 

Characterizing thermal noise is important for understanding 

the operation of STOs finite temperatures.  Here, we show 

results of the micromagnetic analysis of the AF-ECC STO at 

room temperature 300T K . The micromagnetic simulation 

were performed with the FastMag simulator that included 

stochastic effects [32,33]. The remaining simulation parameters 

were as in Sec. 3.a. 

 
Fig. 8. Magnetization component xm  vs time at room temperature for different 

J  and exJ . 

Figure 8 shows the magnetization dynamics in the FL for 

different J  and 
exJ . The time dependence shows precession 

as at zero temperature but the precessional amplitude and 

frequency have some random variations. Figure 9 shows the 

Fourier spectrum corresponding to the time dynamics results in 

Fig. 8. The spectrum has a maximum at the frequency 

corresponding to the zero-temperature frequency. The 

linewidth depends on the choice of the structure parameters. 

Generally, we find that higher J  and 
exJ , which correspond to 

higher precessional frequencies, lead to a narrower linewidth. 

This behavior is important as one of the benefits of the AF-ECC 

STO is its high-frequency operation. 
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Fig. 9. Fourier spectrum of xm  for the operation at room temperature for 

different J  and exJ  for the AF-ECC STO for 40nmD . 

We then compare the room temperature operation of the AF-

ECC STO with the operation of other STO types, including an 

easy-plane single-FL STO, which is chosen as it can operate 

without an applied field [34], and an easy-axis STO with an 

applied field, which is chosen as it was the original concept for 

an STO [35-38]. Both STOs chosen for comparison operate 

only at lower frequency ranges that those typical of the AF-

ECC STO and, therefore, the comparisons are done at the lower 

frequency range. 

 

 

Fig. 10. Fourier spectrum of xm  for the operation at room temperature of an 

AF-ECC STO with 20.4erg cmexJ    and 
20.04 A nmJ  icompared to 

(a) easy-plane single-FL STO with the following parameters: thickness 

0.8nmt  , 31350emu cmsM  , 3Merg cm1.11uK  , 
20.04 A nmJ 

, 0.008  ; (b) easy-axis STO with an applied field with the following 

parameters: 3.0nmt  , 31350emu cmsM  , 3Merg cm1.11uK  , 

0.008  , 
20.01 A nmJ   and 0.4TappH  . For all cases 40nmD . 

Figures 10 (a) and (b) compare the frequency spectrum of AF-

ECC STO with those of the easy-plane single-FL STO and 

easy-axis STO with an applied field, respectively. The structure 

parameters of the STOs are chosen such that they operate at the 

same frequency at zero-temperature. We find that the linewidth 

of the easy-plane single-FL STO is about the same as that of the 

AF-ECC STO (Fig. 10(a)). On the other hand, the linewidth of 

the easy-axis STO with an applied field is narrower 

(Fig. 10(b)). We attribute the reduced linewidth in the latter 

case to the fact that the precessional frequency is largely given 

by the applied field that is temperature and thermal noise 

independent. On the other hand, for the AF-ECC STO and easy-

plane single-FL STO, the precessional frequency is determined 

by the anisotropy and exchange interactions. These interactions 

are affected by the thermal noise because they are related to the 

instantaneous magnetization states, which are a part of the 

stochastic magnetization dynamics. We note that the linewidth 

can be reduced by synchronizing multiple STOs or 

synchronizing the STOs to an AC current or external field [39-

41]. 

4. Effect of the full AF-ECC STO stack 

In this section, we demonstrate the effects of the full stack on 

the operation of the AF-ECC STO as it would be fabricated for 

using the AF-ECC STO to generate an electric signal (Fig. 1).  

The PL experiences an STT from the HL, which is given by 

the expression as in the STT component of Eq. (1), where p  is 

replaced with the magnetization HL and 
m  is replaced with 

the magnetization of the PL. Because of this torque, 

magnetostatic interactions, and the finite PL anisotropy the 

magnetization of the PL can move, but, as we show next, this 

motion is insignificant. There is also STT acting on the SL due 

to RL2. The STT efficiencies are the same for all STT 

components. The spacer layer is assumed to have the same 

thickness of 
spacert . 

Table 1. Precessional frequency of the 2-layer stack and full stack for 
20.025 A nmJ   for different D  and exJ . The material parameters are 

chosen as  0.8nmh st t  , 1 2 2.4nmRL RLt t  , 4.0nmPLt  , 

spacer 0.3nmt  , 3

, 135 emu0 cms sM  , 3

, 90 c0emu ms PLM  , 

3

, , 1 , 2 4 m70emu cs h s RL s RLM M M   , 
1

3

, 2 4Merg cmu h RL RLK K K   , 

3

, 1.11Merg cmu sK  , 3

, 6.1 Mer m1 g cu PLK  , 

1 2 0.008h s RL RL PL         , 20.12erg cmexRLJ   , 0.3f  . 

2er, g cmexJ  f, GHz 

 2-layer, 

20nmD  

Full stack, 

20nmD  

2-layer, 

40nmD  

Full stack, 

40nmD  

-0.25 6.0 5.4 5.9 5.7 

-0.4 11.0 10.0 10.5 9.9 

-0.8 22.7 20.4 15.0 13.7 

 

Table 1 compares the precessional frequency of the simplified 

2-layer stack and full stack of Fig. 1 for different D  and 
exJ . 

The results show around 10% difference in the precessional 

frequency. Otherwise, the behavior of all the parameters for the 

2-layer and full stack is the same. The difference is related to 

the magnetostatic and field-like torques, which are relatively 

weak. Additional details on the relative strengths of the 

magnetostatic and field-like torques are given in [25]. 
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Fig. 11. Time dependence of the normalized magnetization components xm  and 

zm  in SL and PL for 20.4erg cmexJ    and 
20.035 A nmJ  . The 

dynamics in PL occurs due to its finite anisotropy combined with the STT and 

magnetostatic interactions. The material parameters are as in Table 1. 

The results in Table 1 include effects of the STT at PL due to 

the HL and at the SL due to the RL2 but their influence on the 

frequency is insignificant. Figure 11 further demonstrates the 

effects of the mutual torque and magnetostatic interactions in 

PL and HL. These interactions make the PL move, which also 

affects the oscillations in the HL and SL. However, these effects 

are weak, and they do not change any conclusions about the 

feasibility of practical use of the AF-ECC STO. 

We further note that the effects of STTs at the SL due to the 

RL are diminishing, which can be explained by the fact that the 

precession of the SL is in-plane, and it has a high frequency. 

The main STT effect is in the damping component, which is 

averaged and cancelled out while the high-frequency SL 

precession to result in no influence on the operation of the STO.  

We note that the effects of the magnetostatic and field-like 

torques can be further reduced by adding an AF-coupled 

sublayer to the PL, which can be tuned to cancel the effects of 

both the PL and field-like torques. However, since the obtained 

effects are already weak, we do not introduce additional 

complications in the stack design. 

Finally, we note that the current density levels required for 

the operation of the presented AF-ECC STO are below 
20.1 A nm . These current density levels are consistent with 

what was demonstrated in recent experimental works using 

similar MTJ structures and materials [42]. The expected 

generated power can be estimated based on the parallel and 

antiparallel FL-RL magnetoresistance values. For instance, 

assuming a magnetoresistance of 400 Ohms and 1400 Ohms for 

the parallel and anti-parallel FL – RL states, respectively, [43], 

assuming a large-angle precession for the current of 0.1 mA, 

which is obtained for 40nmD   with 20.08 A nmJ  , the 

generated power is estimated as 2.5 W . This power level is 

consistent with recent experimental works demonstrating STOs 

with MTJs, and it can be increased when the STOs are 

synchronized in an array [42]. 

 

 

 

5. Summary 

We presented an AF-ECC STO, which has its FL composed 

of AF coupled SL and HL. The easy-plane anisotropy of the SL 

allows the operation at realistic AF coupling strengths 

producing large precession angles, which is important for 

generating a large signal. We developed an analytical model 

based on a two-spin approximation and further used 

micromagnetics to study size effects. 

The precessional frequency can be tuned in a broad 

frequency range. The operation of the STO can be understood 

from an interplay between the exchange and anisotropy 

interactions. The magnetizations in the SL and HL have an 

azimuthal angular shift, which plays an important role in setting 

the precessional angle and frequency. The micromagnetic study 

shows that for smaller currents the operation is close to that 

predicted by the two-spin model, whereas for greater currents 

the precessional motion becomes non-uniform. 

We studied the operation of the AF-ECC STO at zero-

temperature as well as at room temperature, which includes 

stochastic thermal noise effects. The linewidth of the Fourier 

spectrum of the magnetization is higher for greater current 

densities and AF exchange energy densities, which correspond 

to higher operational frequencies. The linewidth of the AF-ECC 

STO is greater than that of an easy-axis STO with an applied 

field and similar to an easy-plane single-FL STO. 

AF-ECC STO can be used to generate tunable high-

frequency electric signals or to generate an oscillating magnetic 

field for applications such as microwave assisted magnetic 

recording. In the latter case, there is no need in the RL layers. 

A microwave field can be generated because the precession 

magnetization magnitude in the SL can be greater than that in 

the HL. 
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