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Abstract—This paper presents a model for locking Spin 
Torque Oscillator (STO) to an out-of-plane AC strain generated 
using a mechanical transducer like High-Overtone Bulk Acoustic 
Resonator (HBAR). We model the magnetization dynamics of the 
free layer magnet in the STO using the Landau-Lifshitz-Gilbert-
Slonczewski (LLGS) equation modified to include magneto-
elastic coupling term. Locking is clearly demonstrated from the 
simulated frequency spectrum of the acoustically-locked STO 
which has a narrower linewidth and higher signal power as 
compared to a free running STO. We have shown locking of 
different modes of the STO and compare the amplitude of out-of-
plane AC strain needed to achieve lock. Acoustic locking 
illustrated here can be used for locking multiple STOs to a 
common strain transducer and is a potential platform for 
developing hybrid magneto-acoustic oscillator systems.  

Keywords—Spin Torque Oscillators; Frequency Locking; 
HBARs, Macro-Spin dynamics  

I. INTRODUCTION 

STOs are nanoscale GHz frequency self-oscillating 
magnetic tunnel junctions (MTJ) or spin valve devices [1,2]. In 
STOs, spin transfer torque generated by spin-polarized 
electrons overcomes damping in the free layer magnet of the 
MTJ or spin valve causing steady state precession of the 
magnetization. Using Tunnel Magneto-Resistance effect (in 
MTJ) or Giant Magneto-Resistance effect (in Spin Valves) 
magnetization precession is read out as oscillations of effective 
impedance of the device. This oscillating impedance modulates 
the DC bias current to generate an AC current at the frequency 
of impedance oscillations. STOs have extremely small form 
factor and octave spanning tuning range but have low output 
power and poor phase noise limiting their practical use. 
Locking multiple STOs to a common external reference 
oscillator has been proposed as a solution and injection locking 
to a microwave current source has been demonstrated [3]. This 
scheme improves the output power and reduces the oscillator 
linewidth but is limited in its ability to lock multiple devices 
due to problems of impedance mismatch and phase delays 
between STOs [4]. We believe the challenges in scaling AC 
current-locked STO systems can be overcome using acoustic 
locking. Acoustic locking uses inverse magnetostriction effect 
for generating an effective AC magnetic field in the free layer 
under the effect of an AC strain applied by a transducer like 
HBAR [5]. This AC magnetic field which is in phase with 
transducer drive acts as a locking signal for the STOs 
narrowing its linewidth and increasing the output power. 

II. MODEL AND SIMULATION SETUP DESCRIPTION 

A. LLGS: Macrospin Model of STO 

Magnetization dynamics of the free layer of a spin torque 
oscillator are be modelled using the LLGS equation shown in 
(1). ෝ݉ = ௦ܯ/ሬሬԦܯ is a unit vector which represents the 
magnetization	ܯሬሬԦ of the free layer, where ܯ௦  is the saturation 
magnetization. The first term on the right side of (1) describes 
the precession of the magnetization ෝ݉  around the effective 
magnetic field	ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ, where γ is the gyromagnetic ratio of the 
electron in free layer of the STO. 

     							ௗ௠ෝௗ௧ = −γ ෝ݉ × ௘௙௙ሬሬሬሬሬሬሬሬሬԦܪ + α ෝ݉ × ௗ௠ෝௗ௧ + ஓħ	௃஗ଶ௘ௗெೞ ෝ݉ × ( ෝ݉ ×  ෞ)       (1)݌݁

The second term on the right side is the damping term, 
where α  is the phenomenological Gilbert damping constant. 
The effect of the damping term is to relax the magnetization ෝ݉  
along	ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ. The value of Gilbert damping constant is material 
dependent and has origin in magnon-magnon and magnon-
phonon scattering [2]. The third term on the right side of (1) is 
the spin torque term, where ܬ is the current density, 	ħ is the 
reduced plank constant,	η is the spin polarization efficiency, ݁ 
is the charge of an electron and ݀ is the thickness of the free 
layer. Here ݁݌ෞ is the spin polarizer vector which is along the 
direction of the polarizer or the fixed layer magnet in a STO. ݁݌ෞ	in (1) is used to represent the direction of the spin polarized 
electrons that are applying a torque to the magnetization of the 
free layer. Amplitude and the sign of the current density ܬ have 
direct control over the spin transfer torque amplitude and 
direction. Increasing the amplitude of bias current the spin 
torque can overcome the damping in the free layer and result in 
steady state precession of magnetization.  																																						ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ = ௘௙௙ሬሬሬሬሬሬሬሬԦܧ݀ ݀ ෝ݉⁄ ௘௙௙ሬሬሬሬሬሬሬሬሬԦܪ				 (2)                                 = ௔௣ሬሬሬሬሬሬሬԦܪ + ௔௡ܪ ො݊( ො݊. ෝ݉ ) + ௗܪ መ݀( መ݀ . ෝ݉ ) + ሬሬሬሬሬԦ்ܪ + .ݐ̂)ݐ௦௧̂ܪ ෝ݉ )    (3) 

The total effective magnetic field ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ for the free layer 

magnet is the derivative of its total energy ܧ௘௙௙ሬሬሬሬሬሬሬሬԦ with respect to 

its magnetization ෝ݉ 	as shown in (2). The components of 		ܪ௘௙௙ሬሬሬሬሬሬሬሬሬሬԦ 
shown in (3) are derived from constituent energy terms of the 
magnet. ௔௣ሬሬሬሬሬሬሬԦܪ	  is the external applied magnetic field which is 

used as a bias field. By varying ܪ௔௣ሬሬሬሬሬሬሬԦ  the frequency of 
oscillation of the STO can be changed. and	௔௡ܪ	 ௗܪ	  are the 
anisotropy and demagnetization fields whose amplitude and 
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directions ( ො݊ and መ݀) are dependent on the shape of the magnet 
[6]. The size and shape of the free layer magnet also 
determines the initial direction of the magnetization 	 ෝ݉ . In 
simulation, direction of magnetization is given in polar 
coordinates with the azimuthal angle ߮ and polar angle	ߠ. 

B. Thermal Noise in LLGS  

The effect of non-zero temperature ܶ  and corresponding 
thermal noise in dynamics of magnetization is accounted via 
term ்ܪሬሬሬሬሬԦ  in (3). ்ܪሬሬሬሬሬԦ  is a Gaussian-distributed Langevin term 
with random direction whose RMS amplitude calculated by 
fluctuation dissipation argument is shown in (4). In (4) ∆ݐ is 
the simulation step size, ܸ	 is the volume of the free layer 
magnet and ݇஻ is the Boltzmann constant [7]. Thermal noise is 
also accounted for in the model by assuming that the starting 
azimuthal angle (߮଴) and polar angle (ߠ଴) of the magnetization 
have random fluctuations around them. The RMS amplitudes 
of these thermal fluctuations are calculated using equipartition 
theorem and are as shown in (5) and (6) for ߮଴  and  ߠ଴ 
respectively.  																									ܪோ்ெௌ = ඥ2α݇஻ܶ γܯ௦ܸ∆ݐ⁄ 																																						(4) 

   																					߮଴ோெௌ = ඥ݇஻ܶ ⁄௦ܸܯ௔௡ܪ ଴ோெௌߠ																											 (5)                                  = ඥ݇஻ܶ ⁄௦ܸܯ௔ௗܪ ௦௧ܪ																															 (6)                                  = ௘௙௙ܵܤ2 ⁄௦ܯ                                      (7) 																												∆ܴ = (1 − ෝ݉ . (ෞ݌݁ 2⁄                                    (8) 

C. Magneto-Elastic locking term 

The effect of out-of-plane strain applied by the HBAR on 
the free layer magnet is incorporated in the magnetization 
dynamics as an effective out-of-plane uniaxial shape-
anisotropy term	ܪ௦௧, which is part of  ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ as shown in (3) [5]. 
Equation (7) gives the amplitude of ௦௧ܪ	 , where ܤ௘௙௙  is the 
material dependent magneto-elastic coupling coefficient. 
Amplitude of ܪ௦௧ is proportional to ܵ which is the amplitude of 
the AC strain along direction ̂ݐ acting on the free layer of STO.  

D. Simulation Setup 

In our simulation of STO we use a MTJ with CoFeB for 
both free and fixed layer which are separated by MgO based 
tunnel barrier. The size of the free layer and its relevant 
magnetic properties taken from [8], are shown in Table I. 
Applied bias magnetic field and DC bias current amplitude 
used in simulation are also shown in Table I.  For our 
simulation model with the chosen elliptical shape and size of 
the free layer the ܪ௔௡	field is along the long axis of the magnet 
in X direction and ܪௗ  field which keeps the magnetization 
from pointing out-of-plane is along the Z direction. The initial 
direction of magnetization ( ෝ݉ ) is along the +X axis. External 
applied bias field ܪ௔௣ሬሬሬሬሬሬሬԦ	of amplitude 300 Oersted is along the 
easy axis of the magnet in +X direction as shown in Fig. 1. 
HBAR as the transducer will generate strain in Z direction 
which is the out-of-plane direction for the magnet. Thus the 
magneto-acoustic field due to strain ܪ௦௧will be along the Z 
direction as shown in Fig. 1. The direction of the 
polarizer	݁݌ෞ	is chosen along the +X direction. In the simulation 
we use step time (∆ݐ) of 10ps, while the total simulation time is 

  

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

Fig. 1. Directions of ܪ,ܯ௔௣,  and the coordinate system (ෞ݌݁	) ௦௧, Polarizerܪ
used in the simulations. 

1µs giving a resolution of up to 2MHz in the extracted 
frequency spectrum. Simulations were first done without the 
AC strain ܵ to extract the original spectra of the STO and then 
were repeated with strain field at the oscillation frequency. 
The strain field is turned on after the initial 30ns which is 
sufficient time for magnetization to settle into steady state 
precession resulting in oscillations of impedance ∆ܴ of STO. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

Frequency of the simulated STO changes with the applied 
bias current as shown in Fig. 2. There are two main regions of 
operation as seen in Fig. 2 which correspond to two different 
modes of oscillation for the STO. First mode is the in-plane 
mode shown in Fig. 3A, where the oscillation frequency 
decreases with the increasing bias current.  Second is when the 
oscillation frequency increases with the bias current. This 
mode of oscillation is called the out-of-plane mode (shown in 
Fig. 3B). As the STO transitions from in-plane mode to out-
of-plane mode it goes through a region where the mode has 
clam-like shape. In this mode the magnetization tilts out-of-
plane in both the +Z and –Z directions. The clam-shaped 
mode (shown in Fig. 3C) is considered as a subset of the in-
plane mode as it follows the same frequency-current relation. 

  

 

 
 
 
 
 
 
 

Fig. 2. STO frequency and oscillation mode as a function of bias DC current.  

	ࣂ ෝ࢓  

TABLE I.  SIMULATION PARAMETERS 

Property Value Free layer size 170	݊݉	 × 	100	݊݉	 × 1.5 ௦ܯ݉݊ 1100	erg/ܿ݉ଷܪ௔௡ ௗܪ ܱ݁	219 13000	ܱ݁α ௘௙௙ −7ܤ 0.01 × 10଻emu/ܿ݉ଷ η ܱ݁ Current	௔௣ 300ܪ 0.3 Range 1.8 − 8	mA
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Fig. 3. Magnetization of the free layer ( ෝ݉) as it goes in to A) in-plane mode, 
B) out-of-plane mode and C) clam-shape mode of oscillation. The final mode 
shape forms the outermost thick trajectory where we see steady state 
precession of magnetization. (A) Frequency of oscillation of in-plane mode is 
9.445GHz which was observed at a bias current of 2.1mA. (B) Frequency of 
oscillation of out-of-plane mode is 7.685GHz which was observed at bias 
current of 7mA. (C) Frequency of oscillation of the clam-shaped mode is 
5.766GHz which was observed at a bias current of 2.85mA. 

Effect of the applied AC strain and the resultant locking of 
the STO can be studied using FFT based frequency spectrum 
of its modulated impedance ∆ܴ . ∆ܴ  at any given time is 
dependent on the relative directions of magnetization ( ෝ݉ )  and 
the polarizer (݁݌ෞ) as shown in (8). Amplitude of ∆ܴ is also 
determined by the material properties and the device structure 
but is not relevant for the frequency spectrum analysis. For 
FFT we consider the data only after intial 60ns which is 
sufficient time for magnetization to settle into steady state 
precession and for it to respond to the locking AC strain ܵ, 
which is turned on 30ns after starting the simulation. Fig. 4 
shows the FFT spectrum of different oscillation modes 
without locking strain in blue and with AC locking strain in 
red. The relative amplitude of oscillation seen in the blue 
spectrum across different oscillation modes is reflective of  the   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. FFT spectrum of the STO in A) in-plane mode, B) out-of-plane mode 
and C) clam-shaped mode of oscillation with and without the locking AC 
strain	ܵ.  

actual amplitude measured in different experiments [1,3,9]. 
Specifically the output power of STO increases from in-plane 
mode (Fig. 4A) to out-of-plane mode (Fig. 4B) with the clam-
shaped mode (Fig. 4C) of oscillation having intermediate 
output power. Higher signal power, narrower linewidth and 
suppressed suprious modes in the red spectrum compared to 
the blue spectrum (in Fig. 4) is indicative of the locking of the 
STO across various modes by the AC strain ܵ  from the 
mecahnical resontor.  

The amplitude of the AC strain needed to lock STOs in 
differents modes of oscillations is shown in Table II. Out-of-
plane mode  needed 21ppm of  AC strain, while in-plane mode              

 

 

 

 

TABLE II.  STRAIN AMPLITUDE FOR LOCKING 

Oscillation Mode 
Locking AC Strain ࡿ 

(ppm) 
HBAR Drive 

(V) 

In-Plane 107 4.9 
Clam-Shaped 33 2.2 
Out-of-Plane 21 1.4 
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Fig. 5. Locking range of AC strain ܵ  as function of its amplitude for the 
clam-shaped mode of oscillation (shown in Fig. 3C). 

required 107ppm. The huge difference in amplitude of strain ܵ 
is because the magento-acoustic locking field ܪ௦௧ , with 
direction ̂ݐ , couples into the effective field ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ  as a dot 
product with magnetization ෝ݉ . For the Z directional strain 
used in our simulations the amplitude of ܪ௦௧ is weighted by 
the Z component of ෝ݉ . In in-plane mode of oscillation the 
magnetization precessesion is mostly along the X-Y plane 
with a very small Z component, so the locking field amplitude 
is greatly reduced when it is coupled into the LLGS equation.  
Hence larger amplitude of AC strain is required for locking in-
plane mode compared to out-of-plane or clam-shaped modes, 
which have larger Z component of magnetization. Table II 
also shows the voltage drive needed by an AlN HBAR with a 
silicon substate to generate the locking strain amplitude at the 
frequency of the STO oscillation. The drive voltage values 
were calculated using an analytical model for HBAR 
assuming a quality factor of 1000 and AlN film thickness of 
half the wavelength [10]. Drive values calculated from the 
analytical mode are in agreement with finite element analysis 
done in Comsol.  

The locking range of AC strain 	ܵ  for the clam-shaped 
mode of oscillation with frequency 5.766GHz is shown in Fig. 
5. The locking range is linear over an offset frequency range 
(∆ ௅݂௢௖௞) of +/− 105MHz for 110ppm amplitude of AC strain ܵ. The limit of locking range, observed as a saturation of the 
offset frequency, was not seen in our simulations; as we 
limited our simulations to a maximum strain amplitude of 
110ppm, which is very difficult to achieve using HBAR based 
mechanical strain transducer. 

IV. CONCLUSION 

In conclusion, we have demonstrated acoustic locking of 
Spin Torque Oscillator using a realistic macro-spin model of 
MTJ with a magneto-elastic coupling term. The model used, 
takes into account effect of thermal noise and shows the 

enhancement in linewidth and amplitude of oscillation when 
subjected to AC locking strain. We have demonstrated locking 
for various oscillation modes of STO and observe that out-of-
plane strain generated by the HBAR is more suited for locking 
clam-shaped mode or for out-of-plane mode. Acoustic locking 
illustrated here can be used for synchronizing large number of 
STOs by locking them to a single mechanical strain 
transducer. We believe using acoustic locking with HBAR-
like transducer in feedback loop with STO an octave 
frequency tunable hybrid magneto-acoustic oscillator system 
can be developed.  
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