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Abstract. A parallel Fortran 90 code based on MPI is developed to study the synchronization of coupled
spin torque oscillator (STO) network for applications in communication technology. The code is successfully
implemented on the Dell Xeon cluster with a total of 442 nodes and simulations of up to 1600 serially
connected STOs are carried out, which to date is the most STOs ever simulated. The performance of the
MPI-based parallel code has been benchmarked and discussed.
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1. Introduction
Compared to the dominant Si-based CMOS technology based on the charge information carrier,
spintronics nano-devices rely on not only the electron’s charge but also its spin and is thus believed to be an
alternative technology to overcome the hurdle of heat generating and leakage currents on the roadmap for
22nm CMOS logic and beyond [1,2]. Based on the giant magneto resistance (GMR) and spin momentum
transfer effect – the magnetization orientation change will cause changes in conductance of the system or vice
versa, spintronics devices have been widely used in today’s high capacity hard drives and magnetic recording
industry [3,4,5]. Recently, tremendous research and development efforts have been devoted to the following
two most promising spintronics technologies – spin torque oscillators (STOs) for wireless communication and
radar communication, and spin transfer torque RAM (STT-RAM) for data/information storage [6, 7].
The STO is a nanosized spintronic device capable of microwave generation at frequencies in the 1-65
GHz range with high quality factors [8-13]. It is compatible with the back-end flow of a standard Si process,
and suitable for integration into high-frequency CMOS, thanks to its simple and compatible material stack.
Although the STO is very promising for future telecommunication, its very weak power has to be dramatically
improved before it can truly find practical use as a radio-frequency device. One possibility is the
synchronization of two or more STOs to both increase the microwave power and further increase the quality
factor. Synchronization of pairs of separate noncontact STOs in parallel that share a common magnetic layer
can phase-lock with each other leading to a coherent summation of the individual amplitudes of each STO
signal [14, 15]. Synchronization of serially connected STOs has also been theoretically suggested [16]. In this
configuration, synchronization relies on phase locking between the STOs and their self-generated alternating
current [8-13, 16]. However, very limited simulations have been performed on the synchronization of serially
connected STOs network, due to the grand challenge of the physical problem and the requirement of
extremely heavy computing power [8, 16].
In this paper, we have developed a parallel macrospin simulation code to study an array of phase coherent
STOs. The parallel code is applied to study the effect of circuit phase shift on the phase-locking of serially
connected STOs. It is shown that the STO network can be completely synchronized by tuning the circuit I-V
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phase. The corresponding synchronization phase diagram as a function of applied dc current and the Gaussian
distribution of the STOs’ intrinsic frequencies are also illustrated. The present work provides the first detailed
study of synchronization of a large assembly of STOs, which we believe is essential for utilizing STO-based
devices for telecommunication application.

2. Implementation of Parallel Macrospin Simulation code
2.1 Macrospin Model and description

We consider N electrically coupled STOs (to be called STO(i) hereinafter) connected in series and coupled
to a dc current It and to a resistive load RC (see Fig. 1). Each of the STOs is a typical trilayer system consisting
of a thick magnetically fixed layer, nonmagnetic spacer layer, and a thin free (sensing) layer (for example,
Co/Cu/Co nanopillar in the experiment by Kiselev et al. [17]). The instantaneous current flowing through the
STO branch I is given by the circuit condition [8]
I
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where RP and RAP are the resistances of the STO in its parallel and antiparallel magnetic configuration
respectively. θi(t)=cos-1( · ) is the angle between the magnetization of the fixed layer and that of the
free layer
of the i-th STO. In a real experimental setup, there can be a phase shift (or time delay) between
the magnetization induced voltage change and the resulting current variations. Therefore we introduce a time
delay parameter τ in (1) to model the realistic situations, which may physically correspond to the
incorporation of a phase shifter in Fig. 1 to artificially modulate the I-V phase shift [8].
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Fig. 1 (a) Sketch of the N serially connected oscillators (labelled by STO(i) where i is the ith oscillator in the network)
and coupled to a load RC (throughout this letter, RC=20 Ω). (b) Schematic structure of the oscillator with a nonmagnetic
spacer layer sandwiched between a “fixed” ferromagnetic layer M and a “free” ferromagnetic layer m. The unit
magnetization vector of the fixed layer and free layer are represented by M (M||Z) and m, respectively. The y-z plane is
the easy plane for m and z axis is the easy axis. The current I is defined as positive when the negative electrons flow
from the fixed layer to the free layer.

Magnetization dynamics of the free layers of the STO can be described by the generalized LandauLifshitz-Gilbert –Slonczewski (LLGS) equation [8-13, 16]
| |

(2)

where the gyromagnetic ratio, the damping coefficient, the magnetic vacuum permeability, the spin
transfer efficiency,
the free layer saturation magnetization, and stands for the volume of the free layer.
4
̂
· ̂
· ̂ ̂ is the effective magnetic field acting on the free layer,
which includes the applied in-plane magnetic field
, the uniaxial magnetic anisotropy field , and the
out-of-plane demagnetization field. ̂ and ̂ are the unit vectors along x (in-plane easy-axis) and z (out-ofplane), respectively. The last term in (2) is the Slonczewski spin torque term
| |

(3)

where I is the instantaneous current flowing through the STO branch, as given by (1). The instantaneous
current I is also the only term of (2) that couples the different STOs.
We assume a Gaussian distribution in the anisotropy fields of the STOs due to the unavoidable process
variations (especially due to the lithography limitation).

2.2 Implementation of parallel simulation code
The Parallel Computer Center (PDC) at KTH hosts the fastest supercomputer available in Sweden, and
actively takes part in major international projects to develop high-performance computing and parallel
computing. It primarily offers easily accessible computational resources that cater for the needs of all the
postgraduate students and research staff of KTH. Our parallel code is implemented and benchmarked on the
Dell Xeon cluster Lenngren of PDC. The basic structure of the main loop of the macrospin code is illustrated
in Fig. 2, and will be detailed as below.

Fig. 2 Structure of the main loop of the macrospin simulation code including initialization, torque calculation, STO
magnetization update, current calculation, current redistribution to slave nodes and final result analysis.

Initialization
The free layer magnetization of STO(i) mi(θi,φi), anisotropy field H k( i ) , demagnetization field Hd, and
applied magnetic field Happ are initialized at t=0. Some material parameters of typical Co/Cu/Co nanopillar are
adopted in our simulation [8-13, 16]: α=0.007, γ=1.85×1011 Hz/T, MS=1.27×108 A/m, η=0.35, Happ=0.2 T,
Hd=1.6 T, RP=10 Ω, RAP=11 Ω. In the simulation codes, the anisotropy field of the free layer of STO(i) H k( i )
follow the Gaussian distribution with mean μ=0.05 T and standard deviation σ is swept from 0 to 0.17 T (~μ/3).
In this step, the N oscillators are divided into P groups, where P is the number of computational
processors/nodes. The code is implemented in the way of providing the most equitable distribution of
oscillators among the processes, and the computational load allocation is performed by the master node.
Torque calculation
The first term on the right-hand side of (2) is a conventional magnetic torque. The “Gilbert damping”
term α mˆ i × dmˆ i in (2) includes the energy dissipation mechanisms, such as coupling to lattice vibrations and
dt

spin-flip scattering. Spin-transfer torque TSTT accounts for non-equilibrium processes that cannot be
described by energy functional. It can counteract the damping term, and drive the STO into a steady
precessional state [3]. For each slave node, it only calculates the torques of the corresponding STOs, which
are assigned by the master node in the initialization step.

ˆi
Update magnetization m
At t=t0, the rate of magnetization variation dmˆ i is calculated in the step “Torque calculation” by (2). The
dt

STO magnetization at the next simulation step mˆ i (t0 + dt ) can then be solved by employing a fourth-order
Runge-Kutta algorithm with a calculation step of 0.1 ps. We have numerically checked that the results do not
depend on the time step dt when dt<0.5 ps. It should be noted that each node is only responsible for updating
the magnetizations of the STOs which are allocated by the master node at initialization.
Current calculation
The current flowing through STOs branch I consists of both dc and ac components, arising from the
current sharing between the STO branch and the load.

In this step, the master node needs to “gather” the individual magnetization polar angle θi(t0+dt)
calculated from all the computational nodes in the previous step and then sum them up to calculate the total
current flowing through the STO branch I(t0+dt) by (1).
Current redistribution
Then the total current value is “broadcast” to all the nodes in order to proceed to the consequent step in
the loop of Fig. 2 - “Torque calculation”. This is implemented by the “Allreduce” MPI function.
Result analysis
The aforementioned four iteration steps would be stopped if the convergence criterion of the simulation is
met (i.e. the system reaches its steady state).
All the slave nodes need to send the calculation data, e.g., the precession frequency of each STO, to the
master node. The master node would receive all the data collected from the slave nodes and then check
whether all the STOs are synchronized. This is implemented by the “Reduce” MPI function.

2.3 Benchmark results of parallel simulation code
We use the MPI message passing library to realize the message-passing parallel programming model. In
this model, we use a standard gnu Fortran compiler to generate an executable file to link the MPI message
passing library. In the parallel-benchmarks, we measure the speedup and efficiency of the parallel code. The
speedup S and efficiency E are defined as following:
S =T1/TP, E=T1/(PTP),
(4)
where T1 is the total simulation time of the sequential code and Tp is the total running time of the parallel code
for P processors, respectively.
Table 1 The effect of computational nodes on parallel speedup and efficiency.
No. of Nodes

Computation time (h)

Speedup

Efficiency

1
2
4
8
16

1133.3
575
291.7
158.3
91.7

0.98
1.95
3.79
7.10
11.96

0.98
0.98
0.95
0.89
0.75

Table I shows the influence of computational nodes on parallel speedup and efficiency. The number of
STOs is as many as 1600. It can be seen that the parallel efficiency decreases with increasing the
computational nodes, i.e., E decrease from 0.98 for two nodes to 0.75 for 16 nodes. This is due to the
increasing portion of the communication time of the processors (computation/communication ratio) when P is
increased.
Table 2 The Influence Of Computational Load On Parallel Speedup And Efficiency.
No. of Computation
Speedup
Efficiency
STOs
time (h)
100
27.5
2.78
0.69
200
44.2
3.25
0.81
400
80.8
3.51
0.88
800
150
3.73
0.93
1600
291.7
3.80
0.95
Table II shows the influence of computational load on parallel speedup and efficiency. The number of
computational nodes is a constant (P=4) whereas the total number of STOs is varied from N=100 to N=1600.
It can be seen that parallel efficiency E increases from 0.69 for N=100 to 0.95 for N=1600. Thereby it is
concluded that the parallel computing code is more suitable for studying the nonlinear dynamics and phaselocking of a large assembly of STOs.
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Fig. 3 Parallel speedup for different number of STOs (N) and computational nodes (P).

Fig. 3 shows the speedup versus the number of the computational nodes with varying the problem size i.e.
the number of STOs. For a constant number of computational nodes, parallel speedup will be improved by
increasing the computational load, i.e., S(e)≥S(d)≥S(c)≥S(b)≥S(a) regardless of P. In general, the parallel
speedup will increase monotonically with the number of nodes for a given computational load (except for
N=100). However, parallel effectiveness (the slope of the curve) decreases when the number of nodes
increases. For N=100, parallel speedup S first increases with P and then reaches its maximum value at P=8.
For P>8, it slows down rather than speedup. From the definition of parallel speedup S, we can understand the
dependencies of S on computational load and nodes. The parallel computational time for P processors can be
expressed as follows:
TP=T1/P+T0
(5)
where T0 include the communication time between different nodes, the extra time due to the parallelization of
codes and the extra time due to the load imbalance etc. Apparently T0 will increase with P. Therefore,
⎛
⎜ 1
S = P⎜
⎜ 1 + PT0
⎜
T1
⎝

⎞
⎟
1
⎟=
T0
1
⎟
⎟ P+T
1
⎠

(6)

From (6), we can see that for a given problem where T1 is a constant, S doesn’t increase linearly with P.
Considering that T0 will increase with P, it can be inferred that the S will increase with P for small P, but
eventually decrease with P after reaching its maximum value. On the other hand, increasing the computational
load (Consequently, T1 increases) will always give a larger S.

3. Applications: Synchronization of STOs Array
The physical problem of interest of the code is the synchronization of serially connected STOs array as
shown in Fig. 1a. To the best of our knowledge, such simulations have only been attempted for very limited
number of STOs due to the need of extremely demanding computing power [8, 12, 16]. In the past, we have
successfully demonstrated that the synchronized state of STO pairs develops the highest robustness by tuning
the total circuit I-V phase shift [8, 12]. In this work, similar simulations have been carried out but for a much
larger number of STOs. In Fig. 4, the synchronization of 100 STOs is shown as a function of applied current
and standard deviation of the anisotropy fields of the STOs for (a) τ=0 and (b) τ=0.05 ns. At τ=0, the system
can only be completely phase-locked (the white region) for extremely small intrinsic frequency dispersion (or
anisotropy field distribution) at the current range of about 0.3-9.4 A. From a manufacturing point of view, Fig.
4a is quite disappointing since this amount to extremely high demands of pattern fidelity on the lithography
process. By introducing a current-voltage phase shift of about 120° which corresponds to τ=0.05 ns in the
circuit, the intrinsically very weak locking mechanism can be dramatically improved (Fig. 4b). The white
synchronization region dominates over the entire phase diagram for τ=0.05 (Fig. 4b) in contrast to the very

limited synchronization region at zero I-V phase (τ=0 in Fig. 4a), hence relaxing the severe demands on device
variability. We got similar simulation results for 1600 serially connected STOs, which to date is the most
STOs ever simulated.
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Fig. 4 Simulated synchronization phase diagram as a function of the total current It and σ to μ ratio of the normal
distribution of anisotropy fields (a) τ=0 ns; (b) τ =0.05 ns. Black: at least one STO is in static state; gray: the STOs
show asynchronous oscillations; white: all the STOs are in synchronized oscillating state, i.e., oscillation frequency for
these 100 STOs are the same.

4. Conclusions
We have developed the parallel simulation package for studying the synchronization robustness of
current-mediated STOs in serial connection. We have benchmarked the performance and evaluated the
parallel efficiency of our home-made parallel codes. For a given problem size (N is fixed), the parallel
efficiency will decrease with increasing computational nodes. For a given number of computational nodes (P
is fixed), the parallel efficiency will increase with the problem size, indicating the appropriateness of
employing such large-scale parallel computing for studying the synchronization of a large assembly of STOs.
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