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ABSTRACT: The transfer of spin angular momentum from a spin polarized current provides an efficient way of
reversing the magnetization direction of the free layer of the magnetic tunnel junction (MTJ), and while faster reversal
will reduce the switching energy, this in turn will lead to low power consumption. In this work, we propose a design
where a spin torque oscillator (STO) is integrated with a conventional magnetic tunnel junction (MTJ) which will
assist in the ultrafast reversal of the magnetization of the free layer of the MTJ. The structure formed (MTJ stacked
with STO), will have the free layer of the MTJ sandwiched between two spin polarizer layers, one with a fixed
magnetization direction perpendicular to film plane (main static polarizer) and the other with an oscillatory
magnetization (dynamic polarizer). The static polarizer is the fixed layer of the MTJ itself and the dynamic polarizer is
the free layer of the STO.

Keywords: Magnetic random access memory; Spin transfer torque; Magnetization reversal; Magnetic tunnel junction;

Spin torque oscillator.
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1. Introduction

pin transfer torque (STT) in magnetic heterostructures gives rise to several dynamical processes that are not
accessible with a magnetic field alone [1-5]. Two such magnetic heterostructures are the Magnetic Tunnel Junction
(MTJ) and a Spin Torque Oscillator (STO). Both MTJ and STO comprise a magnetic free layer (FL), a magnetic
reference layer (RL) and a non-magnetic layer between them. The use of MTJ in Random Access Memory (RAM)
application leads to magnetic RAM (MRAM). When the damping is overcome by the spin angular momentum the
magnetization of the free layer could be reversed between its two equilibrium states. This is the principle of writing in
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STT-MRAM. Magnetic tunnel junction with perpendicular magnetic anisotropy has experienced strong growth in the
past 10 years and has a good potential for the future growth of low power consumption and high-density STT-MRAM
[6-16]. In STT-MRAM, the magnetic state of an MTJ is switched by applying a spin-polarized current through the
junction. The magnetization switching of the free layer of the MTJ occurs only when the current density exceeds the
threshold current, also known as the critical current or, more specifically, critical current density, J. = i/A (where i is
the critical current and A is the area of the MTJ). At a given current (i > i.), the minimum pulse width needed to switch
the magnetization is defined as the switching time t,. The goal of low power magnetic memory involves reducing the
critical current as well as switching time of the MTJ.

An STO exhibits self-sustained magnetization oscillations, which are made possible through the compensation of
magnetic damping by the transfer of spin angular momentum from a spin-polarized current [17-23]. When
magnetization dynamics are induced in the active layer, the magnetoresistance of the device becomes time-varying,
thereby generating a microwave signal. Thus, an STO has the capability of converting a direct current into a
microwave signal, by utilizing the spin transfer torque (STT) in ferromagnetic multilayer systems. More recently, and
to store more data in a magnetic nanowire, it has been discovered that spin torque could also move domain wall,
leading thus to different magnetic states [24-36]. An STO which is a spintronic device is fabricated without any
semiconductor material [37]. It is a nanoscopic and ultra-tunable microwave signal generator. The microwave signals
emitted by an STO can vary in frequency from hundreds of MHz to 40 GHz. The frequency of emission is a function
of the magnitude and direction of the dc spin-polarized current. If in addition to the spin-polarized current, an external
magnetic field is applied, then the frequency generally increases with the applied magnetic field because the magnetic
oscillations are precessional: The larger the net effective magnetic field, the greater the torque acting on the spins, and
the higher the frequency of precession. The frequency of emission is also a function of the strength and angle of the
applied magnetic field.

In this paper a technique is presented, wherein a spin torque oscillator with an optimal frequency is integrated
with a conventional MT]J to realize a real-time device known as a “Spin Transfer Oscillator Magnetic Tunnel Junction”
(STOMTJ), which will form the basis for low power magnetic memory [38-40]. In our proposed methodology, a
STOMTJ nanostructure is formed by stacking an STO and an MTJ vertically, separated by a spacer. The magnetization
of FL of MTJ, if aligned parallel or antiparallel with respect to its own fixed layer magnetization corresponds to binary
bit 1 and binary bit 0 as shown in Figure 1(a).

The STO used in the STOMTJ device is a trilayer structure comprising a magnetic FL, a magnetic RL and a non-
magnetic layer between them. The magnetization direction of the FL initially in-plane can be changed under a
polarized electric current while the direction of the RL magnetization is unchangeable and aligned in the z-direction.
The simulation results of such an STO are enumerated elsewhere [41]. The spin-polarized d.c current injection is
capable of inducing oscillations in the free layer of the STO. The free layer of the STO acts as a resonance-inducing-
polarizer, effectively reducing the critical current of the MTJ in the STOMTJ device. This reduction of the critical
current can improve the performance of the MTJ leading to low power magnetic memory. The magnetization reversal
of the free layer of MTJ results from the contribution of two polarizers as shown in Figure 1(b), where the
magnetizations my; and mp, are considered to be a static polarizer and dynamic polarizer, respectively. The RL and the
non-magnetic layer of the STO are not shown in Fig 1(b) for simplicity.

2. Theoretical model

In the first case, an MTJ is simulated as shown in Fig. 1 (a). The magnetization direction of the FL (m) can be
changed under a polarized electric current while the direction of the RL magnetization (m;) is unchangeable and
aligned in the z-direction. The dynamics of the magnetization of the free layer in the presence of spin-polarized current
is obtained by solving the LLGS equation given by Eq. 1.

d d
2 = y[m X Hge] + o (m x 22 (1)

In Eq. 1,y is the gyromagnetic ratio, « is the damping constant, m is the normalized magnetization of the free layer.
The effective field He can be expressed by

Heff=H5+Hk+Hex+HST (2)

In Eq. 2, His the magnetostatic field, Hy is the magnetic anisotropy field, Hey is the exchange field and Hsr is the spin
transfer torque field given by Eq. 3.

HST = —HST(m X mp) (3)
In Eq. 3, my is a vector with polarization direction of the reference layer, Hsr is given by Eq. 4 where J is the current
density (J=i/A), t is the thickness of the ferromagnetic layer under STT, ¢ is the spin polarization efficiency, M; is the

saturation magnetization, e is the electron charge and h is the reduced Planck constant.
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Hgr = (4)

3. Results and discussion

Case 1: MTJ simulation without dynamic polarizer.

For solving Eq. 1, the free layer of the device MTJ, with a size of 30 x 30 x 2 nm?® and discretization of 3 x 3 x 2
nm® was considered. The polarization vector m, is in the positive z-direction following the orientation of the
magnetization of the perpendicular polarizer. The free layer saturation magnetization (M), spin current polarization
(P), the anisotropy field (H,) and exchange stiffness constant (A) were fixed to 600 kA/m, 0.6, 900 mT and 4x102
J/m, respectively. By exploring magnetization dynamics at different values of current, the critical current (i.) was found
to be 0.2 mA with switching time (t;) of 0.5 ns, as shown in Figure 2. As can be easily understood, a current with
magnitude more than the critical current i led to a decrease in the MTJ switching time.

Polarizer Layer 1
. Insulator

| R

Spacer

(0]} Polarizer Layer 2
Reference Layer

(a) (b)
Figure 1. (a) The sketch of the p-MTJ and (b) the sketch of the p-MTJ with two spin polarizer layers.

Case 2: MTJ simulation with dynamic polarizer.

In the second part of this study, the magnetization dynamics of the free layer shown in Figure 1 (b) was
investigated. In this scheme, the free layer magnetization m was under two spin-transfer torque fields. The first one
was Hsry, from the main static polarizer (mp,), with a fixed magnetization direction, which was taken in the positive z-
axis (out-of-plane). The second STT field Hsr, was from the second polarizer layer (m,,) which is the free layer of an
STO here considered to be a dynamic polarizer. Its magnetization, given by Eq. 5, is oscillating at a characteristic
frequency depending on the intrinsic properties of the STO and applied current. In Eqg. 5, My is the saturation
magnetization of the free layer of the dynamic polarizer, f'is its oscillation frequency and 0 is the angle between the out
of plane axis (z-axis) and its magnetization vector. The spin torque efficiency from the polarizer m, was fixed to 0.3.

m,, = M;(sinfcos(2nft)e, + sinfsin(2rft)e, + cos0e,) (5)

The second STT field Hsr, was obtained by substituting Eq. 5 in Eg. 3. The magnitude of the Hsr, is given by
equation 4. For the STO-MTJ device shown in Figure 1 (b), the magnetization dynamics were explored at different
values of current. The critical current (i) was found to be 0.1 mA with switching time (t;) of 0.5 ns, as shown in the
Figure 3. The spin-polarized d.c current injection is capable of inducing oscillations in the free layer of the STO. The
magnetization of the dynamic polarizer was oscillating at 7 GHz and 6 = 85°. Without the dynamic polarizer, the
magnetization of the free layer of MTJ was precessing and then going back to its initial magnetization state. It is
important to note that for the current value i = 0.1 mA, the switching of the free layer magnetization m with only the
main polarizer, similar to an MTJ device only, was not possible, as shown in Fig. 4(a). With the dynamic polarizer, the
precessing m was in synchronization with my,, and the resonance condition was achieved leading to magnetization
reversal as shown in Figure 4(b).
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Figure 2. Time domain plot of the three normalized components of the magnetization (m,, my, and m;, respectively
represented in green, purple and pink) with respect to time for | =0.2 mA.
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Figure 3. Time domain plot of the normalized component of the magnetization m, for i = 0.1 mA.
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Figure 4. The trajectory of magnetization vector for i = 0.1 mA (a) without dynamic polarizer and (b) with dynamic
polarizer oscillating at f = 7 GHz.

In comparison to magnetization switching by ferromagnetic resonance (FMR) and STT-FMR, the resonance in
the STO-MTJ device is without the use of a.c. current i, . The dynamic magnetization my, has a microwave component
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at the FMR frequency and the associated STT drives m into resonance. Thus, the driving force of the magnetic
precession in STT-FMR in a magnetic tunnel junction device is the oscillating m,, associated with an applied spin-
polarized d.c current ig.. The frequency of the oscillating my, can be tuned by adjusting the STO’s fixed and oscillating
layers’ properties such as their spin polarization, thickness, anisotropy field and saturation magnetization. The area of
the STO and magnitude of the current passing through it will be the same as the MTJ device.

An MT]J as shown in Figure 1 is made of ultra-thin films with a thickness of 2 nm or less. In general, the insulator
layer and the magnetic layer are made of MgO and CoFeB alloy respectively. To validate the design discussed above,
two similar MTJs were considered. The first MTJ was left as it was and an STO could be engineered on top of the
second MTJ to form a stacked STOMTJ DEVICE. The first MTJ and the STOMTJ device were electrically
characterized to know the critical current. The scheme discussed above is applicable only if the magnetization of the
free layer of the MTJ exhibits precessional motion without the dynamic polarizer.

For the simulated STOMTJ device shown in Figure 1(b), the critical current found was i; = 0.1 mA. The
simulations were repeated for different frequencies of the dynamic polarizer. It was found that the magnetization m
switches even for 8 GHz as shown in Figure 5. From the results shown in Figure 6, the switching probability P of the
free layer magnetization has a maximum at an optimal frequency range of 7 GHz to 8 GHz. The free layer
magnetization can be reversed from one state to the other at a frequency close to the mean frequency fs. This result
offers a frequency-based switching of the free layer magnetization. By adding the dynamic polarizer my, oscillating
within an optimal frequency range, it is possible to switch the magnetization of a memory layer in an MRAM device.
For better functionality of the device memory, a narrow distribution of switching probability is required. It is important
that the switching happens only at one characteristic frequency.
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Figure 5. Time domain plot of the normalized component of the magnetization m, for i = 0.1 mA
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Figure 6. Switching probability of the free layer magnetization versus the frequency of the dynamic polarizer for spin-
polarized current value i = 0.1mA. The applied current duration is 2 ns.
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Conclusion

In summary, we have simulated the STOMTJ device which can be used to attain a low power magnetic memory.

The free layer magnetization switching with lower current becomes possible as reported in Figure 3 where the
switching probability reaches a maximum when the oscillating polarizer m,, is added. A good comparison of the
switching process in the MTJ with and without dynamic polarizer is shown. The assist mechanism shown can help
reduce high current density without compromising the diameter of the MTJ.
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