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ABSTRACT: A study on spin transfer torque switching in a magnetic tunnel junction with perpendicular 

magnetic anisotropy is presented. The switching current can be strongly reduced under a spin torque oscillator 

(STO), and its use in addition to the conventional transport in magnetic tunnel junctions (MTJ) should be 

considered. The reduction of the switching current from the parallel state to the antiparallel state is greater than in  

the opposite direction, thus minimizing the asymmetry of the resistance versus current in the hysteresis loop. This 

reduction of both switching current and asymmetry under a spin torque oscillator occurs only during the writing 

process and does not affect the thermal stability of the free layer. 
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 المشتقة مه (FCC)( والمكعب مركسي الوجه BCCوالمكعب مركسي الجسم ) (SCشبكات المكعب البسيط )

 ويل والكواتيرويون -مجموعات كوسيتر

 بوزيان خالدو  شيد سبيعر

انًغُاطٍسً  ُفقًانجهاص ان  تقاطع فً نتبذٌم انًغُاطٍس  (STO) الإنكتشوٌ دوساٌكًٍت انتحشك انُاتج عٍ   اَتقال انىسقت هً دساست عٍملخص : 

 هذا( STO) الإنكتشوٌ دوساٌ يزبزب َاتجت عٍ ًٌكٍ أٌ ٌتى  باستعًال  اتجاِ انًغُاطٍس نتبذٌم انكهشبائٍتتخفٍض  فً انطاقت ( . MTJانعًىدي)

 انتقهٍم يٍ وبانتانً الاتجاِ انًعاكسانى يىاصٌت  حانت انًغُاطٍس يٍ نتبذٌم انكهشبائٍتتخفٍض انطاقت  . MTJ فً انتقهٍذٌت وسائم انُقم بالإضافت إنى

 انكتابت فقط أثُاء عًهٍت ٌحذث STO فً ظمعذو انتًاثم انحانً و انتحىل كم يٍ هزا الاَخفاض. انتباطؤ فً حهقت انتٍاس ضذ فً انًقاويت انتباٌٍ

 .انزواكش انعشىائٍتحشكت فً انًتطبقت نهانحشاسي  الاستقشاسعهى  تؤثش، ولا  MTJ فً  انًعهىياث

 

.الإنكتشوٌ دوساٌ و انًغُاطٍسً ُفقًانجهاص ان ،تبذٌم انًغُاطٍس ،عضو انذوساٌ تذوس َقم ،انىصىل انعشىائً انًغُاطٍسٍت راكشة :كلمات مفتاحية  

1. Introduction 

pin transfer torque (STT)-based magnetic random access memory (MRAM) is considered as a potential future 

memory due to its non-volatility, good scalability, fast reading and writing processes and its reasonably low 

writing current [15]. The key part of STT-MRAM device is made of a magnetic tunnel junction (MTJ) where a 

magnetically soft layer, also called the free layer, is separated from a magnetically hard layer called the reference layer 

by a non-conductive tunnel barrier, as can be seen in the top part of Figure 1(a). Recently, materials with perpendicular 

magnetic anisotropy for the free and reference layers have been intensively investigated [6-17]. These materials have 

larger anisotropy energy and better thermal stability than their counterparts with in-plane anisotropy which are required 

for devices below 20 nm diameter. For magnetic memory to be competitive with static random access memory 

(SRAM) and dynamic random access memory (DRAM), the critical switching current for the free layer magnetization 

has to be reduced. Although current densities below 5 MA/cm
2
 have been  reported [9,18-21], the scalability problem 

still remains, as these values are for switching the magnetization of the free layer from the antiparallel state to the 

parallel state with respect to the reference, which has a fixed magnetization direction. In magnetoresistance devices, it 

is known that the free layer magnetization switching by STT effect represents a strong asymmetry, i.e. the switching 

current density from antiparallel state to parallel state (Jc
APP

) is much smaller than the one for switching from opposite 

states (Jc
PAP

). This phenomenon is mainly due to the unbalanced rate between the polarized majority of electrons and 

the minority responsible for magnetization reversal. It is also important to note that in the case of perpendicular MTJ, 

the magnetostatic field from the reference layer could reach values larger than 0.1 mT, thus favoring parallel state and 

causing a strong asymmetry [11, 22]. It is crucial to reduce both Jc
APP

 and Jc
PAP

, though mainly the later , as it is the 
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higher with a factor of two or more [9,11,14]. Different studies have aimed to reduce Jc without solving the issue of the 

asymmetry of the signal. In this paper, a new structure based on incorporating a spin torque oscillator (STO) to an MTJ 

device to reduce the switching current density of FL magnetization M and the asymmetry of the hysteresis loop is 

proposed. Moreover, it is found that for a frequency range around 2 GHz, it is possible to further reduce the value of 

Jc
PAP

. Minimizing the writing current and the asymmetry of the writing signal using a STO is an efficient way to make 

STT-MRAM competitive with other future memories. For the same applied current, both RL and STO devices induce 

complementary effects in reducing STT current. 

2. Theoretical model   

The proposed structure is shown in Figure 1(a), where an MTJ is separated from an STO by a non-magnetic 

spacer. In this study only the magnetization dynamics of the free layer will be discussed and no details of the  STO will 

be presented. It is assumed that the STO is made of a perpendicular magnetic anisotropy ferromagnetic layer with a 

fixed magnetization direction and an oscillating magnetic layer (OSL) with magnetization Mosc as sketched in Figure 

1(a). When a polarized electric current is applied,  Mosc forms an angle  from z-axis perpendicular to the film plane 

and rotates with an angular frequency  = 2 f. In this geometry, the free layer magnetization is under two STT effects, 

HST1 and HST2, originating from the reference layer and the oscillating layer, respectively. The current is assumed to 

flow perpendicularly to the layers and to have a uniform distribution. The dynamics of the free layer magnetization is 

described by the Landau-Lifshitz-Gilbert (LLG) equation: 
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where  is the gyromagnetic ratio and α is the effective damping constant. The effective field Heff in Eq. (1) includes 

the anisotropy field, the exchange field and the magnetostatic field, as well as HST1 and HST2. The two STT fields can 

be expressed as: 
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The MTJ device in Figure 1(a) is the main part, and the oscillating layer functions only to assist the switching of M. To 

avoid a reduction of read-back signal due to the existence of the STO, the spacer between the MTJ and STO parts is of 

Cu, which helps in writing and will not affect the tunnel magnetoresistance signal (TMR). The thickness of the Cu 

spacer between the free layer and oscillating layer is about 2 nm, but could  be made slightly larger. This range of 

thickness is enough to reduce the magnetostatic field from the oscillating layer which could change the magnetization 

dynamics of the free layer. In the case of the spin valve, 1.8 nm Cu was  is used to minimize the magnetostatic field 

between RL and FL [23]. Because there is a conductive spacer between the oscillating layer and the free layer, the 

magnetoresistance signal from this part (OSL/Cu/FL) is much smaller than the TMR signal from FL/tunnel barrier/RL. 

In Eq. 3, MS and d are the saturation magnetization and the thickness of the free layer, which were fixed to 800 

emu/cm
3
 and 2 nm, respectively. The efficiencies of spin polarization from RL and OSL, 1 and 2 were also fixed in 

this work to 0.5 and 0.4, respectively. This difference was because the efficiency of a STT in a MTJ is larger than in all 

conductive magnetoresistive devices, as reported by switching current values in both structures. For the calculation of 

the magnetization dynamics using Eq. 1, the anisotropy field Hk and exchange constant were kept constant at 9 kOe 

and 1.610
6

 erg/cm, respectively. These values are similar to those for materials commonly used for perpendicular 

MTJs, such as CoFeB single layer or a laminated CoFeB with Ta [9,24,25]. Finally,  = 0.007, as reported from 

ferromagnetic resonance measurements in the case of CoFeB [26], was used throughout this study. In this simulation, 

the lateral size of the device, which includes FL, RL and OSL, was fixed to 40 nm by 40 nm. 

3. Results and discussions  

Firstly, the out-of plane component of the normalized free layer magnetization, mZ, when there is only a 

reference layer (polarizer P1) was evaluated. For an electric current with a pulse duration  of 2 ns,  mZ decays with the 

current density, as can be seen from Figure 2. It is important to note that mZ was calculated at time t = 2ns. A critical 

value Jc
APP

 of about 12 MA/cm
2
 for switching M was obtained. This value is about 2.5 times smaller than Jc

PAP
. 

Before considering the case where a STO is added, the case where the magnetic layer is below the free layer (Figure 1) 

was studied. It can be seen from Figure 2 that the switching of M occurs at a lower Jc
APP

 of about 6 MA/cm
2
, but is 

not sensitive to the angle  (up to 30 investigated in this study). If one could make a fixed magnetization direction 
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instead of a STO device, the reduction of the electrical current for switching the free layer magnetization could still be 

improved. However, practically, it is challenging to have a good thermal stability with a tilted angle of more than15. 

In the proposed scheme, conventional perpendicular anisotropy materials could be used for an OSL with good thermal 

stability and it would then only be when the current is applied, that Mosc starts to oscillate, thus forming an angle  

from the z-axis. In a second part of this study, we investigate the effect of frequency f on M dynamics. From Eq. (2), 

the three components of HST2 are   

 

  ).2sin.sin..(cos22 zyST

x
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Figure 1. (a) Schematic diagram of the proposed structure made of a magnetic tunnel junction (top part) and a spin 

torque oscillator (bottom part). The order of the two parts could be reversed. The free layer and reference layer have 

perpendicular magnetic anisotropy and (b) the oscillating magnetization in the spin torque oscillator part is shown in 

spherical coordinates. The current is flowing perpendicular to the film plane. 

 

These components are added to HST1 leading to an increase of the efficiency of the STT effect in reversing M. Figure 3 

shows the dependence of mZ on the frequency f of STO for two applied current densities. As mentioned earlier, we did 

not investigate the dynamics of Mosc but it is assumed that for a given current density J a frequency f could be reached. 

This is possible by adjusting the intrinsic properties of STO such as saturation magnetization, anisotropy field and 

damping constant. In addition, the efficiency of STT from the in-plane layer and spin polarization of the two magnetic 

layers of a STO are two other parameters that could tune the frequency f [2729]. For J = 12 MA/cm
2
, FL 

magnetization has a z-component of 0.7 and could not be reversed from P state to AP state with respect to reference 

layer magnetization. Values of J = 12 MA/cm
2
 and 14 MA/cm

2
 for this part of the study were selected so as not to 

have a switching of FL magnetization without STO. 

 

 

Figure 2. Out-of-plane component of free layer magnetization as a function of the current density J for cases where 

there is only polarizer P1, and for both P1 and P2 with  = 15 and 30. In this calculation, the current pulse duration is 

2 ns and P2 is considered not oscillating (f = 0). 
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Figure 3. Out-of-plane component of free layer magnetization versus frequency f of spin torque oscillator for different 

current densities. The current pulse duration is fixed to 2 ns and the switching is from parallel state to antiparallel state. 

 

As shown in Figure 3, to reverse M either a large J should be applied to improve STT efficiency or Mosc should 

be allowed to oscillate with a frequency f around 2 GHz under our calculation conditions. It is difficult to correlate 

between f and FL resonance frequency fR. Heinonen et al. reported that fR decreases linearly with the bias voltage or 

applied current [30]. More interestingly, from ferromagnetic resonance (FMR) measurements they showed that fR is 

higher for a negative bias voltage compared to positive voltage. In the case of CoFeB with 2 nm, it was found that fR is 

around 2.5 GHz without applying an electric current [26]. Nevertheless, the intrinsic properties such as Hk and MS may 

have a strong effect on f, in addition to the device size and applied current magnitude. In fact, while M is precessing 

under STT from RL, an additional STT from STO  helps M to become reversed. The z-component of FL magnetization 

evolves with time t as mZ ~ exp(t).cos(t) for a small amplitude limit and with no STO (only RL as a polarizer) 

[31]. When a STO is added to assist magnetization switching  should be synchronized with f of M, but this is not 

straightforward, as can be seen from Eq. 4, where both t and the three components of M which are also time 

dependent exist. In Figure 3, it can be seen that for a larger frequency (f  > 3 GHz), the oscillation of Mosc is not 

effective in the reversal process, and thus mZ drops to an even lower value than where f = 0. Similar behavior of mZ 

versus f was observed for J = 14 MA/cm
2
. By plotting the calculated hysteresis loop for each value of applied current 

density, it can be seen from Figure 4 that there is a strong asymmetry  for the case of conventional MTJ (only 

polarizer P1). A Jc
PAP

 of  28.5 MA/cm
2
 is required to reverse M from P state to AP state, which leads to a change of 

device resistance from low value to high value, respectively (plotted as normalized resistance in Figure 4). It we 

assume that the STO is replaced by a layer with fixed magnetization direction  = 30 without any oscillation (f  = 0), a 

reduction of both Jc
PAP

 and Jc
APP

 to 13.6 MA/cm
2
 and 9.9 MA/cm

2
, respectively, could be achieved. The strong 

reduction of Jc
PAP

 compared to Jc
APP

 leads to a minimization of asymmetry . When a STO is acting on the free layer 

magnetization, a further reduction of Jc
PAP

 with almost no change in Jc
APP

 value was is observed. For f = 2 GHz, 

Jc
PAP

 was further reduced to 10.7 MA/cm
2
 which represents an approximately 60% reduction. In fact, for a/the STT-

MRAM application, it is mainly the reduction of Jc
PAP

 which remains a challenge, thus causing an asymmetry between 

Jc from parallel and antiparallel states. It is known that M takes less time to switch from antiparallel to parallel states 

than for  the reverse case. The STO is then more effective for reducing Jc
PAP

 than Jc
APP

. 

 

 

 
 

Figure 4. Normalized resistance versus current density for cases where there is only P1, and when P2 is added with no 

oscillation (f = 0), and with a frequency of oscillations of 2 GHz. The magnetization of the oscillating layer has a fixed 

angle  = 30 around the z-axis. 
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4. Conclusion 

Integrating a spin torque oscillator to a magnetic tunnel junction with perpendicular anisotropy could help to 

improve the efficiency of the STT effect. The study revealed a stronger reduction of switching current from parallel 

state to antiparallel state compared to the reverse transformation. This is important in reducing the asymmetry in the 

resistance-current hysteresis loop. It is also shown from this study that the critical switching current is not very 

sensitive to the opening angle of STO oscillations. More interestingly, the oscillation frequency is another key 

parameter to further reduce the current from parallel state to antiparallel state. The proposed structure does not require 

an additional lithography process or special electrical circuit and thus offers an efficient way to reduce the STT 

switching current and asymmetry in perpendicular magnetic tunnel junctions. 
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