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Based on requirements for spin transfer torque (STT)-magnetic random access memory (MRAM), fundamental challenges in 

current CoFeB and MgO-based STT-MRAM with perpendicular magnetic anisotropy (PMA) are addressed when scaling down to sub-
20nm. Electric-field (EF) induced PMA modulation has been proposed to significantly reduce the switching current. As EF alone is 
unable to induce the magnetization reversal but PMA reduction, additional mechanisms should be applied to realize EF switching. We 
discussed difficulties in the implementation of currently reported two switching approaches and proposed a new approach using 
Oersted field guided EF switching in MRAM arrays. Our latest experimental results on the EF effect show that the spin re-orientation 
transition can be realized at an EF of 0.8V/nm for the top –pin CoFeB/MgO MTJs with the thermal stability factor of as high as 57 in 
the absence of electric field. However, the bi-directional switching of the free layer cannot be achieved at a fixed biasing field, which is 
attributed to small STT effect and switching uncertainty due to unipolar feature of EF-induced PMA modulation. Perspective of EF-
MRAM is analyzed based on currently published data on EF efficiency. We show that the EF switching is very promising for future 
MRAM applications in spite of challenges in materials and MTJ stack engineering.    
 

Index Terms—Electrical field, MRAM, low power switching, Spin transfer torque.  
 

I. INTRODUCTION 

AGENTIC random access memory (MRAM) has potential 
to become the universal memory because of its unique 

features of non-volatility, high speed and almost unlimited 
endurance [1], [2]. Magnetic tunnel junctions (MTJs) with 
perpendicular magnetic anisotropy (PMA) are the most 
promising candidate for high density MRAM applications. In 
particular, MTJ stacks consisting of MgO barrier and PMA 
CoFeB magnetic layers have attracted considerable attention 
thanks to their combination of high PMA, high tunneling 
magnetoresistance (TMR) and low switching current density 
for spin-transfer torque (STT) induced magnetization reversal 
[3], [4]. To realize the practical applications of STT-MRAM, 
MTJ elements must meet a set of performance requirements 
on switching current (Ic), read/write speed, write endurance, 
thermal stability, TMR ratio and resistance-area product (RA), 
as well as scalability. The challenge is that the improvement in 
these performance parameters cannot be realized 
independently. They need to be optimized with trade-off for 
different applications. For example, for data storage 
application, data retention and density are the most important. 
As a result, high thermal stability and scalability to extremely 
small dimensions are desired for MTJ stack design, while the 
requirements on Ic and speed have to be relaxed. On the other 
hand, as we will show later, STT-driven magnetic switching in 
a MTJ device is a rather inefficient electronic transport 
process and large portion of energy is consumed by Joule 
heating during STT-induced magnetization reversal for 
programming operations. It is highly desirable to develop a 
new scheme for magnetization switching. One of the most 

promising solutions is to use electric field (EF) instead of 
current to manipulate the magnetization direction. EF-induced 
magnetization switching has been reported in MTJs with a 
current flowing through MTJs reduced by several orders of 
magnitude compared to current-induced magnetization 
switching in CoFeB/MgO/CoFeB tri-layer stacks [5]-[7]. A 
nice summary in the EF –induced magnetization switching is 
given in [8]. However, these EF-switching MRAM devices 
suffer from several technical issues: 1) EF does not cause 
static reversal of magnetization directly, but anisotropy 
modulation only, as a result, other driving forces need to be 
employed for bi-directional switching, resulting in difficulty in 
stack design; 2) the anisotropy change is quite small and 
usually achieved in MTJs with high RA; 3) all reported EF 
switching so far is realized in a simple trilayer structure 
without proper pinning structure. In this paper, we will first 
analyze the challenges in STT-MRAM and the feasibility of 
EF-switching MRAM, then present the experimental efforts 
towards the enhancement of EF effect on PMA with a realistic 
stack structure consisting of a synthetic antiferromagnetic 
(SAF) coupled reference layer. We will also discuss the 
various switching mechanisms with EF –modulated PMA and 
examine the feasibility of EF-switching MRAM. 

II. CHALLENGES IN STT-MRAM 

In order to save the energy, it is required to reduce the 
operating current used to program MRAM cells. Under the 
macrospin assumption, the critical current for STT-induced 
switching in PMA-MTJs is given by [9], [10]: 

 
                                                                       (1)                                                                       
                                                                       (2) 
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where � is the reduced Planck constant, e the electron 
charge, α the damping constant, PJ the spin polarization of 
current (suppose they are the same for reference and free 
layers), Ms the saturation magnetization, V the volume of the 
free layer (FL), Hk the magnetic anisotropy field, Heff is the 
effective field applied on FL along the easy axis favoring the 
antiparallel (AP) state. It includes external field, magnetostatic 
field, and interlayer coupling field. Equation (1) and (2) 
suggest that the asymmetry in the switching current density 
arising from the difference in STT efficiency between the 
parallel (P) and AP states could be compensated by 
introducing Heff. In addition, MTJs with a low Ms FL would 
have a low switching current. On the other hand, for a non-
volatile STT-MRAM, it is particularly important to have data 
retention over a long period, e.g., of 10years, which will 
require a large thermal stability factor (∆). In macrospin 
model, ∆=Keff.V/kBT, where kB is the Boltzmann constant, T 
the temperature, Keff=Ms(Hk±Heff)/2. Use of low-Ms FL and 
the introduction of Heff would reduce ∆. For the practical 
design of STT-MRAM chip, the first parameter one has to 
consider is the thermal stability required for the targeted 
applications. From Eq.(1) and (2), the average switching 
current for Heff=0 can be expressed as: 
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Eq.(3) suggests that the switching current is not directly 

dependent on Ms, while proportional to α and ∆. Eq.(3) shows 
that Ic0 decreases as PJ increases. Practically, PJ cannot be 
increased unlimitedly as large PJ results in the large 
asymmetry of switching current as shown in Eq (1) and (2).  

To give a rough evaluation of required Ic0 for different 
applications, Fig.1 shows Ic0 versus ∆ at various α values. The 
required ∆ values for chip capacity of 1 Mb and 1 Gb with 10- 
year data retention are also given at a Failure in Time (FIT) of 
1000 as used in [11]. One can see that Ic0 increases linearly as 
required ∆ increases. For some applications with a fixed ∆ to 
maintain sufficient data retention, Ic0 can be only reduced 
through using materials with low α. As a result, tremendous 
efforts have been made to develop low-α materials such as 
MnGa [12] and half metallic Heusler alloys [13]. However, 
these materials cannot be used for STT-MRAM due to poor 
performances when they are integrated into MgO MTJs. As 
α is mainly determined by the spin orbital coupling, the 
materials including heavy metals such as Pt, Ta, Pd are not 
suitable for the free layer. In addition, it is found that the 
materials adjacent to the free layer will also influence the α of 
FL due to effect of surface spin-orbit interaction. Therefore, 
various MTJ structures without heavy elements in FL and its 
adjacent layers [14-17] have been proposed and α value has 
been reduced to as low as 0.005, in comparison with 0.01 in 
common MTJ structure.  

 
FIG. 1 HERE 

 

From Fig.1, a ∆ value of about 64 is required to maintain 
the data retention of 10 year for 1 Gb chip at room 
temperature. For a MTJ with TMR ratio of about 110%, the 
polarization is estimated to be 0.6. From Eq.(3), Ic0 would be 
of 5.4, 16.1 and 26.8µA for α=0.001, 0.003, 0.005, 
respectively. These Ic0 values appear to be not high. However, 
as the size of MTJ is scaled to sub-20nm, the corresponding 
switching current density will be as high as 6.7×106A/cm2 for 
α=0.005 at 20nm technology node.  

High density MRAM uses the 1-MTJ/1-transistor (T) 
memory cell structure with complementary metal-oxide-
semiconductor (CMOS) transistor as the access devices. In 
this architecture, the maximum current (IT) allowed by CMOS 
is determined by its gap width of the transistor, thus limiting 
the driving current when the size is scaled down. As the 
technology node moves to a small feature size (F) to 
accommodate high density, IT scales linearly with F, typically, 
IT �  600 (µA/µm).F, which means the maximum current 
density (Jmax) allowed for a MTJ cell in the 1MTJ/1T MRAM 
array would scale as 600 (µA/µm)/F. On the other hand, the 
switching current density Jc0 would scale as Ic0/F

2. As a result, 
the scaling will be limited to a feature size below which Jc0 
exceeds Jmax. Fig.2 shows the scaling result for Ic0 required to 
provide ∆=64. One can see that the scalability limited by the 
compatibility with CMOS is largely determined by α of the 
FL. A CoFeB FL which has an α of about 0.005 with double 
MgO layers [16] would be able to scale down to 40nm for 
1MTJ/1T architecture for 1Gb MRAM chip with data 
retention of 10 years. From the above rough estimation, one 
can see that eventually the scalability for STT-MRAM would 
be limited by CMOS. For a compromise, one may use a large 
transistor to supply sufficient current for STT-induced 
magnetization switching in MTJ cells. Therefore, the scaling 
limit indicated in Fig.2 is just for reference and does not 
represent the real limitation for STT-MRAM application. For 
example, at F=40nm, the layout-based limit of 6F2/bit with 
three-terminal CMOS [18], the memory density could be as 
high as 67 Gb/in2, while for crossbar design with 4F2/bit using 
diode, the density will be 100 Gb/in2.  

 
FIG. 2 HERE 

 
In addition, as the writing speed increases to below 10ns, 

the switching process will be governed by precessional 
magnetization reversal, hence the switching current would be 
increased to significantly larger than Ic0 estimated by Eq.(3), 
which has been discussed in details in [9].  

Another challenge we would like to address is the dilemma 
for the performance parameter optimization for reading and 
writing processes. For a reading process, it is desired to have a 
large signal output for the fast sensing speed, while a low 
voltage is required to maintain the write endurance for a 
writing process. The reading voltage is determined by 

  
VR=IR∆R=JR∆R.A=JR.MR.RA,                                          (4) 
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where MR=TMR ratio, IR is the applied current during the 
reading process. The voltage during writing is expressed as:  
 

VW=IwRmax=Jw.R.A.(1+MR)                                            (5) 
 
 From Eq.(4), large RA and MR are preferred to provide 

large reading signal. However, large MR and RA would also 
increase VW as indicated by Eq.(5), which should be limited 
for write endurance. As a result, more practical way to 
increase the reading signal would use a large current for 
reading. However, large IR would increase the reading disturb 
error as discussed in [19]. Typically, to keep a low reading 
disturb error, IR should be less than 10% of IW. In order to 
ensure the write endurance, the write voltage should be much 
smaller than the breakdown voltage of the tunneling barrier. In 
addition, to save the write energy Iw should be controlled as 
small as possible, which in turn limits the selection of IR. As 
an example, we consider the case of IW=Ic0=26.8µA. Suppose 
the reading current is 10% of IW, for fixed RA values (5 and 
10Ωµm2), the reading signal (filled symbols) and the writing 
voltage (open symbols) increase as the size (F) of a MTJ 
decreases, as shown in Fig.3. The two lines for reading and 
writing are given to show the useful region for the critical 
limits of VR and Vw. Here, we suppose the reading channel 
requires a minimum of 20mV for fast signal processing and 
the maximum voltage of writing to maintain sufficient 
endurance is 0.5V. These limitations will confine the workable 
size of MTJs for different RA values and influence the scaling. 
Typically, to achieve a VR larger than 20mV, F should be less 
than 36nm and 26nm for RA=10Ωµm2 and 5Ωµm2, 
respectively. On the other hand, to have Vw less than 0.5V, F 
should be larger than 32nm and 23nm for RA=10Ωµm2 and 
5Ωµm2, respectively. Therefore, the workable feature size is 
limited from 32nm to 36nm and from 23nm to 26nm for 
RA=10Ωµm2 and 5Ωµm2, respectively. In order to scale down 
to smaller feature size, one has to reduce RA accordingly to 
meet the criteria for VR and Vw. As shown by the shaded 
rectangles, the workable F range becomes smaller and smaller 
as RA decreases, which will eventually limit the scaling.   

 
FIG. 3 HERE 

 
From the above discussion, one can see that the major 

challenge is actually from the high switching current. To 
understand the energy efficiency of switching a MTJ, we 
consider a typical MTJ with size of 40nm. Suppose the 
switching time is 10ns, the energies consumed by STT (ESTT) 
and the Ohmic heating (EJ) are shown in Fig.4. The energy 
required for STT current to switch a MTJ device is determined 
by Eq. (3) to overcome the energy barrier. It is found that the 
STT energy is actually quite small, typically below thousandth 
of femto Joule (fJ). However, as MTJs are highly resistive 
devices, the energy consumed for writing can actually be up 
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to several tens of fJ due to Ohmic heating. From this simple 
estimation, we see that STT- switching is highly inefficient in 
terms of energy usage as the STT current has to pass through 
highly resistive MTJ devices. Therefore, it is highly demanded 
to explore other writing schemes in order to reduce the writing 
power consumption of MTJs. 

III. ELECTRIC FIELD CONTROLLED MRAM 

One of the most promising switching methods is to use 
electric field (EF) instead of current to control the magnetic 
anisotropy of the FL in MTJ. By using EF, the Ohmic heating 
can be avoided or reduced significantly for writing process as 
the current passing through MTJ devices is unimportant for 
the magnetization reversal. The EF–modulated magnetic 
anisotropy has been reported by several groups [20]-[25]. 
Several approaches have been explored for the realization of 
EF-controlled switching magnetic devices using multiferroic 
materials or heterostructures in which magnetic and electrical 
properties are coupled through strain [26], [27]. However, it is 
very difficult to integrate these materials and structures into 
today’s MTJ structures. Other EF-controlled magnetic 
materials include ferromagnetic semiconductors such as 
(In,Mn)As and (Ga,Mn)As in which carrier-mediated 
ferromagnetism is controlled by a gate voltage [28]-[30]. 
These materials are also difficult to be used in MTJ MRAM. 
Recently, following the discovery of PMA in the conventional 
CoFeB materials with the interface of MgO layer when its 
thickness is reduced to below 2nm [3], EF-controlled magnetic 
switching has been reported in the commonly used 
FeCoB/MgO/CoFeB MTJs [5]-[7]. Two types of switching 
methods have been reported, i.e., static switching driven by 
STT and magnetostatic field with the reduced PMA by EF [5] 
and dynamic switching controlled by the pulse duration [6-7]. 
The switching energy using EF is estimated to be about 
1fJ/bit, a few orders lower than those for STT MRAM. 
However, as the EF itself cannot induce magnetization 
reversal, additional driving forces need to be applied for the 
realization of bi-directional magnetization switching. On the 
other hand, as the EF-effect is unipolar, i.e., the PMA 
decreases along one direction of EF while increases along the 
other direction, the bi-directional switching to realize bistable 
memory states needs to utilize different driving methods. As 
discussed in [31], for the static switching, a magnetostatic 
field (stray field from the stack) is used to switch the 
magnetization of the FL from AP to P states when the 
magnetic anisotropy is sufficiently reduced by EF. To realize 
the switching from P to AP, STT effect has to be introduced. 
The STT should be sufficiently high to overcome the energy 
barrier of the stray field which favors P state and the 
remaining anisotropy of the free layer if the EF effect is 
unable to reduce the effective anisotropy to zero, i.e., reaching 
the criteria for the spin-reorientation transition (SRT). One of 
the challenges is that the STT effect is generally much weaker 
in the EF-controlled MTJs as their RA should be sufficiently 
high to provide high EF efficiency, which will be discussed 
late. On the other hand, the switching reliability may be also a 
big concern. To understand this, we consider the switching 
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methods reported in [5]. At the low voltage (-0.9V in [5]), P 
→AP switching is facilitated by STT while at the high voltage 
(-1.5V), the AP→P switching is favored by the effective field 
(Heff) from the interlayer magnetic coupling and the externally 
applied field. Thanks to strong EF effect, the switching current 
density at these two voltages is of the order of 104A/cm2, 
about two orders lower than in STT-switching devices. 
However, careful analysis suggests that this switching scheme 
could be unreliable. In P→AP switching, STT effect should be 
strong enough to overcome Heff and the remaining anisotropy 
field if any. On the other hand, in AP→P switching at the even 
high voltage (correspondingly high current), Heff should be 
high enough to compensate the STT effect and induce the 
switching at SRT. This will contradict with the switching 
condition for P→AP. A reasonable switch process could be 
that the switching at the low voltage is driven by Heff while 
STT causes the switching at the high voltage which provides 
high STT. However, this switching scheme is also 
problematic, because after STT-induced switching at high 
voltage, the FL magnetization could be reversed back due to 
Heff during the removal of the voltage, resulting in unreliable 
switching. In fact, no bi-directional static switching was 
previously reported in the small (thus most likely single 
domain) MTJ devices [7], [32]. Therefore, the reported quasi-
DC unipolar switching in [5] could be from other unknown 
mechanisms such as domain wall nucleation in reference 
layer, which may change the interlayer coupling field (thus 
Heff) due to large device size.   

Another switching method is to use EF-controlled dynamic 
switching [6], [7]. The EF applied to a MTJ results in the SRT 
in the free layer, which induces precessional motion of the FL 
magnetization. By controlling the voltage pulse duration so 
that the precession is stopped at a half period, the 
magnetization reversal takes place. The bi-directional 
switching is realized by applying another half –period voltage 
pulse. This switching scheme is similar to the toggle switching 
currently used in the commercial field switching MRAM, and 
requires read before writing. An immediate challenge is 
related to the precise control of the pulse duration. For such a 
fast switching (typically in a few ns or even less than 1ns), the 
pulse duration applied to MTJ devices may be heavily affected 
by the programing circuit. In addition, the precessional period 
may be different for different devices due to fluctuations in the 
shape and crystalline structures. Therefore, it could be very 
challenging for this switching scheme to be used in MRAM 
which is composed of large number of MTJ cells. In order to 
realize more reliable EF switching, very recently Kanai et al 
[33] proposed a switching method which combines STT and 
EF effect. A reliable bi-directional switching was 
demonstrated using two subsequent voltage pulses: one for 
EF-induced PMA reduction and the other for STT bi-
directional switching. The challenges are; 1), the EF-induced 
magnetization precession needs to be maintained during the 
second STT pulse even though the polarity of EF has been 
changed, 2), STT has to be used for bi-directional switching, 
while STT is usually weak in EF-modulated MTJ devices due 

to large RA in comparison with in a normal STT-MTJ device, 
3), an external field with in-plane component should be 
applied to define the in-plane magnetization precessional axis. 

Here we propose a reliable switching method using EF-
controlled PMA. As EF effect is unipolar, a diode can be used 
for the selection of programing cells as shown in Fig.5(a). The 
writing process is illustrated in Fig.5(b). The application of an 
EF to the cell results in a temporal change of the magnetic 
easy axis from the out of plane to the in-plane, i.e., a SRT, at 
which Hk is close to zero. A current at the adjacent lines of the 
targeted cell is activated to guide the final magnetization 
orientations before the voltage pulse (EF) is removed. As the 
required guiding field is quite small, thanks to removal of 
magnetic anisotropy by EF, the writing energy is much lower 
than in the conventional field switching MRAM as well as 
STT-MRAM. As an example, for a line of 40nm (width)× 
80nm (height)×10µm (length) and 1ns pulse for EF-induced 
switching, in order to generate a field of 10 Oe, the consumed 
power is about 6.5fJ for the whole line, in the same order of 
the EF generation for a MTJ with RA=200 Ωµm2. In order to 
examine the switchability of this Oersted-field guided and EF-
controlled MTJ, micromagnetic simulations were performed 
using OOMMF [34].  

 In this simulation, the dimensions of the free layer is 
40nm×40nm×1.4nm (thick), the cell size is 2nm×2nm×1.4nm. 
Ms of FL is 1100 emu/cc. As no STT is included in this 
simulation, a relatively large α of 0.3 is used for quick 
relaxation. The magnetic anisotropy is selected to ensure that 
the effective magnetic anisotropy (Keff) is perpendicular to the 
plane in the absence of an electric field and then changes to 
the in –plane in the presence of the EF. Simulation results 
show that if only an Oersted field (Hz) is applied before the 
removal of EF, the final magnetization will follow the 
direction of Hz.  A typical example is shown in Fig.6. At 
EF=0 V/nm, Ku=7×106 erg/cc, the FL keeps strong PMA. 
When an EF is applied, Ku is reduced to 6 ×106 erg/cc, which 
induces the easy axis of the FL changes to the in-plane due to 
demagnetization field. This process is represented as Mz 
changes from -1 to nearly zero. The application of Hz tilts the 
magnetization towards Hz direction. When EF is removed, the 
FL is to recover its PMA, the magnetization of the FL 
precesses towards the direction of Hz, resulting in a reversal. 
Our detailed simulations show that the bi-directional switching 
can be achieved if only the SRT is realized through the 
application of EF. The switching is independent of Ku at 
EF=0. Therefore, the thermal stability of MTJ devices can be 
as high as possible if the EF effect is strong enough to induce 
the SRT at a reasonable EF value much below the breakdown 
voltage. In a practical MRAM array, Hz is required to be 
slightly larger than Heff to realize bi-directional magnetization 
reversal. In order to reduce the power consumption, Heff 
should be reduced as small as possible by careful control of 

 
FIG. 5 HERE 
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interlayer coupling and the stray field from the reference layer 
using SAF structure. It should be pointed out that in Fig.6, the 
switching is purposely lengthened in the pulse duration of EF 
to see the switching process clearly. The switching time with a 
short EF pulse below 1ns is available for similar switching.    

IV. ELECTRIC FIELD EFFICIENCY ON PMA 
MODULATION 

As discussed above, the most important to realize EF-
controlled MRAM is that the EF effect should be as strong as 
possible so that the ∆ is sufficiently high for data retention at 
EF=0 while it can be effectively reduced to nearly zero at a 
reasonable EF much below the breakdown of MTJ barrier for 
EF-controlled switching. Extensive researches on EF effect 
have been carried out on a variety of ferromagnetic materials. 
However, for MRAM application, a high TMR is required for 
fast reading. Therefore, the materials which can be combined 
with current MgO-based MTJs are preferred. Several groups 
have devoted to enhance the EF efficiency in the high TMR 
MgO MTJs using 3d elements and alloys [5], [7], [35]-[40] 
both experimentally and theoretically. High EF efficiency, 
defined as S=∆Kut/∆E, has been reported by Rajanikanth et al 
[40] with a S of 1150 fJ/(Vm) in the epitaxially grown 
V/Fe/MgO layers, more than one order higher than calculated 
[36] and experimental values in Au/Fe/MgO /polyimide films 
[35]. However, the TMR obtained in their devices is only a 
few %, which is much too low for the practical application.  

The mechanisms of EF modulation on PMA remain unclear. 
Because EF can only penetrate into metallic ferromagnetic 
(FM) layer for a few angstroms, EF effect should be related to 
the interface. As a result, the first observation of EF-induced 
magnetization switching is reported in MTJs with interfacial 
PMA (I-PMA) [5]. The EF modulation of I-PMA can be well 
explained by the spin-dependent charge accumulating 
/depleting effect at FM/insulator interface [21], [41]-[43]. This 
mechanism is further confirmed experimentally as Kita et al 
observed that the insulator with higher dielectric constant has 
a higher EF efficiency due to increased dwell time for 
electrons at the interface [44]. On the other hand, PMA of the 
FM layer could also be modulated by magnetoelectric (ME) 
effect due to magnetostriction[45]. ME effect has been widely 
reported and experimentally verified in FM/piezoelectric 
structures [46]-[47]. However, it is very difficult to integrate 
the piezoelectric materials to the today’s MgO-MTJs, which is 
required for high TMR performances. Recently, we observed a 
clear evidence of EF-modulated strain in MgO layer [48]. 
Although the origin of this effect is unclear, the piezoresponse 
force microscopy measurements show that the applied EF 
induces strain in a nanoscaled MgO and the development of 
compressive and tensile strains depend on the polarities of the 
applied EF, which provides another mechanism for EF- 
mediated PMA. As the strain in the FM layer may be built up 
during the deposition, depending on the underlayer/capping 
layer materials, and deposition conditions, the EF-modulated 
PMA would be dependent on the type of the strain in the FM 
layer and the EF-induced stress in the MgO layer, which is 

consistent to the experimental observations reported in [49]-
[52], where the size and even the sign of EF effect is found to 
be dependent on the materials and deposition conditions of 
underlayer and the capping layer. The EF-mediated strain 
effects across FM/MgO interface suggest that EF-induced 
PMA variation is not only determined by the charge screening 
at the interface, but also by the strains in the FM layers, which 
opens a new platform to modulate EF efficiency. 

V. EXPERIMENTS 

MTJ stacks with top synthetic antiferromagnetic coupled 
pinning layer were deposited on Si wafers with 1µm thermally 
oxidized SiO2 using the Singulus Timaris sputtering system. 
Two series of MTJs were fabricated to understand I-PMA and 
EF-induced modulations in commonly used MgO-MTJ 
structures. Their stack structure are: 1), bottom electrode/Ta 
5/Co40Fe40B20 tFL/MgO 1.5/Co40Fe40B20 1.3/Ta 0.3/[Co 
0.2/Pd 0.9]9/Co 0.4/Ru 0.95/Co 0.4/[Pd 0.9/Co 0.2]9/Ru 20/top 
electrode and 2), bottom electrode/Ta 5/Co40Fe40B20 
1.2/MgO tMgO/ Co40Fe40B20 1.3/Ta 0.3/[Co 0.2/Pd 0.9]9/Co 
0.4/Ru 0.95/Co 0.4/[Pd 0.9/Co 0.2]9/Ru 20/top electrode, 
where the number in each layer is the thickness of the layer in 
nanometer. The thickness of the FL, tFL, ranging from 0.8nm 
to 1.3nm is used for the modulation of FL PMA and possible 
EF effect, while the variation in MgO thickness, tMgO, is used 
to examine EF effect as a function of RA to explore the 
feasibility of EF-induced switching in a practical device for 
MRAM application. The MTJ stacks were then annealed at 
240°C for one hour and were fabricated to a circular shape 
with a nominal diameter of 65 nm using standard 
photolithography process. The measurements were conducted 
in a testing station by applying perpendicular magnetic field 
and DC bias voltage. The positive polarity of the EF 
corresponds to electrons flowing from the top electrode 
(reference layer) to the bottom electrode (free layer). Magnetic 
properties and switching fields of the magnetic layers were 
extracted from magnetoresistance (RH) loops. EF value is 
defined by bias voltage/tMgO.  

Figure 7 shows coercivity of the FL (Hc) as a function of EF 
for MTJs with different tFL. As expected from the I-PMA, Hc 
increases as tFL decreases till tFL<1nm. For tFL <1nm, the PMA 
becomes unstable due to formation of superparamagnetic 
phase [53-54]. As EF is confined within a few monolayers at 
the interface, the influence of EF on the PMA is effectively 
only at the interface. The I-PMA energy density is expressed  
as Ki/tFL. Suppose a linear modulation of EF on the I-PMA 
[21], [36], Ki can be written as Ki=Ki0+Ks. EF. The effective 
magnetic anisotropy energy density Keff is given by: 

  
                                                       (6)   

where the second term is the demagnetization energy density, 
which tends to set the magnetic anisotropy to the in-plane. In 
Eq.(6), the bulk crystalline anisotropy is neglected as it is very 
small for CoFeB FL. As Hc is mainly determined by the 
anisotropy field Hk in single domain devices, we have: 
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                                                                                       (7) 
 
First principle calculation shows that the magnetization 

changes only slightly (<3%) as an EF increases up to 2V/nm 
[36]. Therefore, EF dependence of Ms in Eq. (7) can be 
ignored. Eq. (7) clearly suggests a linear relationship between 
Hc and EF. As shown in Fig.7, all Hc data can be well fitted 
linearly. However, from Eq.(7) it would be expected that the 
slope of Hc versus EF curves decreases as tFL increases, which 
contradicts with the experimental observations as shown in the 
inset of Fig.7. It is interesting to note that even at tFL<1nm, the 
EF modulation of Hc remains linear. As discussed above, the 
EF should only influence the interface, which would suggest 
that the modulation of EF on Hc should decrease as tFL 
increases, while the inset in Fig.7 clearly shows the opposite 
trend. The slope (β) actually increases as tFL increases until a 
thickness of about 1.2nm. This result implies that the EF effect 
is not purely determined by the interface, but also dependent 
on the crystalline structure of the FL. In other words, Ks in 
Eq.(7) actually depends on tFL, increasing as tFL increases. 
Note that in our experiment with the FL wedge, underlayer 
and capping layer are the same for all devices. The only 
difference is from the accumulative crystalline structures at 
different tFL. This could happen as our devices were only 
annealed at a low temperature (240oC) to ensure strong 
pinning of (Co/Pd) multilayers by avoiding Pd diffusion. It is 
noted that although a large β (375Ω.nm/V) is obtained at 
tFL=1.20nm, EF cannot effectively reduce Hc to zero before the 
breakdown, i.e., no SRT can be realized, which is required for 
low power EF-assisted switching. An SRT is only achieved 
when tFL is increased to 1.28nm at an EF of about 0.8V/nm. 
To evaluate the applicability of our devices with EF switching, 
the ∆ for devices with tFL=1.28nm at a low bias voltage of 
50mV is directly estimated using field sweeping method as 
described in [52]. The switching probability (P) is determined 
by the sweeping rate (R) as [55],      

   
                                                                             (8) 

 
where τ0 is the inverse of the attempt frequency assumed to be 
1ns. The data are cumulative from 780 RH minor loops 
measured at R=10 Oe/s. In the Fig.8, open squares correspond 
to experimental results obtained from RH minor loops, and 
solid and dotted curves are fitting curves by following 
equation (8) for P→AP and AP→P switching, respectively. 
Hoffset (about -805 Oe) is defined as the center field of the 
minor loop with respect to H=0 Oe and has to be took into 
account in the fits as the whole RH loops are shifted to 
negative field induced by the unbalanced SAF magnetic 
structure in the MTJ stack. Experimental results were fitted by 
(8) using ∆ and Hk as fitting parameters. The values of ∆ and 
Hk are different for P→AP and AP→P switching even though 
Hoffset has been introduced for the fitting. We are still not sure 
the origin of this difference. However, as pointed out by Sato 
et al [54], a dipole field (Hdip) from the SAF pinned reference 
layer, which is different from Hoffset inducing the overall shift  

FIG. 8 HERE 
 
of RH loops, may stabilize one of the magnetic configurations 
while destabilize the other, i.e., the actual Hoffset for AP and P 
states are different. Using Hdip to illustrate the difference 
between P→AP and AP→P switching, intrinsic thermal 
stability factor is extracted by using the fitting parameters of ∆ 
and Hk as given in Fig.8. Note that ∆ at AP is larger than at P, 
implying that the used Hoffset is over-compensated dipole field 
from the SAF pinned reference layer. Based on the Stoner-
Wohlfarth model [57], ∆AP(P)=∆(0)[1±Hdip/Hk

AP(P)]2, where 
∆AP(P) and Hk

AP(P) are the ∆ and anisotropy field at AP and P 
state, ∆(0) is the intrinsic ∆. Using the values of ∆AP(P) and 
Hk

AP(P) obtained from the fitting, ∆(0) is 57. This result implies 
that a ∆ as high as 57 can be obtained at tFL=1.28nm for which 
the SRT is realized at E=0.8V/nm, indicating that EF-assisted 
switching is promising for high density applications.  

These results are obtained with MgO thickness of 1.5nm, 
corresponding to an RA value of about 500Ωµm2. For the 
practical application, it is always desirable to reduce RA for 
circuit compatibility. To find out how RA would influence EF 
effect, another series of MTJs devices with MgO thickness 
ranged from 1.1nm to 1.76nm, corresponding to RA from 70 
to 2.3kΩ.µm2, was fabricated with a fixed FL thickness of 
1.2nm. Fig.9 shows the results in terms of Hc dependence of 
electric field. For RA>100Ωµm2, Hc increases linearly as EF 
increases, as shown by the fitted lines in Fig.9. The inset of 
Fig.9 gives the slope of linearity as a function of tMgO. β 
increases from 383 Oe.nm/V to 417 Oe.nm/V as tMgO increases 
from 1.5nm to 1.76nm. An obvious deviation from the 
linearity in Hc variation is observed for RA

�
100 Ωµm2, 

which could be attributed to STT effect in these low RA 
devices. It is found that β from the linear fits for negative EF 
at small RA is much larger than that obtained at high RA, 
reaching a value of 600 Oe.nm/V at RA=70 Ωµm2. This 
enhancement of EF effect is attributed to STT-enhanced 
switching. However, it is noted that Hc and β keep almost 
unchanged for RA≥800Ωµm2, and a high Hc value is 
maintained even at an EF value of -0.8V/nm. Therefore, no 
SRT is realized for this series of MTJ devices. This result 
indicates that not only is the large EF efficiency important, but 
also the free layer thickness should be properly controlled to 
realize EF-assisted switching. 

 
FIG. 9 HERE 

 
FIG. 10 HERE 

 
 To examine EF–assisted switching, the switching EF and 

thus the switching current density were measured in the 
presence of various externally applied magnetic fields (Hbias). 
Fig.10 shows the switching current density as a function of 
Hbias for AP→P (filled circles) and P→AP (open circles) 
switching, respectively. Hbias is applied to compensate the 
stray field from the SAF layers. Although a switching current 
density of as low as 2×104 A/cm2 is achieved, the switching 
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for AP→P and P→AP is found to take place at different Hbias, 
which means that the bi-directional switching could not be 
achieved in our MTJs using EF only even if the stray field 
from the SAF can be removed. The major problem is that the 
STT effect is not strong enough to induce P→AP switching 
without breaking down the barrier even at Keff

� 0 for EF=-
0.8V/nm to overcome the remaining stray field. From Fig.10, 
the AP→P switching is facilitated by the stray field, as a 
result, the switching current decreases as the value of Hbias 
decreases. On the other hand, for P→AP switching, a large 
Hbias should be applied to compensate the stray field. The 
problem is that the lowest Hbias for P→AP switching is still 
larger than the highest Hbias allowed for AP→P switching. 
From detailed RH loop measurements (not given here), the 
observed switching is found to be controlled mainly by the 
stray field from the SAF and applied Hbias. In order to realize 
EF switching, as proposed in section III, other driving 
mechanisms such as Oersted field-guided switching should be 
used for bi-directional switching. 

VI. PERSPECTIVE OF EF-SWITCHING MRAM 

The One of the criteria for EF-switching MRAM is that EF 
should be able to induce the SRT from PMA to the in-plane 
anisotropy much below the breakdown voltage of the MTJ 
barrier. On the other hand, the thermal stability which is 
determined by effective PMA in the absence of EF should be 
high enough to ensure data retention. Therefore, the most 
important for EF switching is the EF efficiency as discussed in 
section IV. As shown in Fig.7, the effective PMA can be 
adjusted by controlling FL thickness. Our experimental results 
show that the SRT can be realized at an EF of about 0.8V/nm 
with tFL=1.28nm at which the ∆ of as high as 57 is obtained. 
The corresponding EF efficiency is calculated to be 
S=90fJ/(Vm) for our devices with a diameter of 65nm, which, 
in our knowledge, is the highest reported in MTJ devices. 
However, if we scale the device size to 40nm, the change in ∆ 
will decrease to 27 based on the macrospin model, although it 
has been reported that ∆ is actually insensitive to the device 
size above 40nm (depending on the exchange constant value) 
due to sub-volume thermal activation magnetization reversal 
[56], [58]. Therefore, further improvement of EF efficiency is 
highly desired for high density application. As discussed in 
section IV, a S of as high as 1150 fJ/(Vm) is reported in the 
epitaxially grown V/Fe/MgO. Similar value was also obtained 
in Co2FeAl/MgO structure based on first–principle 
calculations [59]. Suppose that an EF of 0.5V/nm can be 
safely used for EF switching, using macrospin model, the 
available ∆ at EF=0 can be written as ∆(0) =KeffV=S.A/2. We 
have ∆(0)=77 for 22nm×22nm cell. This S value would enable 
EF switching scalable to 2X with high thermal stability. 
Experimentally, as discussed in section IV, EF-induced PMA 
modulation is not only related to the interface with tunneling 
barrier, but also the underlayer and capping layer materials. As 
a result, there will be plenty of research areas to enhance the 
EF efficiency in terms of optimization of MTJ stacks. 
Therefore, EF switching MRAM is very promising for 

practical applications 
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Fig.1. Critical switching current as a function of thermal stability factor for 
free layer materials with different damping constants. 
 

 
Fig.2. Different scaling behaviors between critical switching current density 
and the maximum allowed from a transistor in 1MTJ/1T architecture  

  
Fig.3. Scaling behaviors of reading signal (filled symbols) and writing voltage 
(open symbols) for a fixed writing current of 26.8µA and a reading current of 
2.68 µA (10% of Iw).  

 
Fig.4. Energies used for STT switching (triangles) and consumed through 
Joule heating (circles) during STT switching, showing low energy efficiency 
of STT switching 

 
 
 
Fig.5. (a): schematic diagram of the proposed Oersted field guided EF 
switching MRAM array. (b): writing procedures in the proposed Oersted field 
guided EF switching MRAM 

 
Fig.6. Simulated magnetization state in different switching steps 

 
Fig.7. EF modulations on coercivity of the free layer at different thicknesses, 
showing the linear variation of Hc versus electric field (EF). The inset shows 
the slope of Hc versus E as a function of the free layer thickness (tFL) 
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.   
Fig.8. Switching probability as a function of field for MTJ device with 
tFL=1.28nm with a bias voltage of 50mV 

 
Fig.9. EF modulations on coercivity of the free layer at different RA values 
(or tMgO) 
 

 
Fig.10. Switching current density as a function of externally applied bias field 
(Hbias) for AP→P and P→AP. 


