
Strain-assisted current-induced magnetization reversal in magnetic tunnel junctions: A
micromagnetic study with phase-field microelasticity
H. B. Huang, J. M. Hu, T. N. Yang, X. Q. Ma, and L. Q. Chen 
 
Citation: Applied Physics Letters 105, 122407 (2014); doi: 10.1063/1.4896692 
View online: http://dx.doi.org/10.1063/1.4896692 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/12?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Simulation of electric-field and spin-transfer-torque induced magnetization switching in perpendicular magnetic
tunnel junctions 
J. Appl. Phys. 117, 17A701 (2015); 10.1063/1.4906201 
 
Magnetic tunnel junctions for magnetic field sensor by using CoFeB sensing layer capped with MgO film 
J. Appl. Phys. 115, 17E524 (2014); 10.1063/1.4868181 
 
Electric field-induced magnetization reversal in a perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction 
Appl. Phys. Lett. 101, 122403 (2012); 10.1063/1.4753816 
 
Spin transfer switching in Tb Co Fe ∕ Co Fe B ∕ Mg O ∕ Co Fe B ∕ Tb Co Fe magnetic tunnel junctions with
perpendicular magnetic anisotropy 
J. Appl. Phys. 103, 07A710 (2008); 10.1063/1.2838335 
 
Estimation of spin transfer torque effect and thermal activation effect on magnetization reversal in Co Fe B ∕ Mg
O ∕ Co Fe B magnetoresistive tunneling junctions 
J. Appl. Phys. 101, 09A511 (2007); 10.1063/1.2713695 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.118.37.128 On: Thu, 05 Feb 2015 18:52:17

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/649449007/x01/AIP-PT/Keysight_APLArticleDL_020415/en_keysight_728x90_3325-2Pico.png/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=H.+B.+Huang&option1=author
http://scitation.aip.org/search?value1=J.+M.+Hu&option1=author
http://scitation.aip.org/search?value1=T.+N.+Yang&option1=author
http://scitation.aip.org/search?value1=X.+Q.+Ma&option1=author
http://scitation.aip.org/search?value1=L.+Q.+Chen&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4896692
http://scitation.aip.org/content/aip/journal/apl/105/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/117/17/10.1063/1.4906201?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/117/17/10.1063/1.4906201?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/17/10.1063/1.4868181?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/12/10.1063/1.4753816?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/103/7/10.1063/1.2838335?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/103/7/10.1063/1.2838335?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/101/9/10.1063/1.2713695?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/101/9/10.1063/1.2713695?ver=pdfcov
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Effect of substrate misfit strain on current-induced in-plane magnetization reversal in CoFeB-MgO

based magnetic tunnel junctions is investigated by combining micromagnetic simulations with

phase-field microelasticity theory. It is found that the critical current density for in-plane magnet-

ization reversal decreases dramatically with an increasing substrate strain, since the effective elastic

field can drag the magnetization to one of the four in-plane diagonal directions. A potential strain-

assisted multilevel bit spin transfer magnetization switching device using substrate misfit strain is

also proposed. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896692]

Spin transfer torque (STT) effect1,2 arises from the trans-

fer of angular momentums from the electrons of the spin-

polarized current to the local ferromagnet when a current goes

through a spin-valve nanopillar. One of the most attractive

applications is high density magnetic random access memory

(MRAM),3,4 which has the advantage of large storage density,

high addressing speed, low energy consumption, and avoid-

ance of cross writing. A memory cell of MRAM has two ferro-

magnetic layers separated by a nonmagnetic conductive spacer

or thin insulating interlayer. One of two layers has a fixed mag-

netization along a predetermined direction, while the other

magnetization of free layer could be reoriented by external

magnetic field. Based on the STT effect, the magnetization

reorientation can be induced by injecting a spin-polarized cur-

rent into the free magnetic layer.5–7 The current-induced

switching eliminates crosstalk between neighboring cells dur-

ing writing in using the external magnetic field.8 Furthermore,

STT-MRAM has practically unlimited endurance and requires

less energy, and faster than conventional magnetic field control

MRAM. However, the high critical switching current Jc of

STT-MRAM has to be reduced for achieving the compatibility

with the metal-oxide-semiconductor technology.

Many attempts have been made to reduce Jc. For exam-

ple, using CoFeB as the free layer to reduce MS;9 using a dou-

ble spin-filter structure,10 an antiferromagnetic pinning

structure,11 or inserting a Ru spin scattering layer to increase

spin scattering;12 or using a composite free layer consisting of

two ferromagnetic layers with various coupling types;13–16 or

using Heusler-based spin valve nanopillar.17–23 Another possi-

ble approach to increasing the storage density is to store multi-

ple bits per cell.24–26 The combination of small critical current

and multiple bits per cell in one device is the most desired

path towards high density STT-MRAM. In magnetic thin

films or islands, strain can be effectively utilized to tune the

magnetic domain structures.27–31 For example, the magnetiza-

tion can be switched between an in-plane and out-of-plane ori-

entation under isotropic biaxial in-plane strains,32,33 or rotate

within the film plane under anisotropic biaxial in-plane

strains.34 Recently, Pertsev and Kohlstedt35 theoretically dem-

onstrated that the critical current density needed for 180� mag-

netization switching in a free magnetic layer of spin valve can

be reduced drastically by the assistance of substrate misfit

strain. The conventional micromagnetic simulations do not

take account of such effect of elastic energy and thus cannot

be employed to investigate the assistance of substrate misfit

strain in spin transfer magnetization switching.

In this work, we propose to combine the phase-field

microelasticity theory with micromagnetic simulations to

understand the effect of substrate misfit strain in spin transfer

switching. In particular, we investigate strain-assisted spin

transfer switching in CoFeB-based magnetic tunnel junc-

tions. First, we show the strain distribution to illustrate the

mechanism of strain-induced magnetization reorientation.

Then, we discuss the effect of substrate strain assistance in

spin transfer switching by showing magnetization trajecto-

ries and magnetic domain evolutions. At the end, we present

a potential strain-assistance multilevel bit spin transfer mag-

netization switching by using substrate misfit strain.

We investigated spin-valve nanoislands with the structure

of CoFeB (40 nm)/MgO (2 nm)/CoFeB (20 nm) of square

cross section area as shown in Figure 1(a). We employed a

Cartesian coordinate system where the current is along the z

axis in Figure 1(b). The two CoFeB layers are separated by a

thin MgO layer, and the bottom CoFeB layer is the free layer

whose magnetization dynamics is triggered by a spin-

polarized current. The top CoFeB layer is the pinned layer

with its magnetization vector P fixed in the direction along the

positive x axis. The initial magnetization vector M of the layer

is along the negative or positive x axis. The free layer lateral

length of spin valve magnetic island is fully constrained by a

stiff substrate. We generally define the substrate strain repre-

sented by eii (i¼ 1 and 2), and the positive current as electrons

flowing from the free layer to the pinned layer. In this paper,

the positive current will lead to the antiparallel structure (AP,

“1”) between the free layer and the pinned layer while the

negative current will lead to the parallel structure (P, “0”)

according to the STT theory. To illustrate the mechanism of

strain-assisted magnetization switching, Figure 1(c) shows the
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in-plane strain distributions e11 and e22 in the y-z and x-z

planes under the condition of isotropic in-plane substrate

strain e11¼ e22¼�0.9%. We observe that the largest strain is

located in the interface of substrate, and the strain in the mid-

dle of nanoisland is larger than the strains in the corners. We

use Figure 1(d) to illustrate the mechanical effect of substrate

strain on the x-y plane. The strain will drag the magnetization

from its initial direction (axial) to the four corner directions.

Therefore, we can obtain 45� and 135� magnetization switch-

ing. Due to four possible diagonal directions, we can obtain

four possible magnetization distributions which could be used

in the multi-bit spin transfer magnetization switching.

The magnetization dynamics is described by using a gener-

alized Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation1,2

dM

dt
¼ �c0M�Hef f �

ac0

Ms
M� M�Hef fð Þ

� 2lBJ

1þ a2ð ÞedM3
s

g M;Pð ÞM� M� Pð Þ

þ 2lBaJ

1þ a2ð ÞedM2
s

g M;Pð Þ M� Pð Þ; (1)

where Heff is the effective field, c0 ¼ c/(1þ a2), c is the elec-

tron gyromagnetic ratio, and a is the dimensionless damping

parameter. The effective field includes the anisotropy field,

the demagnetization field, the external field, the elastic field,

and the exchange field, namely, Heff¼HkþHdþHext

þHelasþHex, given as

Hef f ¼ �
1

l0

dE

dM
; (2)

where E is the total energy, expressed by E¼EkþEdþEext

þEelasþEex, where Ek, Ed, Eext, Eelas, and Eex are anisotropy

energy, demagnetization energy, Zeeman energy, elastic

energy, and exchange energy, respectively. The details for

obtaining Ek, Ed, Eext, and Eex can be found in our previous

papers.36–38 Note that a finite size magnet magnetostatic

boundary condition39 is applied to calculate the demagnet-

ization energy Ed, to consider the influence of geometric size

on the magnetic domain structures of such three-dimensional

nanomagnets.

In particular, the elastic energy Eelas is calculated based

on a previously developed phase-field model40 for a three-

phase system that is comprised of an isolated magnetic nano-

island (the free layer herein), a stiff substrate, and the air. In

this case, the stress-free boundary condition at the top and

lateral surfaces of the magnetic nanoisland can be automati-

cally incorporated by setting the elastic constants of the air

phase as zero. Overall, the integration of such phase-field

model with micromagnetic simulations allows us to study

the effect of the spatially variant strains [that are obtained af-

ter the mechanical relaxation of the substrate strain eii, also

see Fig. 1(d)] on the magnetic domain structure and magnet-

ization dynamics. Mathematical expression and the detailed

numerical solution of Eelas can be found in Ref. 40. The cor-

responding effective elastic field Helas can be expressed as

Hx
elas ¼

2B2
2mxm2

z

c44

� 2B1e11mx;

H
y
elas ¼

2B2
2mym2

z

c44

� 2B1e22my;

Hz
elas ¼

2B2
2mz 1� m2

z

� �
c44

þ 2B1

�
c12 e11 þ e22ð Þmz þ 2B1mz m2

z �
1

3

� �� �

c11

;

(3)

where B1¼�1.5k100(c11–c12) and B2¼�3k111c44, with k100

and k111 representing the magnetostrictive coefficients. From

Eq. (3), it can be seen that the in-plane effective elastic field is

FIG. 1. Schematics of (a) the high den-

sity patterned bit array (b) the building

block of CoFeB/MgO/CoFeB nanois-

land spin valve in Cartesian coordi-

nates. Spin-polarized current is applied

perpendicularly to the island plane. (c)

The strain distributions at different

planes from phase-field simulations.

(d) Illustration of strain distributions in

3D coordinate.
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biaxial isotropic (Hx
elas¼H

y
elas) under substrate-induced iso-

tropic in-plane strains (i.e., e11¼ e22). In this case, the magnet-

ization vector is likely to align along one of the four in-plane

diagonal axes if not switching out of the film plane.40

The last two terms on the right side of Eq. (1) describe

STT that tends to drag the magnetization away from its ini-

tial state to its final state. The scalar function is given by1,2

gðM;PÞ ¼ ½�4þ ð1þ gÞ3ð3þM � P=M2
s Þ=4g3=2��1; (4)

where g is the spin polarization constant, M and P are the

magnetizations of free and fixed layers in Figure 1(b), the

angle between M and P is h. M � P/Ms
2¼ cos h. HSTT is

the corresponding effective field given by

HSTT ¼ 2lBJgðM;PÞM� P=ðcedM3
s Þ; (5)

where lB, J, d, e, and Ms, are the Bohr magneton, current

density, thickness of the free layer, electron charge, and satu-

ration magnetization, respectively.

The magnetic parameters employed in the simulations are

as follows: saturation magnetization Ms¼ 9.549� 105 A/m,41

Gilbert damping parameter a¼ 0.00439,42 spin polarization

factor g¼ 0.5,43 magnetocrystalline anisotropy constants

K1¼ 1.2� 104 J/m3 and K2¼ 0,35 elastic constants c11¼ 2.57

� 1011 Nm�2, c12¼ 1.62� 1011 Nm�2, and c44¼ 1.05

� 1011 Nm�2,35 magnetostrictive constants k100 ¼ 139ppm
and k111 ¼ 22ppm.41 We investigate the influence of normal

substrate strain e11 and e22 on the magnetization state by

assuming a zero shear strain. The dynamics of magnetization

was investigated by numerically solving the time-dependent

LLGS equation using the Gauss-Seidel projection method and

the semi-implicit Fourier spectral method.44,45 The samples

were discretized in computational cells of 2� 2� 2 nm3, and

the total size is 80� 80� 20 nm3.46

Figure 2(a) shows the temporal evolutions of magnetiza-

tion components at the current density of 5.0� 106 A/cm2.

Three lines represent magnetization component hmxi evolu-

tions with different substrate biaxial strains (e11¼ e22¼ 0,

FIG. 2. (a) Temporal evolutions of the

average normalized magnetization

components hmxi with different sub-

strate strains at the current density of

5.0� 106 A/cm2. (b) Magnetization tra-

jectories at different strains. (c)

Snapshots of magnetic domains evolu-

tion with different substrate strain at

J¼ 5.0� 106 A/cm2.

FIG. 3. (a) and (c) Temporal evolu-

tions of effective fields along x axis at

the substrate strains of �0.5% and

�0.9%. (b) and (d) The magnetization

trajectories projection on x-y plane at

the strains of �0.5% and �0.9%.
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�0.5%, �0.9%). At the low current density of 5.0� 106A/cm2,

the magnetization cannot be switched by the spin transfer

torque without substrate misfit strain. However, the magnet-

ization switching (180� switching) can be achieved with the

assistance of substrate misfit strain �0.5%. In addition, the

magnetization component hmxi will switch from �1.0 to

0.702 at the substrate biaxial strain �0.9%, which we call

135� switching. The substrate misfit strain reduces effec-

tively the critical current and the magnetization switching

time. We show the magnetization precession trajectories

with zero, �0.5% and �0.9% strains at the current density of

5.0� 106 A/cm2. It is observed that three types of trajectories

in Figure 2(b) show no switching, 180� switching, and 135�

switching at zero, �0.5%, and �0.9%, respectively. The

evolution of magnetic microstructure is illustrated in Figure

2(c) with the numbers corresponding to those in Figure 2(a).

The 180� magnetization switching can be accomplished

under the substrate strain of �0.5% (e11, e22), while the 135�

magnetization switching is obtained at a higher substrate

compressive strain of �0.9%. As shown in Figure 3, we

show the evolutions of effective fields along x axis and the

projection of magnetization trajectories on x-y plane at the

biaxial substrate strains of �0.5% and �0.9%. The elastic

effective field plays a significant role during the magnetiza-

tion switching from AP to P. With the assistance of elastic

effective field, the magnetization switching is easily accom-

plished by a small current input since the elastic effective

field will drag the magnetization to the diagonal directions.

However, the large elastic effective field will impede the

180� magnetization switching. A small current input cannot

overcome the barrier of the elastic effective field, therefore,

the 135� magnetization switching is obtained at the large

biaxial substrate strain �0.9%. In the following, we focus on

the 135� magnetization switching to achieve the strain-

assisted four-state magnetization switching.

We use Figure 4(a) to illustrate the process of strain-

assisted spin transfer switching. Three-step magnetization

switching has four resistance states that are useful in design-

ing multi-bit MRAM. Figure 4(b) shows the hysteresis loops

at different substrate strains (e11¼ e22¼ 0, �0.5%, �0.9%).

At the biaxial strain �0.5%, we observe the decrease of criti-

cal current for magnetization switching (blue hysteresis

loop). For the strain �0.9%, we observe two intermediate

states (45� and 135�) at a low current density. If we continue

to increase the current density, AP and P structures can be

obtained at larger positive and negative current densities,

respectively. Compared with previous multilevel bit spin

transfer switching,16,28 our results have several advantages.

First, it may reduce the cost of magnetic devices because

only one free layer is required during the design of multile-

vel bit spin transfer switching magnetic devices, while two

soft layers (one is hard layer and the other is soft layer) are

needed in previous multilevel bit spin transfer switching

devices. Second, certain transitions are prohibited in the pre-

vious structures since the hard soft layer requires a large cur-

rent to switch and the soft layer can be switched by a small

current. For example, “11,” “10,” “01,” and “00” in Ref. 16

are four resistance states, where the first digit refers to the

hard soft layer. Level 00 cannot be switched into 10 state by

using a single current. Only reversible transitions between

11 and 10, 01, and 00 can be achieved. However, all transi-

tions among 0�, 45�, 135�, and 180� states can be obtained

by adjusting the substrate strain. Third, the substrate strain

can be produced by a piezoelectric substrate, and hence one

can use voltage or electrical field to control the magnitude of

strain through the converse piezoelectric effect. Despite

these promising impacts, there are issues remain to be solved

before the practical applications of such strain-assisted

multi-bit MRAM. For example, as the memory states along

the diagonal axes are essentially stabilized by biaxial strains,

the possible strain relaxation may somewhat affect the long

timescale device operation.

In conclusion, we investigated strain-assisted spin transfer

switching in CoFeB-based magnetic tunnel junctions by com-

bining phase field simulations with micromagnetic simula-

tions. An effective method of strain-assisted spin transfer

magnetization switching is proposed to reorient the magnet-

ization instead of using an external magnetic field. The critical

current of spin transfer switching is shown to decrease with

substrate biaxial strain. A potential strain-assistance multilevel

bit spin transfer magnetization switching was proposed.

This work was sponsored by the US National Science

Foundation under the Grant No. DMR-1410714, and by the

National Science Foundation of China (No. 11174030). The

computer simulations were carried out on the LION and

Cyberstar clusters at the Pennsylvania State University.
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