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Acoustically assisted spin-transfer-torque switching of nanomagnets:
An energy-efficient hybrid writing scheme for non-volatile memory

Ayan K. Biswas,1 Supriyo Bandyopadhyay,1 and Jayasimha Atulasimha2

1Department of Electrical and Computer Engineering, Virginia Commonwealth University,
Richmond, Virginia 23284, USA
2Department of Mechanical and Nuclear Engineering, Virginia Commonwealth University,
Richmond, Virginia 23284, USA

(Received 27 September 2013; accepted 17 November 2013; published online 2 December 2013)

We show that the energy dissipated to write bits in spin-transfer-torque random access memory can

be reduced by an order of magnitude if a surface acoustic wave (SAW) is launched underneath the

magneto-tunneling junctions (MTJs) storing the bits. The SAW-generated strain rotates the

magnetization of every MTJs’ soft magnet from the easy towards the hard axis, whereupon passage

of a small spin-polarized current through a target MTJ selectively switches it to the desired state

with> 99.99% probability at room temperature, thereby writing the bit. The other MTJs return to

their original states at the completion of the SAW cycle. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4838661]

Switching the magnetization of soft nanomagnets with

spin transfer torque (STT) generated from a spin polarized

current has been a popular approach to write bits in non-

volatile magnetic memory implemented with magneto-

tunneling junctions (MTJ).1–3 However, this mode of switch-

ing is energy-inefficient and consumes much more energy

than is needed to switch transistors. Recently, we have

shown that it is possible to rotate the magnetization of a

strain-coupled magnetostrictive-piezoelectric (multiferroic)

nanomagnet possessing uniaxial shape-anisotropy by a large

angle (� 908) with a small voltage applied to the piezoelec-

tric layer. The voltage generates strain in the piezoelectric

layer, which is transferred to the magnetostrictive layer and

rotates its magnetization, while dissipating very little

energy.4–6 Such rotations have also been demonstrated

experimentally in multi-domain thin films.7–9 Although it is

remarkably energy-efficient, this mode of switching unfortu-

nately allows rotation of the magnetization by only up to 90�

in isolated magnets, which does not result in a magnetization

flip. When the voltage is later turned off, the magnetization

will relax to one of the two stable orientations along the easy

axis with equal probability, thus resulting in a �50% chance

of flip (i.e., 50% chance of writing the bit correctly), which

is unacceptable. The flip probability can be increased dra-

matically to over 99% at room temperature by rapidly turn-

ing the voltage off at the precise juncture when the

magnetization vector subtends an angle of 90� with the easy

axis,10 but that approach requires complex pulse shaping

and/or feedback circuitry which are at least unattractive, if

not impractical. An alternate approach is a hybrid one: strain

a magnetostrictive magnet with a surface acoustic wave

(SAW) flowing underneath it and synchronously inject a

small spin polarized current during the appropriate cycle of

the SAW to drive the magnetization to the desired orienta-

tion. This does not require complex pulse shaping or feed-

back circuitry. Two conditions however must be fulfilled

for reliability: (1) the probability of switching the magnetiza-

tion of a magnet to the desired orientation (writing of

bits) must be �100% at room temperature when the small

spin-polarized current is injected, and (2) the probability of

unintentionally switching the magnet due to the SAW alone

is �0% at room temperature when no spin-polarized current

is injected. This will ensure that bits are written reliably in

the target memory cells and data already stored in other cells

are not corrupted. We show that both conditions can be ful-

filled with proper design.

The concept of using a SAW to rotate magnetization of

magnets is not new. Magnetization precession due to pico-

second acoustic strain pulse has been studied for weakly

magnetostrictive materials like GaMnAs11,12 and Ni.13 A

very recent theoretical paper14 examined picosecond acous-

tic pulse-induced rotation of in-plane magnetization in the

magnetostrictive material Terfenol-D. Another study focused

on using a Rayleigh wave (SAW) to generate strain in a

cubic crystal and thus switch the magnetization of a perpen-

dicularly magnetized (Ga, Mn)(As, P) layer elastically

coupled with the crystal.15 However, all of these studies

ignored thermal fluctuations that are present at non-zero tem-

peratures. Magnetization dynamics is extremely vulnerable

to thermal noise and their influence cannot be overlooked. In

this letter, we have studied hybrid switching of magnetiza-

tion with SAW and STT taking into account random thermal

noise at room temperature.

We consider a magnetostrictive Terfenol-D nanomag-

net, shaped like an elliptical cylinder, resting on a piezoelec-

tric substrate, whose cross-section lies in the y-z plane. The

major axis is along the z-direction and the minor axis is

along the y-direction (Figure 1). The major axis a¼ 110 nm,

the minor axis b¼ 90 nm, and the thickness d¼ 7 nm. These

dimensions ensure that the magnet has but a single domain16

and that the shape anisotropy energy barrier is 2.2 eV (85.12

kT at room temperature), which makes the probability of

spontaneous magnetization flipping due to thermal agitations

equal to e�85 per attempt.17 Therefore, the memory retention

time is (1/f0) e85¼ 2.6� 1017 years, if we assume the attempt

frequency f0 to be 1 THz.18

Figure 1 shows the complete system consisting of

a LiNbO3 piezoelectric substrate on which interdigital
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transducers (IDT) are delineated for launching a SAW. The

magnet is placed between the IDT fingers. A SAW wave of

frequency 100 MHz is launched and propagates along the

y-direction with velocity vr¼ 3488 m/s in LiNbO3.19 The

corresponding wavelength kr is 34.88 lm. We assume the

SAW mode to be a Rayleigh wave that has three strain com-

ponents: a tangential component along the y-direction, a nor-

mal component along the x-direction, and a shear component

in the x-y plane. Since b� kr, we can consider the strain to

be uniformly distributed across the magnet. We also neglect

any shear lag effect since the magnet’s thickness is much

smaller than its lateral dimensions. Furthermore, since

d � kr, shear has no effect.15 Finally, since the top of the

magnet is not clamped, we can neglect the normal compo-

nent of stress. Therefore, we need to consider only a uniaxial

tangential component along the y-direction, i.e., the hard

axis of the magnet. We can also assume that the strain gener-

ated in the magnet is equal to the surface strain on the piezo-

electric substrate since d � kr.
20

We will assume that the nanomagnet is polycrystalline

and hence there is no magnetocrystalline effect to consider.

In that case, the potential energy of the magnet at any instant

of time t is given by

EðtÞ ¼ EssðtÞsin2 hðtÞ þ l0

2
XM2

s Nd�zz;

EssðtÞ ¼
l0

2

� �
XM2

s Nd�xx cos2 /ðtÞ þ Nd�yy sin2 /ðtÞ
�

�Nd�zzg �
3

2
ks�ðtÞYX sin2 /ðtÞ; (1)

where hðtÞ and /ðtÞ are, respectively, the instantaneous polar

and azimuthal angles of the magnetization vector, Ms is the

saturation magnetization of Terfenol-D, Nd–xx, Nd–yy, and

Nd–zz are the demagnetization factors that can be evaluated

from the magnet’s dimensions,21 l0 is the permeability of

free space, X ¼ ðp=4Þabd is the magnet’s volume, ks is the

magnetostriction coefficient, Y is the Young’s modulus, and

�ðtÞ is the strain generated by the SAW at the instant of time

t. The last quantity is determined by the launched SAW

power, beam width and frequency.20

The torque on the magnetization vector at any time t due

to shape- and stress-anisotropy can be expressed as

sssðtÞ ¼ �mðtÞ � @E

@hðtÞ ĥþ
1

sin hðtÞ
@E

@/ðtÞ /̂
� �

;

¼ E/sðtÞsin hðtÞĥ� EssðtÞsin 2hðtÞ/̂; (2)

where m(t) is the normalized magnetization vector and

E/sðtÞ ¼ l0

2
M2

s Nd�yy � Nd�xxð Þ � 3
2
ks�ðtÞY

� �
X sin 2/ðtÞ:

During one half-cycle of the SAW, the stress generated

on the magnetostrictive layer is compressive and during the

other half, it is tensile. The magnetization rotates towards the

hard axis during one of these half-cycles (depending on the

sign of the magnetostriction coefficient) and during the latter
half of that half-cycle (after the magnetization has already

rotated substantially because of the stress), a spin-polarized

current is passed through the magnet to rotate the magnetiza-

tion by �1808. Thus, the current lasts for only a quarter cycle

of the SAW (see the inset of Fig. 2). Passage of the spin

polarized current Is through the nanomagnet generates a spin

transfer torque on the magnetization vector given by22

ssstðtÞ ¼ s½b sinðf� hðtÞÞ/̂ � c sinðf� hðtÞÞĥ�; (3)

where s ¼ ð�h=2eÞgIs is the spin angular deposition per unit

time, g is the spin polarization of the current, b and c are

coefficients of the out-of-plane and in-plane components of

the spin-transfer-torque. The current is passed perpendicular

to the plane of the magnet. The quantity f is the angle

FIG. 1. (Top) Schematic illustration of the system with IDTs and a MTJ,

serving as a bit storage unit, placed between IDTs on a LiNbO3 piezoelectric

substrate. The soft layer of the MTJ is in contact with the substrate and is

strained by the SAW. The resistance between the terminals A and B is used

to read the bit stored (we assume that both magnets are metallic). For writ-

ing, a small spin polarized current is passed between the same two terminals

during the appropriate cycle of the SAW. In this configuration, the reading

and writing currents do not pass through the highly resistive piezoelectric,

so the dissipation during the read/write operation is kept small. Bits are

addressed for read/write using the traditional crossbar architecture.

FIG. 2. Probability of a magnet switching at room temperature in 5 ns (half-

period of the 100 MHz SAW) as a function of the peak stress generated by

the SAW. The various curves are for different spin-polarized currents. Note

that the probability of switching in the absence of spin polarized current

remains zero up to a peak stress of 6.1 MPa. The spin-polarized current is

turned on for the latter half of the appropriate half-cycle of the SAW (2.5 ns)

as shown in the inset (shaded region) to write the bit.
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subtended by the direction of spin polarization with the

z-axis and we assume it to be zero.

At non-zero temperatures, thermal noise generates a ran-

dom magnetic field h(t) given by17

hðtÞ ¼ hxðtÞx̂ þ hyðtÞŷ þ hzðtÞẑ: (4)

The components of h(t) are23 hiðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2akT
jcjð1þa2Þl0MsXDt

q
Nð0;1ÞðtÞ; ði ¼ x; y; zÞ: Here, a is the dimensionless Gilbert

damping constant for Terfenol-D, c is the gyromagnetic ratio

for electrons, and Dt is a quantity that is inversely propor-

tional to the attempt frequency of the thermal field to perturb

the magnetization. The quantity N(0,1)(t) is a Gaussian with

zero mean and unit standard deviation.24

The random thermal field gives rise to a random thermal

torque that can be expressed as25

sthðtÞ ¼ l0MsXmðtÞ � hðtÞ ¼ � l0MsX½h/ðtÞĥ� hhðtÞ/̂�;

where

hhðtÞ ¼ hx cos hðtÞcos /ðtÞ þ hy cos hðtÞsin /ðtÞ � hz sin hðtÞ;
h/ðtÞ ¼ �hx sin /ðtÞ þ hy cos /ðtÞ: (5)

In order to find the temporal evolution of the magnetiza-

tion vector under the three different torques mentioned

above, we solve the stochastic Landau-Lifshitz-Gilbert

(LLG) equation under the macrospin assumption

dmðtÞ
dt
� a mðtÞ � dmðtÞ

dt

� �

¼ �jcj
l0MsX

sssðtÞ þ sthðtÞ þ ssstðtÞð Þ: (6)

From the above equation, we can derive two coupled equa-

tions for the temporal evolution of the polar and azimuthal

angles of the magnetization vector

h0ðtÞ ¼ � jcj
ð1þ a2Þl0MsX

E/s sin hðtÞ � l0MsXh/ðtÞ
�

þsc sin hðtÞ þ aðEss sin 2hðtÞ
þsb sin hðtÞ � l0MsXhhðtÞÞg; (7)

/0ðtÞ ¼ jcj
sin hðtÞð1þ a2Þl0MsX

Ess sin 2hðtÞ
�

þsb sin hðtÞ � l0MsXhhðtÞ � aðE/s sin hðtÞ
þsc sin hðtÞ � l0MsXh/ðtÞÞg; (8)

where the “prime” denotes time-derivative.

We assume the following material parameters for

Terfenol-D: Saturation magnetization Ms¼ 8� 105 A/m, mag-

netostriction coefficient ð3=2Þks ¼ 90� 10�5, Young’s modu-

lus Y¼ 80 GPa, and Gilbert damping coefficient a ¼ 0:1.26–28

For the spin transfer torque, we assume the following parame-

ters: b¼ 0.3, c¼ 1.0, and spin polarization g¼ 0.3.

To simulate magnetization flipping due to strain and

STT in the presence of thermal fluctuations, we simulate

10 000 switching trajectories, each lasting for one-half cycle

of the SAW (5 ns). For each trajectory, the initial orientation

of the magnetization vector is picked from the thermal distri-

bution around the -z-axis. We then simulate a switching tra-

jectory by solving the stochastic Eqs. (7) and (8) to find the

values of hðtÞ and /ðtÞ at time intervals of 10�13 s. We termi-

nate each switching trajectory (terminate simulation) at the

end of 5 ns. We verify that each trajectory ends up with a

final value of h that is either <5� or >175� after completion

of the SAW half-cycle (5 ns). In the next half-cycle, the

stress changes sign and tends to drive the magnetization

even more towards the easy axis, so this half-cycle need not

be considered in the simulation. The final state hf inal � 5�

implies switching success and hf inal 	 175� implies switch-

ing failure. The fraction of switching trajectories out of

10 000 that results in switching success is the switching

probability.

In Fig. 2, we plot the switching probability at room tem-

perature as a function of peak stress generated by the SAW

for various spin-polarized currents. If no spin-polarized cur-

rent is present, then the probability remains <0.01% for

peak stresses up to 6.1 MPa. This has an important implica-

tion. Note that the SAW is “global” and affects every mem-

ory cell. Specificity, i.e., which particular cell is written into,

is implemented by ensuring that the SAW alone cannot flip

the magnetization of the magnetostrictive layer, and that

both SAW and STT are required for a flip. Therefore, only
those cells into which a spin polarized current is injected can

switch to the desired state, while the others remain

unswitched. This ensures that data stored in unaddressed

cells are not corrupted. We then find the minimum spin-

polarized current that is required to switch the addressed

cells with >99.99% probability, while the SAW parameters

are kept such that the peak stress generated in every cell is

equal to the critical stress of 6.1 MPa. We find from Fig. 2,

that this current is 10.5 mA. We have also found that if we

switch using STT alone (stress¼ 0), then the minimum cur-

rent required to switch with >99.99% probability at room

temperature is 23 mA, provided we pass it for the entire half-

cycle of 5 ns (and not just the quarter cycle of 2.5 ns). Thus,

by adopting the hybrid switching scheme (STT þ SAW), we

have reduced the write current by a factor of 2.2 and the cur-

rent duration by a factor of 2.

Note that in the absence of any spin polarized current,

the probability of switching a magnet in 5 ns with SAW

alone is <0.01% as long as the peak stress is kept at or below

6.1 MPa. This ensures that unaddressed cells are not cor-

rupted by the SAW.

The energy dissipated to switch a magnet in the hybrid

scheme has three contributions:20 energy dissipated in the

magnet due to Gilbert damping, energy dissipated in the

SAW, and the energy dissipated by the spin-polarized STT

current. For a SAW beam width of 5 lm and frequency

100 MHz (half cycle¼ 5 ns), the SAW power required to

generate a peak stress of 6.1 MPa is 187.5 lW,20 but it is

amortized over all the magnets affected by the SAW and

hence is a negligible quantity per magnet. The overwhelm-

ingly dominant contribution to the dissipation is the I2
s Rts

loss,20 where Is is the STT current, R is the resistance of the

MTJ stack through which the current flows, and ts is the

quarter cycle time (2.5 ns). In Ref. 29, the specific resistance

232401-3 Biswas, Bandyopadhyay, and Atulasimha Appl. Phys. Lett. 103, 232401 (2013)
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of a fabricated MTJ stack was reported to be between 0.5

and 10 X lm2. For our dimensions, this translates to a resist-

ance of 64.3 X, if we take the lower value.

In Fig. 3, we plot the total energy dissipated to switch a

magnet (and hence write a bit) with> 99.99% probability,

using both STT and SAW, as a function of the peak stress gen-

erated by the SAW. Note that the energy dissipation decreases

by nearly an order of magnitude when we adopt the hybrid

scheme (STTþSAW) and operate at the maximum stress

level of 6.1 MPa, as opposed to the STT-alone scheme

(stress¼ 0). This happens because the SAW helps to rotate the

magnetization and therefore decreases the STT current needed

to switch by a factor of 2.2. At the same time, it also decreases

the current flow duration by a factor of 2. The absolute value

of the energy dissipation in the hybrid mode can be decreased

further with appropriate material choice for the magnetostric-

tive magnet (materials with lower saturation magnetization

but not much lower magnetostriction coefficient).30

An important question that may arise is why one needs

to use a SAW instead of just straining the magnets with local

electrostatic potentials by exploiting the d33 or d31 coupling

in LiNbO3. Such an approach was proposed in Ref. 31, which

carried out LLG simulations at 0 K, without thermal perturba-

tions, and also neglected the out-of-plane motion of the mag-

netization vector. Applying local potentials however will

require electrically contacting every magnet, which adds an

additional layer of fabrication complexity that is not needed.

The SAW propagates through the entire substrate and strains

every magnet periodically without requiring an electrical con-

tact to each magnet. This relieves the associated lithography

burden. Of course, local connections could also be avoided

by applying a potential across the entire wafer (with a back-

gate) to stress all the magnets simultaneously. However, this

approach is impractical since the electric field needed to gen-

erate a stress of, say, 4 MPa in the Terfenol-D layer of a nano-

magnet is �8.1 MV/m (d31 of LiNbO3¼ 6� 10�12 m/V). We

cannot grow a thin film of LiNbO3 on a conducting substrate

since the substrate will clamp the film and prevent it from

being strained. Therefore, we must work with a LiNbO3 sub-

strate, which must be at least 1 mm thick for mechanical stur-

diness. Consequently, the voltage required to strain the entire

wafer will be 8.1 kV, which is clearly prohibitive.

In conclusion, we have shown that hybrid mode switching

(STTþ SAW) can be more energy-efficient than switching

with STT alone. The hybrid scheme is therefore an attractive

methodology to write bits in spin-transfer-torque memory.
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