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Investigations into fast magnetization switching are of both fundamental and technological interest.

Here we present a low-power, remote method for strain driven magnetization switching. A surface

acoustic wave propagates across an array of ferromagnetic elements, and the resultant strain

switches the magnetization from the easy axis into the hard axis direction. Investigations as a

function of applied magnetic field as well as unidirectional anisotropy �the exchange bias� reveal

excellent agreement with prediction, confirming the viability of this method. © 2010 American

Institute of Physics. �doi:10.1063/1.3521289�

Fast magnetization dynamics, on time scales of

�100 ps, entail a complex interplay between angular mo-

mentum and energy reservoirs, electron-phonon coupling,

and the precession modes available, presenting an array of

noteworthy fundamental questions, in addition to the obvious

applications in magnetic memories. The answer to the ques-

tion “How fast can the magnetization switch?” depends on

the mode of reversal, the method�s� used to initiate the re-

versal, as well as the size, shape, and material properties

of the ferromagnet, and has been investigated using short

pulsed magnetic fields,
1

light pulses,
2

and thermal

excitations
3

in pump-probe type experiments, with the fastest

magnetization reversal occurring at a time scale of 30 ps.
3

The interplay between magnetization and strain, arising

from the spin-orbit interaction,
4

is governed by the magni-

tude of the magnetostrictive coefficient.
5

In a recent

experiment,
6

short light pulses excite picosecond acoustic

waves, resulting in fast magnetization changes in a thin film

of �Ga,Mn�As.
6

Here we exploit the sensitivity of the mag-

netization direction to strain to study an efficient, low-power,

and low cost method for fast magnetic switching using a

strain coupled device that rotates the magnetization between

the hard and easy axes at the resonant frequency �91 MHz�
of a surface acoustic wave �SAW� transducer

7
providing di-

rectional, time dependent strain to a micron scale array of Co

bars. Previous experiments have shown changes in the SAW

propagation through continuous magnetic thin films of Ni

and permalloy with magnetization direction.
8–11

The sample �Fig. 1�a�� is produced using magnetron

sputtering and optical lithography with a wet etch process

and consists of two interdigitated titanium transducers �IDTs�
of 100 fingers on a Y-Z cut LiNbO3 substrate. The finger

spacing and width are both 10 �m, resulting in a SAW

wavelength of 40 �m. Frequency sweeps show the expected

resonances, based on the known SAW velocity in the

z-direction, with a room temperature fundamental mode at

91.75 MHz, a Q value of 127 �Figs. 1�b� and 1�c��, as well as

all the odd harmonics up to n=7 at 643 MHz. The low tem-

perature resonance shift �Fig. 1�b�� results from the tempera-

ture dependence of the SAW velocity and wavelength. Tem-

perature dependent data are taken at the appropriate resonant

frequency. Between the two IDTs is an array of 10 nm thick

Co bars, each 10 �m wide and 40 �m long, with a center-

to-center spacing that is commensurate with the SAW wave-

length of 40 �m. This ensures that each element of the array

experiences the same strain at a given time, enabling spatial

signal averaging. The bars are aligned such that the long axes

lie along the y-axis of the LiNbO3. The chosen crystalline cut

and propagation direction �z-axis of the LiNbO3� ensure that

the maximum strain amplitude is in the direction of propa-

gation, stretching and compressing the magnetic elements

along the short hard axis direction. The application of suffi-

cient strain along this direction will switch the magnetization

from the long easy axis direction into the short hard axis

direction at the frequency of SAW excitation. Magnetization

components along the y and z directions are measured using

the magneto-optical Kerr effect �MOKE� in a Janis displex

with optical windows for low temperature measurements.

a�
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FIG. 1. �Color online� �a� SAW device with 40 �m�10 �m Co rectangles

spaced by the 40 �m wavelength of the SAW. �b� Temperature dependence

of the resonance observed via insertion loss at room temperature and 30 K.

�c� Fundamental resonance at 91.75 MHz measured via transmission across

the two IDTs at room temperature using frequency modulation. �d� Time

dependence of the magnetization at zero applied field. e0 is the minimum

strain required to switch the magnetization into the hard axis direction. For

a strain wave of amplitude eb, where eb�e0, the magnetization switches into

the hard axis direction for the time period represented by the hatched

rectangles.
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MOKE measurements at room temperature along the easy

and hard directions show the expected shape anisotropy, for

which calculations give Ks=6.2�102 J /m3, assuming the

bulk magnetization of Co.

The free energy for a single Co bar, assuming single

domain coherent processes, is
5

E = − �0MsH cos � − Ks cos2 � − KEB cos �

+ B1e33 sin2 � , �1�

where the first three terms are the Zeeman energy, shape

anisotropy, and the unidirectional anisotropy �exchange bias�
terms, respectively. The unidirectional anisotropy arises from

the naturally occurring CoO film on the uncapped Co bars

resulting in a blocking temperature of 105 K. The last term is

the strain energy where B1 is the magneto-elastic �ME� co-

efficient for Co, e33 is the strain along the short z-axis, and �
is the angle between the magnetization vector and easy axis.

In this convention, a negative value of B1e33 lowers the en-

ergy along the hard axis direction.
5

Since B1 for bulk Co is

positive �6�106 N /m2�, only compressive strain will lead

to rotation of the magnetization.

Minimization of the free energy with respect to � results

in the minimum compressive strain at which the magnetiza-

tion will move away from the easy axis direction,

e33 � � ��0MsH + KEB + 2Ks�

2B1

� . �2�

Although MOKE measurements at the driving frequency

of the transducers would appear to be the logical choice to

measure the magnetization switching, in common with all

piezoelectric materials, LiNbO3 is electro-optically active

with a large electro-optical coefficient.
12

The electric field

induced changes in the refractive index lead to changes in

the MOKE signal that are independent of the magnetization.

DC MOKE, averaged over multiple cycles, effectively elimi-

nates this effect since the electro-optic coefficient is linear

with electric field. At room temperature, with H=0, only two

stable states exist, with M pointing either along the long easy

axis direction or the short hard axis direction. Hence, the

magnetization response to a sinusoidally driven IDT will be

a square wave, as shown in Fig. 1�d�. If the amplitude of the

strain wave e1 is less than the threshold strain e0 �Eq. �2��,
the magnetization remains along the easy axis direction,

switching to the hard axis occurs only when the threshold

strain is exceeded. For a material with a positive ME coeffi-

cient, this will occur over some fraction of the negative

�compressive� half of the cycle. During the other portion of

the cycle, the magnetization is pinned along the long easy

axis. There exists a net dc component of M along the hard

axis direction, corresponding to the average signal Ms�t /T,

where Ms is the saturation magnetization, �t is the time in-

terval over which the magnetization remains along the hard

axis, and T is the period of the strain excitation given by

MS

�t

T
=

� − 2 sin−1�e1/e0�

2�
. �3�

dc measurements of the magnetization along the hard

axis as a function of driving voltage of the IDT have a char-

acteristic signature: �i� a threshold voltage, e0=e1, below

which there is no component of magnetization along the in-

plane hard axis direction, followed by �ii� a subsequent in-

crease in the dc magnetization signal with increased driving

voltage, asymptotically approaching a value of MS /2. This

precise behavior is observed in hard axis dc MOKE measure-

ments in Fig. 2�a�. After saturation along the easy axis, the

external magnetic field is turned off and the MOKE signal

along the short in-plane hard axis is measured as a function

of applied voltage, indicating a turn-on voltage of 4.5 mV

and the approach to saturation at about 100 mV. When the

excitation voltage is turned off and a magnetic field of 1200

Oe is applied to saturate the magnetization along the hard

axis direction, the resulting change in MOKE signal is ex-

actly twice that at the highest driving voltage, indicating both

qualitative and quantitative agreement with the expected be-

havior. Note that there must exist a small symmetry breaking

field �probably caused by a slight misalignment of the initial

saturating magnetic field� to ensure that the magnetization

switches preferentially to one of the two equivalent hard axis

directions. Identical measurements on a bare LiNbO3 region

reveal no changes in the MOKE signal during excitation.

The calculated threshold voltage, assuming the bulk ME

coefficient for Co, is 16 mV, higher than the experimental 4.5

mV obtained. However, the ME coefficients of thin films are

sensitively dependent on both the thickness and the coupling

to the substrate and may be 3–5 times larger than in the

bulk.
13

From our data, we calculate a ME coefficient of

1.83�107 N /m2 for 10 nm thick Co bars grown on LiNbO3.

Similar behavior with a slightly higher turn-on voltage

has been seen for the highest driving frequency of 643 MHz,

an effect attributed to the reduced efficiency of the higher

harmonic modes. The strain dependence of the dc hard axis

magnetization, given by Eq. �3� and plotted as the solid line

in Fig. 2�a�, indicates that the data show a much slower ap-

proach to saturation than expected, which one might attribute

to regions of domains resistant to rotation into the hard axis

direction. However, the reversibility of the effect with in-

creasing and decreasing voltage, shown in Fig. 2�b�, indi-

cates that this is not a major issue, and the slow approach to

saturation is not fully understood.

At room temperature, the exchange bias is zero, and in

the presence of an externally applied field along the easy axis

direction, energy minimization and the stability condition in-

dicate that the magnetization rotates continuously from the

FIG. 2. �Color online� �a� Hard axis magnetization signal as a function of

applied voltage, normalized to the saturation magnetization along the hard

axis direction at easy axis applied fields of H=0 Oe and at H=17.2 Oe.

The dashed lines are guides to the eye. The solid line is the expected zero

field behavior from Eq. �3�. �b� Reversibility of magnetization signal with

increasing and decreasing voltage. �c� Turn-on voltage as a function of ap-

plied field along the easy axis �symbols� together with the expected slope

�solid line� calculated from the free energy minimization.
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easy y-axis direction into the hard z-axis direction, with an

angle given by cos �=−�0MSH /2�Ks+B1e33�. MOKE mea-

surements of the Mz component of magnetization as a func-

tion of driving strain �i.e., applied voltage� and applied field

show a linear increase of the turn-on voltage with increasing

applied field along the easy axis direction, as shown in Fig.

2�c�. The solid line in Fig. 2�c� is the expected dependence

from Eq. �2�, with the slope given by Ms /2B1, where we use

the value of B1 obtained from the 0 field turn-on voltage. Our

data show excellent quantitative agreement with the expected

dependence.

The naturally occurring CoO layer formed ex situ al-

lowed an investigation of the effects of exchange bias on the

strain driven switching. Over the temperature range from

room temperature to 100 K, the turn-on voltage shows a

small, almost linear, increase �from 4.5 to 6 mV� at zero

applied field, resulting from the linear decrease in the piezo-

electric coefficient of LiNbO3 with temperature.
12

Just below

the blocking temperature of 105 K there is a dramatic in-

crease in the turn-on voltage, which we ascribe to the non-

zero exchange bias term in the free energy. The exchange

bias acts to pin the magnetization along the easy axis direc-

tion, increasing the threshold voltage for rotation of the mag-

netization away from the easy axis, as given by Eq. �2�, with

the applied field H=0. A plot of the exchange bias field and

the turn-on voltage as a function of temperature indicates an

exact correlation between the two. The turn-on voltage at 30

K, where the exchange bias field is 56 Oe, is 38 mV, a factor

of 6 increase. The turn-on voltage as a function of the ex-

change bias field is plotted in Fig. 3�b�, together with the

expected slope, Ms /2B1, showing excellent agreement.

In conclusion, dc MOKE measurements of the strain

driven magnetization switching of a Co bar array show ex-

cellent quantitative agreement with the expected behavior

based on free energy considerations, implying that strain

triggered magnetization rotation is a viable method for pro-

ducing large �� /2� changes in the magnetization direction.

The data presented here investigate relatively slow switch-

ing, on time scales of 10 ns. SAW transducers operating at

much higher frequencies ��10 GHz� are readily available
7

and, at these high frequencies, approach time scales that are

close to fundamental limits in magnetization dynamics, lead-

ing to observable lag times in the magnetization response to

the driving strain wave.
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