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Novel magnetostrictive memory device
V. Novosad, Y. Otani, A. Ohsawa, S. G. Kim, K. Fukamichi, J. Koike, and K. Maruyama
Department of Materials Science, Graduate School of Engineering, Tohoku University,
Aoba-yama 02, Sendai 980-8579, Japan

O. Kitakami and Y. Shimada
Institute for Scientific Measurements, Tohoku University, Sendai 980-8577, Japan

A stress-operated memory device consisting of an ellipsoidal magnetic particle array and an
electrostrictive grid is proposed. In the device, the magnetic state of the particle can be controlled
only by the magnetostriction effect. Each particle is located at the intersection of the grid and has
an in-plane uniaxial anisotropy. A pair of electric contacts is connected to the end of each wire. In
the writing process, the driving voltages are simultaneously applied to two pairs of the selected
contacts. This allows to apply a local electric field whose direction and amplitude can be regulated
by varying the voltage intensity and polarity. The exerting stress on the magnetic particle results in
the linear magnetostriction and hence an additional anisotropy energy in the particle. The in-plane
total energy minimum, corresponding to the magnetization direction, follows the local electric field.
Consequently the magnetization of the single magnetic particle located at the intersection can
therefore be selectively switched. ©2000 American Institute of Physics.
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I. INTRODUCTION

There has been a growing interest in high-density n
volatile magnetic random access memory~MRAM !. The
MRAM is generally composed of an array of patterned m
netic multilayer cells that exhibit giant or tunnel magneto
sistive properties.1,2 The data bits are written in the cell b
applying a local magnetic field excited by a pulsed curren
an attached conductive strip. Another possible phenome
to control a magnetic state of the memory element is
magnetostriction originated from the magnetoelastic c
pling, which is defined as a change in dimensions of a
romagnetic specimen under applying magnetic field. Alt
natively, the applied stress generates an internal magn
field along which the magnetization favors to align.

Several ideas of the magnetic memory device based
the magnetostriction behavior have been proposed so
One is the MRAM composed of an array of magnetostrict
transducers coupled with magnetic elements.3 The magneti-
zation reversal of the element is assisted by the stress w
generated by a selected transducer in a homogeneous ap
field slightly smaller than the coercive field. Another e
ample is a magneto-/electro-strictive hybrid thin fil
memory consisting of a magnetostrictive film in contact w
an electrostrictive film.4 For writing, the electrostrictive film
is actuated to impart a stress to a selected area of the f
magnetic film, which nucleates a poled domain in acc
dance with the applied field direction. Magnetostricti
three-dimensional memory cells driven by ultrasonic pul
have also been proposed.5 However, all of the above men
tioned devices require both magnetic and electric fields
the writing process. Here, we propose a novel stress oper
memory device in which the magnetic state is fully co
trolled by the magnetostrictive effect.
6400021-8979/2000/87(9)/6400/3/$17.00
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II. ROTATION MAGNETIZATION DUE TO
MAGNETOSTRICTION

The magnetic state of a small ferromagnetic particle
determined by the competition among exchange, anisotro
magnetoelastic, and magnetostatic energies. When an e
soidal polycrystalline single domain particle is considere
the shape anisotropy and the magnetostriction are res
sible in determining the stable magnetic state since o
contributions are negligibly small. The angular depend
shape anisotropy energy is given by

Fd5Ku sin2 a, ~1!

whereKu5(Nx2Ny)/2M2 is the shape anisotropy constan
Nx andNy are, respectively, the demagnetization factors p
allel and perpendicular to the long axis of the particle, anda
is the angle between the magnetizationM and the long axis.
The minimum of the shape anisotropy energy thus co
sponds to the magnetization vector lying along the long a
Once the stress is applied to the particle, an additional st
induced anisotropy is developed. As a first approximati
the contribution of the magnetostriction energyFs is ex-
pressed as follows by using the linear magnetostriction c
stantls , the stresss, and the angleu–a between the stres
axis andM,

Fs523/2lss cos2~u2a!, ~2!

where u is the angle between the stress axis and the l
axis. When the magnetostriction constantls is negative, the
tensile stress gives a negative value oflss. Consequently
the magnetostrictive energy becomes minimum when
magnetizationM is perpendicular to the stress axis. Th
stable magnetization directiona of the stressed particle with
the uniaxial shape anisotropy can be found by minimiz
the total energyFS5Fd1Fs as follows:
0 © 2000 American Institute of Physics
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]FS

]a
5sin 2a1h sin 2~u2a!50, ~3!

]2FS

]a2 5cos 2a2h cos 2~u2a!.0, ~4!

whereh53/2lss/Ku is the ratio of the magnetostriction an
the shape anisotropy energies. Figure 1 shows the calcu
magnetization directiona as a function of the stress directio
u for different values ofh by assuming a negativelss. It is
clearly seen that the magnetization cannot rotate from
easy axis when the stress is weak compared to the s
anisotropy~h.21!. On the other hand, the magnetizatio
direction follows the stress axis when the stress is str
enough~h,21!. Therefore, the magnetization of the partic
can be effectively rotated by the stress. An important thing
note is that the strong applied stress at a fixed angle can
deviate the magnetizationM from the easy axis within690°
and does not allow a full magnetization reversal. The des
of the memory cell based on the above mentioned mode
described in the following section.

III. DEVICE DESIGN AND DISCUSSION

The proposed memory device consists of an array
small magnetostrictive ferromagnetic particles attached to
electrostrictive grid with a large piezoelectric strain const
as shown in Fig. 2. The particles are located at the inter
tions of the piezoelectric wires with the easy axis at an an
of 45° from the wire axis. Electric contact pads are co
nected to the wires. The generated electric field is thus c
fined in the wire because of its high dielectric constant. F
example, when the voltage is applied to the pads6U1 , the
electric field induces a stress in all the particles on the sa
wire due to the magnetostriction. However the magnetiza
reversal cannot be initiated since the stress vector canno
rotated. When the electric field is applied by using two pa
of contacts6U1 and 6U2 , the resultant electric field is a
vector sum of two electric fields. The direction and the a
plitude of the electric field can be effectively rotated by va
ing the intensity and the polarity of the applied voltage. Co

FIG. 1. The magnetization directiona as a function of the angleu between
the stress and the easy axis of the particle for the different ratioh between
the magnetostriction and the shape anisotropy energies.
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sequently the rotatable stress can be generated at the se
intersection in the piezoelectric grid, which initiates the ma
netization reversal of the magnetic particle.

Figure 3 shows the time evolution of the magnetic sta
for the particlesA, B, andC. The driving voltages are modu
lated in the form of two triangular pulses with a time del
of a few nanoseconds. Only the magnetization of the part
B can be successfully switched. The time delay and the p
length are important in determining the dynamics of t
magnetization reversal. The speed of the reversal is lim
by the ferromagnetic resonance frequency of order a
GHz. The nondestructive reading process can be effectu
by incorporating the magnetoresistive junctions into t
magnetostrictive/piezoelectric memory cell.

A ferroelectric lead zirconate titanate~PZT!, a barium
strontium titanate~BST!, and a lead lanthanum zirconate t
tanate~PLZT! would be suitable for application in the pro
posed stress-operated memory. The electrostrictive pro
ties and deposition technology of these materials are w
known for their application in different microactuators.6,7 For
example, a polycrystalline PZT film exhibits a linear expa
sion of order 1024 by applying an electric field of 0.1 V/mm.

FIG. 2. Schematic design of a proposed stress-operated memory dev

FIG. 3. The magnetic states of particlesA, B, andC in Fig. 2 as a function
of a driving electric field. The magnetization of the particleB is switched,
whereas the final magnetic states of the particlesA andC are not affected.
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This gives the stress of;108 Pa. The ferromagnetic particle
should be magnetically soft with a large saturation magne
striction ls . The promising materials are polycrystalline N
(ls50.3631024),8 Pd–Co alloys (ls51.531024) ~Ref. 9!
and rare earth transition metal based multilayers (ls53
31024).10 The lateral aspect ratio of the particles has to
optimized so that the shape anisotropy is less than the st
induced energy due to magnetostrictive and electrostric
properties of the chosen material. The circular particles w
a uniaxial anisotropy can also be used.

Figure 4 shows a scanning electron microscope~SEM!
image of a prototype hybrid piezoelectric/magnetostrict
memory prepared in the present study. The PZT film 250
in thickness was deposited by a sol–gel method on an
dized silicon substrate with a 50 nm Ti buffer layer. A pe
pendicular grid structure with a linewidth of 2mm was cut
into the PZT film by electron-beam lithography followed b
wet etching in H2O/HF/HNO3 solution. The copper voltage
pads and nickel ferromagnetic particles were then fabrica
by means of electron beam lithography and lift-off proce
The distance between a pair of voltage pads is 10mm. The
dimensions of Ni particles are 0.3mm30.6 mm30.02 mm.
SEM and magnetic force microscope~MFM! images are
shown in Fig. 5. The particle exhibits a single domain str
ture in the remanent state. The size and geometry of
system were chosen for ease of the production and the m

FIG. 4. Oblique view of the prepared piezoelectric/magnetostric
memory observed by SEM.
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surements. The size can be easily scaled down to submic
by using current microfabrication techniques. Further inv
tigation on the proposed magnetostrictive memory cell is
progress.

IV. SUMMARY

A fully voltage-controlled nonvolatile magnetic rando
access memory is proposed. The system consists of an a
of magnetic particles formed on a grid patterned piezoe
tric film. The operation principle is based on the magne
striction induced by the electrostrictive grid. A rotatab
stress generated in a selected memory cell leads to the m
netization reversal of the particle. The prototype system w
prepared for further measurements.
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FIG. 5. SEM~left! and MFM ~right! images of the deposited Ni particle.


