JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 9 1 MAY 2000

Novel magnetostrictive memory device
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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. @000 American Institute of Physics.
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I. INTRODUCTION II. ROTATION MAGNETIZATION DUE TO
MAGNETOSTRICTION

There has been a growing interest in high-density non- ) . L
The magnetic state of a small ferromagnetic particle is

volatile magnetic random access memdiIRAM). The determined by the competition among exchange, anisotro
MRAM is generally composed of an array of patterned mag- y P g g, by,

. ; L magnetoelastic, and magnetostatic energies. When an ellip-
netic multilayer cells that exhibit giant or tunnel magnetore-

. L 19 , ) X soidal polycrystalline single domain particle is considered,
S'S“V? properties?” The _dat_a bits are written in the cell by. the shape anisotropy and the magnetostriction are respon-
applying a local magnetic field excited by a pulsed current ingipje in determining the stable magnetic state since other

an attached conductive strip. Another possible phenomenogyntributions are negligibly small. The angular dependent
to control a magnetic state of the memory element is thehape anisotropy energy is given by

magnetostriction originated from the magnetoelastic cou-
pling, which is defined as a change in dimensions of a fer- Fg=K,sir e, (1)
romagnetic specimen under applying magnetic field. Alter-

natively, the applied stress generates an internal magnet . o
y PP 9 9 x andN, are, respectively, the demagnetization factors par-

field along which the magnetization favors to align. . ) )
S lid f th i device based allel and perpendicular to the long axis of the particle, and
cveral ideas ot the magnhetic memory device based Ofd o angle between the magnetizatMrand the long axis.

the magnetostriction behavior have been proposed so fa‘i"he minimum of the shape anisotropy energy thus corre-
One is the MRAM composed of an array of magnetostrictivegyonds to the magnetization vector lying along the long axis.
transducers coupled with magnetic eleménthie magneti-  Once the stress is applied to the particle, an additional stress
zation reversal of the element is assisted by the stress waygduced anisotropy is developed. As a first approximation,
generated by a selected transducer in a homogeneous applig@ contribution of the magnetostriction energy, is ex-

field slightly smaller than the coercive field. Another ex- pressed as follows by using the linear magnetostriction con-
ample is a magneto-/electro-strictive hybrid thin film stant\g, the stressr, and the anglé—« between the stress
memory consisting of a magnetostrictive film in contact with axis andM,

an electrostrictive filmf. For writing, the electrostrictive film

is actuated to impart a stress to a selected area of the ferro-

magnetic film, which nucleates a poled domain in accory,here ¢ is the angle between the stress axis and the long

dance with the applied field direction. Magnetostrictive 4yis \When the magnetostriction constaatis negative, the
three-dimensional memory cells driven by ultrasonic pulsesensile stress gives a negative valuegtr. Consequently
have also been proposedowever, all of the above men- the magnetostrictive energy becomes minimum when the
tioned devices require both magnetic and electric fields fomagnetizationM is perpendicular to the stress axis. The
the writing process. Here, we propose a novel stress operatetiable magnetization directianof the stressed particle with
memory device in which the magnetic state is fully con-the uniaxial shape anisotropy can be found by minimizing
trolled by the magnetostrictive effect. the total energyry =F4+F4 as follows:

hereKu=(NX—Ny)/2M2 is the shape anisotropy constant,

F,=—3/2 40 cog(6— a), 2
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FIG. 1. The magnetization directiamnas a function of the anglé between
the stress and the easy axis of the particle for the different rabetween
the magnetostriction and the shape anisotropy energies.

substrate particle C  particle B ﬁ active lines

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

9Fs =sin2a+ 7sin2(6—a)=0, (3)  sequently the rotatable stress can be generated at the selected
Jda intersection in the piezoelectric grid, which initiates the mag-
9F netization reversal of the magnetic particle.

T ~COS 2¢x—ncosA 6—a)>0, (4) Figure 3 shows the time evolution of the magnetic states

for the particlesA, B, andC. The driving voltages are modu-
wheren=3/2\¢,a/K, is the ratio of the magnetostriction and lated in the form of two triangular pulses with a time delay
the shape anisotropy energies. Figure 1 shows the calculated a few nanoseconds. Only the magnetization of the particle
magnetization directior as a function of the stress direction B can be successfully switched. The time delay and the pulse
o for different values ofy by assuming a negative,o. Itis  length are important in determining the dynamics of the
clearly seen that the magnetization cannot rotate from thenagnetization reversal. The speed of the reversal is limited
easy axis when the stress is weak compared to the shapy the ferromagnetic resonance frequency of order a few
anisotropy(»>—1). On the other hand, the magnetization GHz. The nondestructive reading process can be effectuated
direction follows the stress axis when the stress is strondpy incorporating the magnetoresistive junctions into the
enough(»<—1). Therefore, the magnetization of the particle magnetostrictive/piezoelectric memory cell.
can be effectively rotated by the stress. An important thingto A ferroelectric lead zirconate titanat®ZT), a barium
note is that the strong applied stress at a fixed angle can onBtrontium titanaté€BST), and a lead lanthanum zirconate ti-
deviate the magnetizatiddl from the easy axis withinc90°  tanate(PLZT) would be suitable for application in the pro-
and does not allow a full magnetization reversal. The desigposed stress-operated memory. The electrostrictive proper-
of the memory cell based on the above mentioned model ifes and deposition technology of these materials are well
described in the following section. known for their application in different microactuatér§For

example, a polycrystalline PZT film exhibits a linear expan-

sion of order 10* by applying an electric field of 0.1 \Wm.
11l. DEVICE DESIGN AND DISCUSSION

The proposed memory device consists of an array of

small magnetostrictive ferromagnetic particles attached to an A i@ Ca | ﬁ " ﬁ é @

electrostrictive grid with a large piezoelectric strain constant

as shown in Fig. 2. The particles are located at the intersec- B@ ﬁ ﬁ ﬁ g @
&

tions of the piezoelectric wires with the easy axis at an angle ‘

of 45° from the wire axis. Electric contact pads are con- ¢ @ ; & ﬁ @ @ .....
nected to the wires. The generated electric field is thus con- | driving electric field |

fined in the wire because of its high dielectric constant. For ;

example, when the voltage is applied to the padd,, the —) M T

electric field induces a stress in all the particles on the same —
wire due to the magnetostriction. However the magnetization l finvmg Vvoltages |
reversal cannot be initiated since the stress vector cannot be } Ui
rotated. When the electric field is applied by using two pairs /{2
of contacts=U, and =U,, the resultant electric field is a
veptor sum of two gleptrlc fields. The QIreCtlon and the am_FIG. 3. The magnetic states of particlesB, andC in Fig. 2 as a function
plitude of the electric field can be effectively rotated by vary- o 4 driving electric field. The magnetization of the partifiés switched,

ing the intensity and the polarity of the applied voltage. Con-whereas the final magnetic states of the partiélemd C are not affected.
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FIG. 5. SEM(left) and MFM (right) images of the deposited Ni particle.

surements. The size can be easily scaled down to submicrons
by using current microfabrication techniques. Further inves-

FIG. 4. Obligue view of the prepared piezoelectric/magnetostrictivetlgatlon on the pI’OpOSGd magnetostrictive memory cell is in
memory observed by SEM. progress.

IV. SUMMARY

This gives the stress of 10° Pa. The ferromagnetic particles A fully voltage-controlled nonvolatile magnetic random
should be magnetically soft with a large saturation magnetoaccess memory is proposed. The system consists of an array
striction Ag. The promising materials are polycrystalline Ni of magnetic particles formed on a grid patterned piezoelec-
(A s=0.36x10"%),8 Pd—Co alloys Xs=1.5x10 %) (Ref. 9 tric film. The operation principle is based on the magneto-
and rare earth transition metal based multilayexs=(3 striction induced by the electrostrictive grid. A rotatable
% 107%).%° The lateral aspect ratio of the particles has to bestress generated in a selected memory cell leads to the mag-
optimized so that the shape anisotropy is less than the stressetization reversal of the particle. The prototype system was
induced energy due to magnetostrictive and electrostrictiveprepared for further measurements.
properties of the chosen material. The circular particles with
a uniaxial anisotropy can also be used. ACKNOWLEDGMENTS

Figure 4 shows a scanning electron microsc(pEM) This work is partly supported be the RFTF of the Japan
image of a prototype hybrid piezoelectric/magnetostrictiveSociety for the Promotion of Science, and the Grant-in-Aid
memory prepared in the present study. The PZT film 250 nnfor Scientific Research from the Ministry of Education, Sci-
in thickness was deposited by a sol-gel method on an oxience, and Culture in Japan.
dized silicon substrate with a 50 nm Ti buffer layer. A per- _
pendicular grid structure with a linewidth of 2m was cut ~ ,S- S: Parkinet al, J. Appl. Phys85, 5828(1999.
. . . S. Tehraniet al, IEEE Trans. Magn35, 2814(1999.
into the I_DZT. film by electron-beam lithography followed by s’ Schrader, J. Appl. Phys53, 2759(1982.
wet etching in HO/HF/HNO; solution. The copper voltage “m. Brady, S. Dana, and R. Gambino, U.S. Patent No. US005239504A,
pads and nickel ferromagnetic particles were then fabricated5 i9953ghr_mer [EEE Trans, MagiMAG-10, 567 (1674
by me.ans of electron beam. lithography and “Tt_Off process.GR'_ Moazzar;1i, C. Hu, and W.QI]-L Shephérd, IEEE Tr.ans. Electron Devices
The distance between a pair of voltage pads isub@ The 39, 2044(1992.
dimensions of Ni particles are 0,8mx0.6 umXx0.02 um. "N. Floquet, J. Hector, and P. Gaucher, J. Appl. Plgys.3815(1998.
SEM and magnetic force microscog®FM) images are zE- Klokholm and J. Aboat, J. Appl. PhyS3, 2661(1982.
shown in Fig. 5. The particle exhibits a single domain struc- Ibgg'gugi%al"(l'\géfh”' H. Kadomatsu, and H. Fujiwara, J. Phys. Soc.
ture in the remanent state. The size and geometry of theg quand, A. Ludwig, J. Betz, K. Mackay, and D. Givord, J. Appl. Phys.
system were chosen for ease of the production and the measi1, 5420(1997.



