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Quarternary giant magnetoresistance random access memory

Zhigang Wang and Yoshihisa Nakamura
Research Institute of Electrical Communication, Tohoku University, Sendai 980, Japan

We designed a quarternary memory using weakly coupled giant magnetoresisGiE®
multilayers based on the fact that there are four stable states when the applied field is zero.
Compared with conventional binary memory, the major advantage of the quarternary GMR memory
is that we can simply double its capacity. This design’s feasibility has been proved by experiments.
© 1996 American Institute of Physid$s0021-897@6)13608-]

I. INTRODUCTION The resistance-field transfer curve®(H) of these

The discovery of giant magnetoresistan@MR) in samples under exciting field of various strength were inves-
magnetic multilayers has led to a large number of stddfes tigated. The applied magnetic field is along the plane of the

on the giant magnetoresistance system for application. Usi@mples. The switchings of the double ferromagnetic layers
ally, devices exhibiting giant magnetoresistance are undewith different coercivities gives rise to the “double-hump”
consideration and development as magnetic field sensors, fshaped curve of the main loop depicted in Figa) 1where
instance, in read-back magnetic heads used in magnetic réie applied field is betweemn 15 Oe. From Fig. (& we can
cording technology. Differing from these studies for sensingobserve two obvious switching points: point A corresponds
purposes, we found a storage mechanism in GMR materialg the switching fieldabout 5.5 Ogof the soft component
and succeeded in fabricating a binary GMR menfajore-  anq point B corresponds to the switching fiéibout 14 O

over, the fact that the magngtizations _in two ferromagneticys the hard component. Figuregbl and Xc) illustrate the
layers of weakly coupled multilayer act independently makesR(H) response’s minor loop for the same sample operating

it possible to realize a quarternary data storage by makin the mode in which onlv the soft component is switched b
use of the four combinations of magnetizations. The differenf. . . . , y P . y
jmiting an applied field betweert7.5 Oe. In Fig. 1b) the

coercivities between the two ferromagnetic layers can be ju R . s i
employed to magnetize or remagnetize the two layers, ree_.lement is initially sz_alturateq to th(_e _ngg_qnve direction by a
spectively. In this article, we will discuss the mechanism field of —15 Oe, while in Fig. L) it is initially saturated to
design, and experimental results of the quarternary GMRhe “plus” direction by +15 Oe.
memory. Theoretical analysisindicates that the minor loop is pri-
marily determined by the hysteresis of the soft component.
But we found that these minor loops were shifted since the
initially polarized hard component blocks the spins of the
From the \éigw_point of application, weakly coupled soft component through the ferromagnetic exchange interac-
GMR multilayer,” with two ferromagnetic components pos- o |n this case, the exchange field is about 1.5 Oe, smaller
Sessing dlﬁgrenF cogrcwmes, is a hopeful cand|datel becaustﬂan the coercivity4 0@ of the soft component. So that the
of its low switching field(smaller than 10 Oeand relatively .
large magnetoresistand®R) ratio (4%—17%. We made remanent state of the sqft cqmponent cannot l?e mfluence.d,
samples of C@5 nm)/NiFe (0.5 nm)/Cu (5 nm)/Co (0.5 nm/ although the excha'ng.e field is present. For this reason this
NiFe (5 nm) by rf sputtering. The thinner NiFe and Co layers type of GMR material is called weakly coupled. It is appar-
were formed to enhance interfacial scattering, which in-€nt that the soft component will act independently as long as
creases the MR ratio two times as large as that of(Eo the exchange field is smaller than its coercivity, and the
nm)/Cu (5 nm)/NiFe (5 nm), and the sandwich structure is lower the exchange field becomes the more stable the work-
comprised of two ferromagnetic components: the hard coming point is. In fact, the exchange field will decrease with
ponent Co(5 nm)/NiFe (0.5 nm and the soft component Co increasing Cu’s thickness but, unfortunately, the MR ratio
(0.5 nm/NiFe (5 nm). Uniaxial anisotropy, important both will also decrease with increasing Cu’s thickness. We have to
for memory storage and for the way that a bit is selected, igalance these two requirements and we found that for a Cu
induced by a magnetic field of 15.5 Oe applied in the plangpckness of about 5 nm, the MR change ratio stays large and

of the films during sputtering. Thereafter, an ac magnetic[he exchange field is still relatively small. As a result, there
field anneal(300 °Cx80 Oex2 h) was executed and it was v y ! '
are four stable states for the sample we used when the ap-

found that the ac magnetic thermal treatment helps to in- lied field i hich dtof binati f
crease the slope of tHR(H) curve. plied field is zero, which correspond to four combinations o

Il. QUARTERNARY STORAGE MECHANISM
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%15 Oe.
MINOR LOOP
initialty saturatediby - 15 Oe The above description gives a quarternary storage
a‘;frtd N mechanism. For any uniaxial anisotropic ferromagnetic film,
- high MR there are two stable states: the magnetization will tend to
5 point in one of two easy directions, and the fact that the
£ magnetizations in two ferromagnetic layers act indepen-
?g' dently in weakly coupled sandwiches makes it possible to
___________________ use these directions to represent a quarternary data.
N
. %low MR
1
-5 -75 0 75 15
H ( Oe) lll. EXPERIMENTAL RESULTS
We have fabricated a one-bit quarternary GMR memory
(B)Minor loop in which the applied field is detween cell with a storage/sense line and a word line on to neocer-
£1.5 Oe but the sample is initially saturated by amic substrate. Its schematic diagram is illustrated in Fig. 2.

the field of ~15 Oe. A brief outline of the fabrication method is given in the

following. The material of the storage/sense line was the
MINOR LOOP GMR multilayer, as described in the above section. This
initially saturated by + 15 Oe sandwiches were patterned into a rectangular shape whose
2 %high MH size is 5umx10 um by optical lithography and ion milling
/ techniques. The storage/sense line was covered with a 0.5
pm thick SiO, layer, which served as an insulator, and a Cr
(10 nm/Cu (1000 nm)/Cr (30 nm multilayer was deposited
onto the SiQ and patterned into the word line. Contact holes
were etched in the Sifby a lift-off technique, followed by
- / i the structuring of electrodes for the storage/sense line. The
% ’ use of the Cr/Cu/Cr structure was to make mechanically
i . strong contacts. The word line was parallel to the storage/
TS (%e) [ sense line, and both of them were orthogonal to the easy axis
because the preferred easy axis is chosen to lie along the
(c)Minor loop in which the applied field is between transverse direction of the GMR stripe. A combination of a
£7.5 Oe but the sample is initially saturated by sense current flowing along the GMR line itséliie sense
the field of +15 Ce. current is assumed to pass primarily through the intermediate
layer Cu because of its high conductivityogether with an
exciting current flowing along the word line, make it pos-
sible for a 2D selective storage/sense function to be realized.
The different coercivities of the two ferromagnetic layers
can be used to polarize the two layers, separately. In our
magnetizations, as shown in Fig. 1. In GMR multilayers theexperiments, we first use a strong magnetic field of 15 Oe
resistance is lower when alternate magnetizations are parall® polarize the hard component whose switching field is 14
than when they are antiparallel. This rule is also shown in th®©eand then use a weak field of 7.5 Oe to polarize the soft
same figure.

MR (arb. unit)

FIG. 1. Quarternary storage mechanism.

6640 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 Z. Wang and Y. Nakamura

Downloaded-03-Mar-2010-t0-130.34.135.21.-Redistribution-subject-to-AlP-license-or-copyright;-see=http://jap.aip.org/jap/copyright.jsp



Plus Word Field

i

soft
hard

aqn

soft
hard

o

soft
hard

"o

soft
hard

WORD CURRENT
w

SENSE OUTPUT"
Vs

WORD CURRENT
w

SENSE OUTPUT
Vs

WORD CURRENT
Iw .

SENSE OUTPUT
Vs

WORD CURRENT

lw

SENSE OQUTPUT
Vs

component.(In this mode the remanent magnetization of
the hard component cannot be altered but the soft compo-
nent can be switched since its switching field is about 5.5
Oe)

For reading method, a bipolar excitation pulse current
was used, and the strength of the corresponding magnetic
field is limited to be smaller even than the coercivity of the
soft component to confirm a nondestructive readdlRRO)
capability. It is easy to understand that the magnetization
parallel to the excitation field could not rotate while the mag-
netization anti-parallel could. When a bipolar pulse word
current Iw passes through the word line, a voltage-pulse
combination should appear across the GMR line, in which a
plus pulse corresponds to increasing resistance, and a minus
pulse corresponds to decreasing resistance, and zero voltage
corresponds to no resistance change. Figure 3 is the mea-
sured result, in which four kinds of pulse combinations cor-
responding to the remanent states arise, and therefore data
readout can be performed by monitoring these pulse combi-
nations against the plus—minus word curréfield). The
word current Iw is 15 mA and the sense current is 5 mA. The
voltage difference between plus and minus pulses is 12 mV.
Furthermore, the continuous test indicates that a stable read-
out waveform can be held for a long time. That is to say, this
element has NDRO ability, and an additional rewrite opera-
tion after reading is not needed.

IV. CONCLUSIONS

We succeeded in fabricating a quarternary memory cell.
In this structure, the multilayer is used not only for data
storing but also for data sensing. The major advantage of the
quarternary GMR memory is that we can simply double its
capacity compared with conventional binary memory.
NDRO capability was also confirmed.
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