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Two-dimensional magnetic switching of micron-size films in magnetic
tunnel junctions
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The magnetic switching behavior of micron-size magnetic tunnel junctions has been studied in
two-dimensional magnetic fields. By measuring junction resistance, we obtain information about the
magnetization state of the free ferromagnetic layer. Magnetic properties of this layer are explored
using the Stoner–Wohlfarth rotational model as a starting point. We use geometric parameters of the
critical curves to obtain information about interlayer coupling and domain structure effects in the
free layer. © 2000 American Institute of Physics.@S0003-6951~00!00304-1#
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Magnetic tunneling junctions~MTJs! have been the sub
ject of intense study since the discovery of large magnet
sistance~MR! in these devices at room temperature.1,2 These
devices have many properties which make them poss
candidates for use in several technological applications, s
as magnetic random access memory3 ~MRAM ! devices. Be-
cause the memory cells in MRAM devices3 require magnetic
fields to be applied in two dimensions, it is important
study the response of tunneling junctions to fields app
along both the easy- and the hard-axis directions. In
letter, we present measurements of the properties of mic
size MTJs subject to two-dimensional magnetic fields in
plane of the device.

The MTJs studied in this experiment were grown v
sputtering and patterned using electron-beam lithography
described elsewhere.4,5 A schematic of the sample is show
in Fig. 1~a!. The layer sequence with thicknesses in an
stroms is Si~100! substrate/50 Ta/250 Al/40 Ni60Fe40/100
FeMn/60 Co/7 Ru/30 Co/11 Al2O3/74 Ni60Fe40/250 Al/75
Ta. For this structure, the FeMn is the pinning layer, t
Co/Ru/Co layer serves as the pinned electrode, and th
Ni60Fe40 layer serves as the free electrode. The thin laye
Ru between the two Co layers~P1 and P2! has the effect of
antiferromagnetically biasing these two layers through in
layer exchange. Magnetic tunneling occurs between the
NiFe layer and the 30 Co~P1! layer, which are adjacent to
the Al2O3 barrier on either side. Each patterned chip conta
several hundred junctions of various shapes and sizes. In
letter, data on 11 different junctions are presented, all fr
the same chip. We studied rectangular samples with a
between 5 and 200mm2 and aspect ratios ranging from 3:1
16:1.

The MR of the MTJ samples was measured on a pr
station equipped with a toroidal magnet which provides
two-dimensional field of up to 150 Oe. The magnetic field
relatively uniform (62% change! over the area of the
sample, and the easy- and hard-axis fields were estimate
be perpendicular to within 2°. The voltage applied across
6220003-6951/2000/76(5)/622/3/$17.00
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sample is on the order of several mV and the dc voltage b
is zero. The applied magnetic fields are low enough so
the pinned layer can be considered essentially fixed; he
all of the data presented in this letter are assumed to
measurements of the properties of the free layer only.

In a typical measurement, the hard-axis field (Hy) was
held at a fixed value while the easy-axis field (Hx) was
swept linearly within6125 Oe, at a frequency of 10 Hz. Fo
each sample, 500 MR loops were recorded, each contai
500 data points. A representative MR hysteresis loop
given in Fig. 1~b!. For each sample, 40 fixed hard-axis fiel

FIG. 1. ~a! Schematic of the sample layer structure. The two cobalt lay
will align antiparallel due to interlayer exchange across the thin Ru la
Néel coupling occurs as a result of interface roughness at the tunne
barrier, as shown. The pinned axis~represented by P1 and P2! is assumed to
be slightly misaligned with respect to the easy axis of the sample.~b!
Mangetoresistance hysteresis loop, with zero applied hard-axis field.
© 2000 American Institute of Physics
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were selected, each separated by a few Oe. The switc
field was defined as the magnetic field at which the re
tance curve had maximum slope. We recorded two s
points in field space (Hx ,Hy) for each loop, one for the
parallel to antiparallel magnetization switch and one for
reverse process. These points were plotted in tw
dimensional~2D! field space to give the so-called ‘‘asteroid
curve6,7 of each sample. Figure 2~a! shows one such curve

For a single-domain particle with uniaxial anisotrop
the Stoner–Wohlfarth~SW! model6 gives the shape of the
critical asteroid curve, as shown in Fig. 2~b!. It can be seen
from Fig. 2 that the critical curves for our samples devia
significantly from the theoretical asteroid, while still retai
ing some of the expected features. This is to be expe
from previous results,8 which show that samples of this kin
generally switch by complicated processes that can invo
coherent rotation as well as domain-wall motion, and th
rarely exhibit SW single-domain behavior. The objective
our analysis is to characterize some of these deviations
this work, we have measured five easily quantifiable para
eters of each asteroid for comparison with theoretical valu
The first two parameters were the coordinates of the cente
the asteroid (H0x ,H0y), as shown in Fig. 2~b!. We also mea-
sured the dimensions of each asteroid along its natural a
shown by dashed lines, and the angle at which these
were tilted from the field axes.

Coordinates of the center of each asteroid in theHx–Hy

plane were measured by two different methods. In the fi
method, all of the data points in the asteroid were avera
to construct a mathematical mean offset in each field dir
tion. The second method involved visually fitting the expe

FIG. 2. ~a! Asteroid curve of one representative MTJ with dimensions
36.4 mm2. Hx andHy are fields in the easy- and hard-axis directions.~b!
Stoner–Wohlfarth critical curve for an ideal single-domain particle w
uniaxial anisotropy.
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mental data to theoretical SW curves by adjusting these
parameters. These data forH0x andH0y are plotted in Figs.
3~a! and 3~b! as functions of the inverse sample length a
width, respectively. The SW model predicts an asteroid c
tered at the origin of field space. However, in MTJs there
many mechanisms which can shift hysteresis loops along
easy-axis direction.9 The two important sources in ou
samples are Ne´el ‘‘orange-peel’’ coupling,10 caused by inter-
face roughness between the two magnetic layers@see Fig.
1~a!#, and magnetostatic, or ‘‘stray-field,’’ coupling, cause
by uncompensated magnetic poles at the edges of the bo
electrode.

The magnitude of the Ne´el coupling is given by10

HN5
p2

A2
S h2

ltF
D MS exp~22pA2tS /l!, ~1!

whereh andl are the amplitude and wavelength of the i
terface roughness,MS is the saturation magnetization of th
pinned layer, andtF and tS are the thicknesses of the fre
layer and spacer layer, respectively. All of these parame
are fixed for a given sample, therefore, we expect that
magnitude of the Ne´el coupling will be a constant for all o
our samples. In contrast, stray-field coupling is dependen

FIG. 3. ~a! Easy-axis offset field as a function of 1/L and~b! hard-axis offset
field as a function of 1/W, whereW andL are the sample width and length
Circles and triangles represent values obtained using the asteroid fitting
averaging methods, respectively. Solid~open! data points represent sample
with 3:1 ~8:1! aspect ratios. Lines are fits to the data for each aspect ra
according to Eq.~2!. The inset in~a! plots the theoretical magnetostati
coupling field obtained by computer simulations for three sample length
a function of sample width.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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junction size and shape. It can be seen in Fig. 3~a! that there
is a strong dependence of the easy-axis offset on sam
length. Simulations we have done determined that for
sample geometry, the magnetostatic coupling field is gi
by

HM5AWa/L, ~2!

whereW andL are the sample width and length in micron
A is a constant, anda50.22. The inverse relationship o
stray-field coupling strength with sample length is expec
from basic magnetostatic arguments, while the weak dep
dence on width is a result of the increased size of unco
pensated poles in wider samples. The inset in Fig. 3~a! is a
plot of the simulation results ofHM for samples with fixed
length and changing width. It clearly shows that the wid
dependence ofHM is appreciable. The value ofa is depen-
dent on the sample dimensions; in the limit where the se
ration between the free layer and the relevant pinned laye
much larger than its width, the value ofa should approach 1
whereas in the opposite limit, the value ofa should be nearly
zero. Therefore, we would expect the width dependence
the offset field to become more prominent~largera! as the
lateral dimensions of MTJs decrease.

The solid lines in Fig. 3~a! represent fits to the dat
incorporating a constant Ne´el coupling term in addition to
the stray-field term above. It can be seen that this sim
model agrees with the data quite well. The parameters of
fit, expressed in units of gauss and microns, areA565, a
50.14, andHN519 G. The theoretical and experiment
magnitudes, represented by the constantA, agree to within
10%. In addition, the Ne´el coupling field of the bulk sample
was independently measured to be 20 G, in good agreem
with the fitted value. The small discrepancy between exp
mental and simulated values ofa could be caused by micro
magnetic factors not addressed by our simple simulation

Figure 3~b! gives values for the hard-axis field offs
H0y of our samples as a function of sample width. The
values have much higher errors than those quoted in Fig.~a!
because the deformation of the asteroid is greatest along
easy axis. However, it appears that the width dependenc
the offset field is similar to that described above. We pos
late that this effect arises as a result of an angular mism
between the pinned layer magnetization direction and
easy axis, which would give rise to Ne´el and stray-field cou-
pling components along the hard axis. Assuming this m
matchu @see Fig. 1~a!# is small, the magnitude of each o
these effects can be related to the magnitude of the easy
offset field according to

H0Y5H0X tanu5~HN1ALa/W!tanu, ~3!

where we have interchangedL andW because the stray-fiel
coupling is now perpendicular to the easy axis. From rou
fits to Fig. 3~b!, it appears the Ne´el coupling strength is
approximately 2 G and the stray-field coupling consta
A tanu is roughly equal to 11 G. Dividing these magnitud
by the fitted values forHN andA for the easy-axis case give
estimated values of the mismatch angleu ranging from 5° to
10°. We believe that this small mismatch may have resu
from misalignment during sample annealing.
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We now address the issue of asteroid shape in relatio
geometrical parameters of micron-size films. The aster
shape is sensitive to domain formation and switching mod
For single-domain particles, the SW switching curve is sy
metrical with a unit asteroid aspect ratio, defined as the r
of the maximum length of the asteroid curve along the e
axis to that along the hard axis. All of our samples yield
elongated asteroid along the hard axis. Figure 4 shows
the asteroid aspect ratio decreases with increasing geom
cal aspect ratio of the rectangular films. Luet al. have
proposed11 that the reduced asteroid aspect ratio is due to
existence of edge domains. Because it is energetically fa
able to have spins aligned along the edges of a sample, t
edge domains will lag the bulk of the sample in alignin
themselves with the external filed. For a more needle-l
sample, a larger portion of spins is confined in the ed
domains. It would require a larger hard axis-field to ali
these spins near the edges; hence, a smaller asteroid a
ratio. Our data in Fig. 4 are consistent with this explanati
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FIG. 4. Ratio of easy-axis to hard-axis dimension of each asteroid a
function of sample aspect ratio.
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