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The switching characteristics and the magnetization-flop behavior in magnetic tunnel junctions exchange
biased by synthetic antiferromagnets (SyAFs) are investigated by using a computer simulations based on a sin-
gle-domain multilayer model. The bias field acting on the free layer is found to be sensitive to the thickness of
neighboring layers, and the thickness dependence of the bias field is greater at smaller cell dimensions due to
larger magnetostatic interactions. The resistance to magnetization flop increases with decreasing cell size due to
increased shape anisotropy. When the cell dimensions are small and the synthetic antiferromagnet is weakly, or
not pinned, the magnetization directions of the two layers sandwiching the insulating layer are aligned anti-
parallel due to a strong magnetostatic interaction, resulting in an abnormal magneto resistance (MR) change
from the high-MR state to zero, irrespective of the direction of the free-layer switching. The threshold field for
magnetization-flop is found to increase linearly with increasing antiferromagnetic exchange coupling in the syn-
thetic antiferromagnet. Irrespective of the magnetic parameters and cell sizes, magnetization flop does not exist
near zero applied field, indicating that magnetization flop is driven by the Zeeman energy.
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1. Introduction

Since the first experimental realization of large room-
temperature magnetoresistance (MR) in magnetic tunnel
junctions (MTJs) in 1995 [1, 2], much progress has been
made in this field [3-6]. It is now possible to fabricate junc-
tions with very high MR values (~50%) and to control the
value of the junction resistance through a precise control of
the thickness and the characteristics of the oxide layer.
Other important achievements include the process technol-
ogy by which very uniform values of MR and junction
resistance can be obtained on a wafer level, and thermal sta-
bility up to 300 °C. These achievements are expected to
contribute significantly to the successful realization of a
commercially viable magnetic random access memory
(MRAM). An MTJ-based MRAM is known to possess
many good intrinsic characteristics as a memory cell, some
of which include nonvolatility, high density (comparable to
DRAM) and speed (comparable to SRAM), and unlimited
read/write operation [4]. From the practical point of view, it
is important to realize high density, among many other
things, in order for an MRAM to compete with other exist-
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ing technologies. At a practical density level, the cell
dimensions are expected to be in the submicron size range,
where the switching of a magnetic layer is dominated by
magnetostatic interactions. Switching fields are related to
two characteristic magnetic fields: the bias field and the
coercivity. This indicates that the switching characteristics
can be understood through a detailed knowledge of these
two magnetic parameters.

Two separate field components, the self-demagnetizing
field and the interlayer magnetostatic interaction field, can
be identified from the magnetostatic interactions, and it was
shown previously in a single-domain multilayer model that
the coercivity and the bias field are completely explained,
respectively, by the self-demagnetizing field and the inter-
layer magnetostatic interaction field [7]. The self-demagne-
tizing field is determined by two factors, the self-
demagnetizing coefficient and the saturation magnetization,
the former being only a function of the geometry (dimen-
sions, including the aspect ratio) of a magnetic layer. This
indicates that the self-demagnetizing field (and, hence, the
coercivity) of a magnetic layer is dependent on the related
properties of the magnetic layer itself under consideration,
but is independent of the multilayer structure (or design).
On the other hand, the interlayer magnetostatic interaction
field, which is caused by stray fields from neighboring lay-
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ers, depends on the structure of a multilayer. In conven-
tional MTJs, where the pinned layer is exchange-biased by
a single layer of an antiferromagnet (AF) (FeMn, for exam-
ple), the stray field from the pinned layer plays the role of
biasing the free layers causing a hysteresis loop asymmetry.
The switching asymmetry becomes very large at submicron
cell dimensions [7]. This problem can be relieved, if not
solved, by substituting a synthetic antiferromagnet (SyAF)
for a single AF layer. Currently popular SyAFs are Co/Ru/
Co [8] and Co/Ru/Co/AF (such as FeMn) (3, 9]. In this
structure, a large portion of the stray field radiating from
one of the Co layers is absorbed by the other Co layer, min-
imizing the stray field reaching the free layer.

In spite of the many merits of a SyAF, a potentially seri-
ous problem may result from the magnetization-flop phe-
nomenon [9-12]. In the simple Stoner-Wohlfarth model,
where the total energy consists of the Zeeman energy and
the exchange coupling between the two Co layers, it was
shown in a SyAF that the reduction in the Zeeman energy is
always greater than the increase on the interlayer antiferro-
magnetic exchange coupling as long as the deviation from
antiparalle] alignment of the Co layers is small [10]. This
indicates that, whenever a magnetic field is applied to a
SyAF, the magnetization direction of the Co layers is not
completely antiparallel, but is deviated toward the applied
field direction. Furthermore, the Zeeman energy reduction
is greatest when the magnetization directions of the Co lay-
ers are orthogonal to the applied field in the film plane.
This essentially gives a SyAF an effective uniaxial anisot-
ropy with the easy axis being perpendicular to the applied
field, and provides a driving force for magnetization flop.
Obviously, the occurrence of magnetization flop is very
harmful to MRAM devices because MTJs are no longer in
a bi-stable state with different resistances, which is neces-
sary for storing digital information. In the case of a com-
plete magnetization flop where the magnetization directions
of the two Co layers are orthogonal to that of the free layer,
no change in resistance accompanies the free layer switch-
ing.

Only a few articles have been published dealing with
magnetization flop since the first theoretical prediction by
Zhu and Zheng [10], and all the previous work has been
confined to spin-valve multilayers. Zhu and Zheng exam-
ined the effects of the aspect ratio and the unidirectional
pinning strength by an AF on the rigidity of a SyAF in a
full micromagnetic model by using the LLG equation. They
observed, in a 0.5 um x 0.5 um cell, a very small threshold
field of 40 Oe for magnetization flop which is even smaller
than the switching field of the free layer. The rigidity of a
SyAF, however, was found to be improved by increasing the
aspect ratio and by introducing a unidirectional pinning
field by using an AF. The first experimental observation of
magnetization flop was reported by Tong et al. [9] in spin
valves which were exchange-biased by using pinned SyAFs
(CoFe/Ru/CoFe/lrtMn). Magnetization flop was also observ-
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ed in post field-annealing experiments by changing the
magnitude and the direction of the applied magnetic field
and by Marrows et al. [11] during sputtering under an
applied magnetic field (200 Oe) by simply changing the rel-
ative thicknesses of the two Co layers in the SyAF.

In MT]Js exchange-biased by SyAFs, the magnitude of the
stray field reaching the free layer (and, hence, its bias field)
is expected to vary with the relative thickness of the Co lay-
ers, and this is one of the two subjects of the present inves-
tigation. Additionally, the size effects of the bias field and
the coercivity are systematically examined in order to better
understand the switching properties of small-sized MTJs
which are suitable for high density MRAM:s. The other sub-
ject of this work is to examine how the rigidity of SyAFs is
affected by various magnetic parameters and by the cell
size. Particular emphasis is given to cell-size effects due to
their importance in high-density MRAM devices.

2. Model and Computation

2.1. Switching characteristics of the free layer

In the model, each magnetic layer consisted of a single
domain, indicating that the magnetization was uniform
within a layer. The structure of the MTJs modeled in this
work was NiFe (I) (7.5 nm)/AlO, (0.7 nm)/Co (1) (y nm)/
Ru (0.7 nm)/Co (II) (7-y nm)/FeMn (10 nm)/ NiFe (II} (4
nm). This multilayer structure, shown in Fig. 1, was previ-
ously investigated by Parkin et al. [3]. The relative thick-
ness of the Co layers was changed by varying the value of y
from 1 to 6. In order to examine the size effects, multilayers
with various dimensions were investigated; namely, 0.8 x
04, 12x0.6,28x%x 1.4, 4x2, 6x3, 8x4, 11.2x5.6 and
16 x 8 (all dimensions in mm). Note that the aspect ratio
(defined by the ratio of the length to the width) of all the
MTIJs was fixed at 2.

The uniaxial induced anisotropies in the free layer (Hpy)
was 50e, and that in the Co layers (Hc,) were 20 Oe [3, 5].
The ferromagnetic exchange coupling (more specifically,
the Neel orange-peel coupling, the origin of which is mag-
netostatic interactions in nature) between the free layer and
the Co layer next to the AlO, layer (Hy;,s) was 26 Oe. These
magnetic parameters are relevant to the MTJs reported by
Parkin et al. [3]. The two Co layers separated by a thin Ru
layer was antiferromagnetically coupled, and the magnitude
of the antiferromagnetic coupling (H,y;), which was esti-
mated from the interlayer exchange coupling of —1 erg/cm?
at the present interlayer separation (0.7 nm) [13], was
—1200 Oe. The exchange coupling between the Co (II) and
the FeMn layers (Hyi,) was assumed to be 1200 Oe, which
was much higher than the reported values of 400~500 Oe
[3, 8] obtained in this type of AF layer. This was to avoid
the so-called magnetization-flop behavior observed in
SyAFs [9-12] and a subsequent complication of magnetiza-
tion behavior. The high exchange bias field, combined with
the large antiferromagnetic exchange coupling in the SyAF
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layers, essentially fixed all the magnetic layers, except for
the free layer, during the field cycle. Since one of the main
objectives was to examine the magnitude of the stray field
reaching the free layer (and hence, its bias field) from the
rest of the magnetic layers, the assumption of a high
exchange coupling field will not affect the main conclusion
of the present work.

The magnetization direction of the two magnetic layers
(Co(Il) and NiFe(Il)) sandwiching the FeMn layer was set
to be in the +x direction. This determined the magnetization
direction of the Co(I) layer through antiferromagnetic
exchange coupling and that of the NiFe(I) (free) layer
through orange-peel coupling under the conditions of no
magnetostatic interactions (namely, very large cell dimen-
sions) and zero applied field; specifically, the magnetization
directions of both the Co(I) and the free layers point in the
—x direction. The magnetization direction of all the mag-
netic layers is also shown in Fig. 1. In this magnetization
configuration, the orange-peel coupling biases the free
layer, which is the main interest of this work, to the positive
direction since the coupling gives the free layer a torque of
26 Qe in the negative direction. It is noted that the bias field
direction of the magnetic layer is opposite to the unidirec-
tional torque applied to the layer. A good example is the
exchange bias in AF/F (ferromagnet) bilayers. Exchange
coupling between the two layers is usually set by first
annealing the bilayers well above the Neel temperature of
the AF and subsequently cooling them with an applied field
on. In this case, the shift in the loop is in the opposite direc-
tion to the setting field. The magnetization of the NiFe
(more specifically, NigFes) layers was taken as 1055 emu/
cm’® and that of Co as 1400 emu/cm’® [14]. The magnetic
field was applied in the length direction (the same as all the
anisotropy fields) and was cycled between +500 and —500
Oe.
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Fig. 1. MTJ structure modeled in this work. The magnetization
direction indicated in the ferromagnetic layers is for conditions
of no magnetostatic interactions and zero applied field.
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2.2. Magnetization flop

The single-domain multilayer model was also used for
magnetization flop. The structure of the MTJs modeled in
this work was NiFe(I) (7.5 nm)/AlO, (0.7 nm)/Co(l) (3.5
nm)/Ru (0.7 nm)/Co(If) (3.5 nm)/FeMn (10 nm) (see Fig. 1
for a schematic illustration). A similar structure was previ-
ously investigated by Parkin et al. [3]. The cell dimensions
and the magnetic parameters, such as Hp, (5 Oe), He, (20
Oe), and Hy;,, (26 Oe), are identical to those for the switch-
ing-characteristic investigation described in 2.1. The mag-
nitude of the antiferromagnetic coupling field between the
two Co layers separated by a thin Ru layer (H,;) varied
from —600 to —1200 Oe (the negative sign indicates anti-
ferromagnetic coupling), although it is estimated to be
approximately —1200 Oe at the present interlayer separation
[13]. The widely varying values of H,,; may reflect varia-
tions in the surface properties and/or the Ru thickness in
real experiments. The exchange coupling between the
FeMn and the Co(Il) layers (H,,) also varied widely from O
to 800 Oe. All the uniaxial and unidirectional anisotropies
were formed in the length (x) direction. The magnetization
direction of Co(I) was set to be in the +x direction. This
determined the magnetization direction of the Co(I) layer
through the antiferromagnetic exchange coupling and that
of the free layer through the orange-peel coupling under the
conditions of no magnetostatic interactions (namely, very
large cell dimensions) and zero applied field. Specifically,
the magnetization directions of both the Co(I) and the free
layers pointed in the —x direction (see Fig. 1). In this mag-
netic configuration, the orange-peel coupling biases the free
layer to the positive direction since the coupling gives the
free layer a torque in the negative direction. The magneti-
zation of the NiFe (more specifically, NigFes) layer was
taken as 1055 emuw/cm’, and that of Co as 1400 emu/cm®
[14]. The applied magnetic field (H,) pointed in the length
direction (the same as all the anisotropy fields). The max-
imum applied field during the field cycle was suitably var-
ied in accordance with the magnetic parameters of the
multilayers.

3. Results and Discussion

3.1. Switching characteristics of the free layer

The bias field (or offset field) of the free layer, which was
obtained from the M-H hysteresis loops, is defined as the
center of the hysteresis loop. The bias field is the vector
sum of the orange-peel coupling field (+26 Oe) and the
interlayer magnetostatic interaction field [7]. In Fig. 2 are
shown the results for the relative Co-layer thickness (y)
dependence of the bias field of the free layer for varying
cell sizes.

A common and prominent tendency is that the magnitude
of the bias field decreases with increasing y for all cell
sizes. Since the interlayer magnetostatic interaction field in
the positive (negative) direction causes a negative (positive)
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Fig. 2. Bias field as a function of the relative Co-layer thick-
ness in the SyAF for various cell sizes.

bias field, the present results indicate that the interlayer
magnetostatic interaction field increases in the positive
direction with increasing y. This can be understood from
the respective contribution of the two Co layers in the SyAF
layers to the bias field of the free layer. The contribution of
the upper Co layer is expected to be greater, it being closer
to the free layer. The interlayer magnetostatic interaction
field from the upper Co layer, whose magnetization direc-
tion is in the —x direction, points in the +x direction, and its
magnitude increases with increasing y since the interlayer
magnetostatic interaction field from a neighboring magnetic
layer is proportional to the product of the thickness and the
saturation magnetization of the layer [7].

With the same saturation magnetization for the two Co
layers in the SyAFs, this relationship explains the observed
linear decrease of the bias field with y. The contribution of
the lower Co layer is exactly opposite to that of the upper
layer; the direction of the interlayer magnetostatic interac-
tion field is in the —x direction, and the magnitude
decreases with increasing y. The net result is, therefore, an
increased interlayer magnetostatic interaction field in the
positive direction, and hence, a decreasing bias field with
increasing y. The dependence of the bias field on y is rel-
atively small in the case of large cell sizes, but this depen-
dence becomes very large at small cell dimensions. In the
largest cell size of 16 umx 8 um, for example, the bias
field changes from 41 to 22 Oe as y increases from 1 to 6,
giving the interlayer magnetostatic interaction fields from
—15 to +4 Oe. In the case of the smallest cell size of 0.8
umx 0.4 pum, the bias field varies from 186 to —53 Oe,
resulting in the interlayer magnetostatic interaction fields in
the range of —161 to +79 Oe. This clearly indicates the
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Fig. 3. Bias field as a function of the cell size for various val-
ues of y. The cell size is indicated by the cell width.

dominant role of the magnetostatic interactions at small cell
sizes; at the extreme y values, the shift of the hysteresis
loop is 3.0 (y=6) to ~6.2 (y=1) times greater than the
“Intrinsic” orange-peel exchange coupling.

It is worth noting from Fig. 2 that, at y =4, the cell size
dependence of the bias field is extraordinarily small, but the
dependence increases as the relative Co-layer thickness
deviates from y = 4. The results shown in Fig. 2 are re-plot-
ted in order to show more clearly the cell-size dependence
of the bias field at various y values, and these results are
shown in Fig. 3. In the figure, the cell size is indicated by
the width. Indeed, at y =4, the size dependence of the bias
field is very small, the bias field ranging from 30 to ~38 Oe
over the whole size range. However, at other y values, the
size dependence of the bias field is large, particularly at cell
sizes below 6 yum X3 um. A noticeable feature is that the
size dependence of the bias field at y =3 and 5 and the size
dependence at y=2 and 6 are rather symmetric with
respect to y =4 over the whole size range. This symmetry
is due to the fact that the interlayer magnetostatic interac-
tion field (and hence, the bias field) is linearly proportional
to the thickness of the Co layers in the SyAFs.

It would be of interest to examine the contribution of
each magnetic layer to the total interlayer magnetostatic
interaction field acting on the free layer, and some of the
results are shown in Fig. 4 for y =4 where the size depen-
dence of the bias field is smallest. Expectedly, the contri-
bution from the upper Co layer, which is thicker than the
lower Co layer and closest to the free layer, is largest, and
its direction is positive. On the other hand, the contribution
from the lower Co layer is negative, and its absolute mag-
nitude is smaller. This indicates that the net contribution
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Fig. 4. Contribution of the interlayer magnetostatic interaction
field acting on the free layer from neighboring ferromagnetic
layers as a function of the cell size. The cell size is indicated
by the cell width.

from the two Co layers is positive. However, a nearly con-
stant bias field over the whole size range is seen due to the
negative contribution from the lower permalloy layer,
whose magnitude is just slightly smaller than that of the
lower Co layer. The substantial contribution from the lower
permalloy layer is rather unexpected, considering its large
distance from the free layer and its small saturation mag-
netization. This result emphasizes that the contributions
from all the magnetic layers must be taken into account in
controlling the bias field. With the large contribution from
the lower permalloy layer, the dependence of the bias field
on the relative Co-layer thickness for the multilayer without
the permalloy layer is expected to be different from those
shown in Fig. 2. This is actually the case, as can be seen
from the results shown in Fig. 5. The overall tendency is the
same, but the smallest size dependence is not achieved at
y=4,butaty=3.

Actual hysteresis loops at some sizes are shown in Fig. 6
in order to show more clearly the switching characteristics
of the free layer, which depends on both the bias field and
the coercivity. The results are for y = 3, where the cell size
dependence of the bias field is moderate and experimental
results are available [3]. The loops are completely square
shape, indicating that the magnetization change is due to
complete spin-flip. This can be expected, since the cell is in
a single-domain state, and all the anisotropies (both uniaxial
and unidirectional) are parallel or antiparallel to the applied
field during the field cycle. The high (low) magnetization
state corresponds to the free layer spin direction in the +x
(—x) direction. Since only the free-layer magnetization
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Fig. 5. Bias field for the MTJs without the lower permalloy
layer as a function of the relative Co-layer thickness in the
SyAF for various cell sizes.

switches in the present field cycle and the pinned layer
magnetization is fixed in the x direction, the junction resis-
tance is large (small) at the high (low) magnetization state.
A significant increase in the coercivity is observed with
decreasing cell size, even though the aspect ratio is fixed at
2. At the largest cell size of 16 um x 8 um, the coercivity is
11 QOe, but it is increased to 102 Oe at the smallest cell size
of 0.8 um x 0.4 um. It was shown previously that the coer-
civity is the sum of the “intrinsic” uniaxial anisotropy (5 Oe
in this case) and the shape anisotropy, which is equal to the
difference of the self-demagnetizing fields along the two
principal axes (the length and the width directions in this
case) [7]. Again, similarly to the bias field, the dominant
factor is the magnetostatic interactions at small cell sizes,
the calculated coercivity being much greater than the intrin-
sic value. Also shown in Fig. 6 are the hysteresis loops
obtained experimentally by Parkin et al. [3]. The original
data of Parkin er al. were R-H curves (R: junction resis-
tance), but these curves are converted into M-H curves.
During the conversion, the magnetization is adjusted so that
the experimental magnetization values are equal to the cal-
culated ones at both ends of the applied field (+300 Qe).
This data adjustment will not affect the switching charac-
teristics, namely, the bias field and the coercivity. The
results for the size dependences of the bias field and the
coercivity obtained from the model calculations are com-
pared in Figs. 7(a) and (b), respectively, with those obtained
experimentally by Parkin et al. [3]. It is seen from Figs. 6
and 7 that the results calculated from the simple single-
domain model significantly overestimate both the bias field
and the coercivity, although they are in qualitative agree-
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Fig. 7. (a) Bias field and (b) coercivity as functions of the cell
size for the MTJ with y =3. The calculated results are com-
pared with those obtained experimentally by Parkin et al. {3].

ment with the experimental results. Actually, the bias field
and the coercivity calculated from the single-domain model
give upper limits for a given multilayer structure since the
magnetostatic energy is highest in a single-domain state.
Obviously, the main reason for this discrepancy results from
the fact that a real MTJ does not have a single-domain
structure, but a multi-domain structure in a way to reduce
the magnetostatic interaction energy. Resultantly, the mag-
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netization change occurs not only due to coherent spin rota-
tion but also due to incoherent spin rotation and even
domain-wall motion. Another source of discrepancy may be
the irregularity of the cell surface formed during the micro-
fabrication process (such as etching). This surface irregu-
larity can cause a complicated domain structure, which may
be responsible for the rather complicated hysteresis loops
observed in some cells, as shown in Fig. 6. It seems that the
hysteresis loops become more complicated at smaller cell
sizes. This can be understood from the fact that the surface
irregularity effect becomes greater at smaller cell sizes.

From the hysteresis loops shown in Fig. 6, it is worth not-
ing that, as the cell size decreases, the change in the switch-
ing field from the low-magnetization state to the high one is
much greater than that for the opposite direction. A similar
behavior was observed in a previous work [7], where the
size dependence of the switching field was found to be
much greater when the spin structure changed from a stable
state to a less stable one. In a conventional spin valve with
two ferromagnetic layers (the free and pinned layers), it is
obvious that the stable spin state is when the two spins are
antiparallel. The identify the stable spin state is not that
obvious, however, when a multiplayer, such as the present
one, consists of many ferromagnetic layers. From the size
dependence of the switching field, it is thought that the low
magnetization state, where the magnetization directions of
both the free and the Co(I) layers are parallel and point in
the —x direction, is more stable than the high magnetization
state. This result can be expected since the magnetization
directions of the rest of the magnetic layers point in the +x
direction.

3.2. Magnetization flop

From a simple energy consideration, magnetization flop
should occur on applying a magnetic field to an SyAF.
However, magnetization flop only occurs at magnetic fields
greater than a threshold field (Hy,) due to the energy barrier
to the flop. During a field cycle where the maximum
applied field is smaller than Hy, the magnetization direc-
tions of all the layers are always completely parallel or anti-
parallel, resulting in very simple M-H and MR-H hysteresis
loops, as shown in Fig. 6, and a maximum MR change
accompanying the free-layer switching. This situation is
ideal for MRAM applications. When magnetization flop
occurs, the magnetic configuration becomes complicated,
causing complicated M-H and MR-H loops. Two main fac-
tors are responsible for the complicated M-H and MR-H
loops. One is, of course, magnetization flop. The other is
related to the fact that the magnetization of the two Co lay-
ers in the SyAF scissor toward the axis of the applied field.
The latter factor is responsible for the linear changes of
magnetization and MR as functions of the applied field.
Eventually, the magnetization directions of the two Co lay-
ers are expected to be parallel at saturation field where MR
is lowest (zero), which corresponds to the points a and i in
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which is above the threshold field for magnetization flop. The
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-1000 Oe, He, = 20 Oe, and Hy, =0. The magnetic configu-
rations at some important points during the field cycle are also
illustrated in (b).

MR (A.U)

Figs. 8. In order to better understand the magnetic config-
uration during the field cycle, the magnetization direction of
each letter is also illustrated in Figs. 8 (a) and (b). The par-
allel alignment is maintained until b, below which magne-
tization-flop occurs (point ¢). This change occurs abruptly;
so does the change in M and MR. An important change at
this point is that the two Co layers in the SyAF are aligned
antiparallel due to H,,. The antiparallel alignment, how-
ever, is far from complete at point ¢, but it improves with
decreasing H,. As the magnitude of H, decreases from c to
e, M continuously decreases nearly linearly due to the
improvement in the antiparallel alignment, but this is not
the case for the MR-H curves where a large fluctuation is
observed (at around d) and an abrupt change in MR occurs
as H, varies from d to e. In the present model, the change in
MR is solely dependent on the angle between the free and
the Co(I) layers. With a small-coercivity free layer, the
magnetization always points in the +x direction in this H,
range, so MR depends on the magnetization direction of
Co(D). Even in the magnetization-flop state, the magnetiza-
tion direction of Co(I) is not orthogonal to H,, but is
directed toward the H, direction when H, is large. As H,
decreases from ¢ to d, the angle between Co(I) and H,
approaches 90°; hence, MR increases. The large fluctuation
in MR observed at d (and also j) is related with the orthog-
onally relationship between the magnetization directions in
the SyAF and H, where a small rotation of the SyAF causes
a large change in MR. The sudden jump in MR from d to e
is due to the disappearance of the magnetization flop. This
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Fig. 9. Threshold field as a function of the antiferromagnetic
exchange coupling strength for various cell sizes. The results
are obtained for Hy, = 26 Oe, Hpy =5 Oe, He, = 20 Oe, and
Hyin = 400 Oe.

clearly demonstrates that magnetization flop is driven by H,
(the Zeeman energy). Thus, the change in M and MR near
H, =0 is similar to the case of no magnetization flop where
the change is dominated by the free- layer switching. The
conventional SyAF structure is stable (more precisely, meta-
stable) as H, increases in the —x direction from f to g,
where magnetization flop occurs again. With further
increases in H, in the —x direction, the magnetizations of
the two Co layers in the SyAF scissor toward the x direc-
tion, and the subsequent change in M and MR can be
explained. The sudden decrease of MR from j to k is also
due to the disappearance of magnetization flop as H,
approaches zero, to the path from d to e. The change in M
and MR along the path | > m —n — o can be explained
similarly to the one along the path f - g—>h—i.

Let us now examine the effects of the magnetic parame-
ters and the cell size on the rigidity of the SyAF. In Fig. 9
are shown the results for Hy, as a function of Hyy for all the
cell sizes investigated in this work. The results are obtained
for Hyjas=26 Oe, Hpy=5 Oe, Hgo=20 Oe, and H;, =400
Oe. The magnitude of Hy,, above which magnetization flop
occurs during the field cycle, was determined by scanning
the maximum applied field in steps of 10 Oe. For all the
cell sizes, the value of Hy, increased linearly with increasing
H,. This indicates that H,; plays an effective role in
resisting magnetization flop. If the magnetizations of the
two Co layers in the SyAF are completely antiparallel, the
torques on the two Co layers will be identical, but opposite.
This makes it hard for magnetization flop to occur since the
torque (or rotation) of one Co layer is exactly counteracted
by that of the other. The present results for the effects of
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Fig. 10. MR-H hysteresis loops for the two extreme cell sizes
of (a) 16 um x 8 um and (b) 0.8 um x 0.4 um. The results are
obtained for Hy,o =26 Oe, Hpy=5 Oe, Hy;=-1000 Oe,
Hgo =20 Oe, and Hy, = 400 Oe.

H,,q on the rigidity of the SyAF, shown in Fig. 9, can be
explained by a change in the strength of antiparallel align-
ment as a function of H,,;. At a smaller value of H,,;, the
deviation from a completely antiparallel alignment is
greater; hence, a smaller rigidity exists. It is worth noting
that the slopes of the Hy, vs. H,y; curves are identical for all
the cell sizes. The slope is 0.85 in the present model, indi-
cating that the increase in Hy, is 85% of that in H,.

The dependence of the resistance to magnetization flop
on the cell size is shown in more detail in Figs. 10(a) and
(b) where MR-H hysteresis loops are presented for the two
extreme cell sizes of 16 ym X 8 ym and 0.8 um x 0.4 um,
respectively. A comparison of the two loops clearly shows a
significant increase in the coercivity of the free layer for the
small cell size, which can also be explained by an increase
in the shape anisotropy with decreasing cell size. Another
important feature is that the H, range over which the con-
ventional SyAF structure is stable (in other words, no mag-
netization flop occurs) is large for the small cell size;
specifically, the H, range is from —1388 to 926 Oe for the
16 pm x 8 pum cell while it is from —1607 to 1281 Qe for
the 0.8 um x 0.4 um cell. Note that magnetization flop
occurs at significantly higher values of H, in the —x direc-
tion, because the Co(Il) layer is pinned in the +x direction
at a strength of 400 Oe by the AF layer.

A rather substantial change occurs in the dependence of
the hysteresis loops on Hy,, as can be seen from the results
shown in Figs. 11 (a) and (b) for the two extreme cell sizes
of 16 ym x 8 pm and 0.8 pm x 0.4 um, respectively. The
magnetic parameters used are identical to those used for
Figs. 10 (a) and (b), except that Hy;, =0 in this case (Hyn=
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Fig. 11. MR-H hysteresis loops for the two extreme cell sizes
of (a) 16 um x 8 um and (b) 0.8 um x 0.4 yum. The results are
obtained for Hyj, =26 Oe, Hpy=5 Oe, Hyi=-1000 Oe,
He, =20 Oe, and Hy,, = 0 Oe. The magnetic configurations at
some important points during the field cycle are also illustrated
in (b).

400 Oe for the results shown in Figs. 10(a) and (b)). Thus,
by comparing the resuits shown in Figs. 10 (a) and (b) with
those in Figs. 11(a) and (b), one is able to see the difference
in MR-H behavior for different values of Hy,. A compari-
son of the MR-H loop shown in Fig. 11(a) with that in Fig.
10(a) for the large cell size indicates that the stability region
for the conventional SyAF structure is narrowed in the
absence of Hy,. In particular, the reduction in the negative
direction is substantial, and this can be understood from the
direction of Hy,, already mentioned in the previous para-
graph. A more prominent difference, however, is the signif-
icant reduction of the stability region for the SyAF
structure, once magnetization flop occurs. This can be seen
from the magnitude of H, at which the magnetization flop
transforms into the conventional SyAF structure. In the case
of Hyi, =0, once magnetization flop occurs, that state pre-
vails since the transformation from magnetization flop into
the conventional SyAF structure only occurs near H,=0.
However, the magnetization-flop state returns to the normal
SyAF structure at high H, values in the presence of Hy,. At
H,in =400 Oe, for example, the values of H, at which the
magnetic configuration transforms between magnetization
flop and the SyAF structure are —895 Oe and 430 Oe.

A much more striking difference is observed at small cell
sizes and H,i, = 0. For these conditions, a totally different
MR-H hysteresis loop is observed, as can be seen in Fig.
11(b). The loop is now nearly symmetric with respect to H,
= (. Cell sizes of 2.4 um x 1.2 um and below exhibit this
type of hysteresis loop. The main difference is that the MR
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change accompanying the free layer switching is identical
(from the high MR state to zero) irrespective of the direc-
tion of the free-layer switching. In conventional SyAF-type
MT]Is, however, the MR change is opposite when the direc-
tion of the free-layer switching is opposite. The reason for
this strange hysteresis loop is the large contribution of the
magnetostatic energy to the total energy at small cell
dimensions; in particular, a large interlayer magnetostatic
interaction field from the free layer determines the magne-
tization direction of Co(l), the nearest neighbor magnetic
layer (and hence, Co(Il) through strong antiferromagnetic
coupling), in a way to minimize the dominant magnetostatic
energy. Specifically, when the magnetization-flop state
transforms into the normal SyAF structure (points d and j in
Fig. 11(b)), the magnetization direction of Co(l) is aligned
antiparallel to that of the free layer, which is parallel to H,
due to the small coercivity. This always results in a high
MR state before free-layer switching. A similar behavior is
expected to occur at small values of Hy;,. The magnetization
directions of all the magnetic layers are indicated at some
important points in Fig. 11(b). After free-layer switching,
the magnetization direction of the free layer is parallel to
that of Co(I), which significantly increases the magneto-
static energy. However, this state is maintained up to high
H, values due to the large shape anisotropy (and hence,
coercivity) of the Co layers, which provides a large resis-
tance to magnetization flop, as was discussed earlier.

4. Conclusions

Computer simulations using a single-domain multilayer
model have been carried out in this work to investigate the
switching characteristics and the magnetization-flop behav-
ior in magnetic tunnel junctions field in magnetic tunnel
junctions exchange-biased by Co/Ru/Co synthetic antiferro-
magnets. A linear change of the bias field is observed as a
function of the relative Co-layer thickness, and the change
is found to be greater at smaller cell dimensions due to a
larger interlayer magnetostatic interaction field. The bias
field of the free-layer remains nearly unchanged with the
cell size at a certain Co-layer thickness due to a balance of
the stray field contribution from neighboring ferromagnetic
layers. The coercivity is observed to increase significantly
with decreasing cell size, and the coercivity at small cell
dimensions is dominated by magnetostatic interactions, the
calculated coercivity being much greater than the intrinsic
value. The values calculated from the present simple model
overestimate the bias field and the coercivity, but the cal-
culated hysteresis loops are in qualitative agreement with
the experimental results. The change in the switching field
from the low magnetization state to the high one is much
greater than that for the opposite direction, indicating that,
unlike a conventional simple spin-valve, the low magneti-
zation state with the magnetization directions of both the
free and the upper Co layers aligned parallelly is more sta-
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ble than the high magnetization state.

The magnetization-flop behavior occurs above a threshold
field. As the cell size is decreased, the resistance to mag-
netization flop increases due to the increased shape anisot-
ropy, and hence the increased coercivity, of the Co layers in
the SyAFE In the case of no or weak pinning of the SyAF,
MTIJs with small cell dimensions are not suitable for
MRAM applications since the MR change accompanying
the free-layer switching is always from the high MR state to
zero, irrespective of the direction of the free-layer switch-
ing. The large interlayer magnetostatic interaction field
from the free layer is responsible for this behavior. This
emphasizes the importance of strong pinning for SyAFs
with small cell dimensions. The resistance to magnetization
flop increases linearly with increasing antiferromagnetic
exchange coupling between the two Co layers in the SyAF
because, for a given applied field, the deviation from a
complete antiparallel alignment is higher at a smaller
exchange coupling. The transition from magnetization flop
to the normal SyAF structure, which is in a direction oppo-
site to that of the magnetization flop, occurs at high (low)
H, values when the resistance to magnetization flop is high
(low). Irrespective of the magnetic parameters and the cell
sizes, the magnetization-flop state does not exist near H, =
0, indicating that magnetization flop is driven by the Zee-
man energy.
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