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Fast Switching in Magnetic Tunnel Junctions With Two Pinned Layers:
Micromagnetic Modeling
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Spin transfer torque random access memory is one of the promising candidates for future universal memory. The reduction of the
current density required for switching and the increase of the switching speed are the most important challenges in this area. In this
paper, a penta-layer structure with two pinned magnetic layers is studied by means of extensive micromagnetic calculations. By nu-
merically investigating the dynamics of the switching process, a methodology of how to achieve fast and symmetric switching without a
compensating magnetic field is presented. Our simulations also highlight the importance of the field acting perpendicular to the plane,

which facilitates switching.

Index Terms—Magnetic tunnel junction (MTJ), magnetoresistive random access memory (MRAM), micromagnetic modeling, spin

transfer torque random access memory (STTRAM).

I. INTRODUCTION

ITH memories based on charge storage (such as
W DRAM, flash memory, and other) approaching the
physical limits of scalability, research on new memory struc-
tures has significantly accelerated. Several concepts as potential
substitutes of the charge memory were invented and devel-
oped. Some of the proposals are available as prototypes,
such as carbon nanotube RAM (CNRAM) and copper bridge
RAM (CBRAM); others already as products, e.g., phase
change RAM (PCRAM), magnetoresistive RAM (MRAM),
and ferroelectric RAM (FRAM); while the technologies based
on spin torque transfer RAM, racetrack memory (RTRAM),
and resistive RAM (RRAM) are under intensive research. A
new type of memory must exhibit low operating voltages, low
power consumption, high operation speed, long retention time,
high endurance, simple structure, and small size [1].

The theoretical predictions [2], [3] and the experi-
ments [4]-[8] of spin transfer switching demonstrated that
the spin transfer torque random access memory (STTRAM) is
one of the promising candidates for future universal memory.
STTRAM is characterized by small cell size (4F?), fast access
time (less than 10 ns), high endurance (10*°), and long reten-
tion time. The basic element of the STTRAM is a magnetic
tunnel junction (MTJ), a sandwich of two magnetic layers
separated by a thin nonmagnetic spacer [Fig. 1(a)]. While the
magnetization of the pinned layer is fixed due to the fabrication
process, the magnetization direction of the free layer can be
switched between the two states parallel and anti-parallel to
the fixed magnetization direction. Switching between the two
states occurs due to spin-polarized current flowing through the
MT]J. The spin-polarized current is only a fraction of the total
charge current. Therefore, high current densities are required to
switch the magnetization direction of the free layer.
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Fig. 1. Schematic illustration of (a) the three-layer MTJ and (b) the penta-layer
MT]J.

The reduction of the current density required for switching
and the increase of the switching speed are the most important
challenges in this area. Several strategies have been proposed
to decrease the switching time below a few nanoseconds: by
precharging with a bias current [8], by combining a spin-polar-
ized current together with a small radio frequency field [9], and
by applying a magnetic field perpendicular to the magnetization
direction [10].

Measurements [7] showed a decrease in the critical current
density for a penta-layer magnetic tunnel junction with the two
pinned magnetic layers in anti-parallel configuration [Fig. 1(b)]
compared to the three-layer MTJ. Such a penta-layer structure
was recently investigated theoretically [11] by using the ballistic
Green’s Function formalism combined with the soft magnetic
layer dynamics based on the Landau—Lifshitz—Gilbert (LLG)
equation. A spin torque enhancement was found in the anti-par-
allel penta-layers (the magnetizations of the two fixed layers are
anti-parallel) as compared to the three-layer structure. This en-
hancement manifests itself only under dual barrier resonance
tunneling conditions, when the current is high. At the same time,
the aligned penta-layer configuration, when the magnetizations
of the two fixed layers are parallel to each other, was found to
have a fairly low spin torque efficiency, and as a consequence, it
demands high switching currents [11]. Similar conclusions are
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Fig. 2. Evolution of the averaged magnetization of the free ferromagnetic layer during switching in a penta-layer structure: (a) compensating magnetic field 26

mT; (b) no compensating field.

obtained under the assumptions made in [12]: It follows that in
the anti-parallel configuration of the fixed layers, the spin cur-
rents from either of the pinned layers exert torques in the same
direction (full torque is the sum of the individual torques), while
in the parallel configurations, the torques are in opposite direc-
tions (full torque is the difference of the individual torques).
The use of the model [12] is justified in structures with a free
ferromagnetic layer thickness of a few nanometers. Indeed, the
electron spins become aligned with magnetization at a distance
approximately 1 nm away from the interface.

The spin torque enhancement in penta-layer structures results
in a significantly lower critical switching current at a switching
delay comparable to that in three-layer structures, which makes
the penta-layer cells attractive for low-power high-perfor-
mance memory applications. In this paper, by numerically
investigating the dynamics of the switching process in an MTJ
composed of five layers [7], we present the methodology of
how to achieve symmetric switching without an external com-
pensating magnetic field by properly engineering the nanopillar
geometry.

II. MODEL DESCRIPTION

Our micromagnetic simulations are performed based on the
magnetization dynamics described by the generalized LLG
equation

% - _ﬁ ((m X hege) + o+ [ X (m X hegr)]
g 0 (e (m X pr) = x (X )
—g2(f2) - (- (m X pa) — [m x (m x p2)]))). M

Here, v is the gyromagnetic ratio, « is the Gilbert damping
parameter, ¢ is the gyromagnetic splitting factor, up is Bohr’s
magneton, j is the current density, e is the electron charge, d
is the thickness of the free layer, m = M /M, is the position
dependent normalized vector of the magnetization in the free

layer, p1 = Mp1/Msp1 and py = My /M, are the normal-
ized magnetization of the first and second pinned layers, respec-
tively. My, M1, and My,» are the saturation magnetization of
the free layer, the first pinned layer, and the second pinned layer.

We use the Slonczewski’s expressions for the MTJ with a
dielectrical layer [3]

91(8) =0.5-7-[L+ 7% cos(8)] ! )
and with a metal layer [2]
92(8) = =4+ (L +0)°(3 + cos(8))/47**] 71 (3)

between the ferromagnetic contacts, respectively. In the penta-
layer structure, the two spin torques are acting independently on
the two opposite interfaces of the free ferromagnetic layer, pro-
vided its thickness is larger than the scale on which the electron
spins entering into the ferromagnet become aligned to the fer-
romagnet’s magnetization.

The local effective field is calculated as

hcff - hcxt + hani + hcxch + hdcmag + hth + ha‘mp + hms . (4)

In addition to the standard external /., and the anisotropic f,,;
micromagnetic contributions considered in [11], we also include
the exchange hexcn and demagnetizing figemag fields. Ay is a
thermal field [13], ~amp is the Ampere field [14], and /s is the
magnetostatic coupling between the pinned layers and the free
layer.

III. RESULTS

The model geometry of the nanopillar is defined as
CoFe(8 nm)/AlO4 (0.7 nm)/Py(4 nm)/Cu(6 nm)/CoFe(5 nm),
with an elliptical cross section with 90- and 35-nm axes [7].
Parameters of simulation are shown in Table I.

Fig. 2(a) demonstrates an evolution of the average magneti-
zation in the free magnetic layer during switching. A compen-
sating external magnetic field was introduced. The results are in
good agreement with those for an ideal elliptical cross section
at 77 K reported in [12]. The difference between the switching
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Fig. 3. Dependence of the switching times between the two stable configura-
tions on the thickness of the second fixed magnetic layer. The thickness of the
first magnetic layer is 8 nm.

TABLE I
PARAMETERS OF SIMULATIONS

Symbol T=77K T=300K

" 0.35 0.35

y 2.3245:10°’m/(As) 2.3245-10°’m/(As)
a 0.01 0.01

A 1.3-10"J/m 1.1-10"/m

M, 644-10°A/m 560-10°A/m

M, 1.15-10°A/m 1-10°A/m

ni— for MTJ with dielectrical spacer
02— for MTJ with metal spacer
Mep1=Mpr=M,

times from parallel to anti-parallel (with respect to the oxide
tunnel junction) configuration increases when the compensating
magnetic field is turned off [Fig. 2(b)]. The compensation can
also be achieved by modifying the thicknesses of the fixed fer-
romagnetic layers and/or the distances between the layers. This
opens the way to optimization of the penta-layers structure.

In the following, we investigate the influence of the thick-
nesses of the fixed layers on the magnetostatic field /5 in the
plane of the free magnetic layer. The corresponding dependence
is shown in Fig. 3. Each point is a result of statistical aver-
aging with respect to 15 different realizations of the switching
process. It demonstrates that the switching time from parallel
to anti-parallel configuration and vice versa depends strongly
on the fixed layer thickness. The most symmetric switching is
achieved when the fixed layer thickness is around 9-10 nm.

It is interesting to note that the switching time, when the com-
pensation achieved by modifying the thicknesses of the fixed
ferromagnetic layers, is shorter than in the case of an applied ex-
ternal field. To find the reason for this discrepancy, we stress that
by varying the thickness of the fixed layer, one can only com-
pensate the in-plane component of the magnetostatic field 7.,.
At the same time, the field projection perpendicular to the plane
is not compensated (Fig. 4). The absolute value of the average
field orthogonal to the plane of the free layer is also shown in
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Fig.4. Snapshots of the magnetostatic field at the plane of the free layer. Thick-
ness of the second fixed layer is (a) 5, (b) 9, and (c) 20 nm. The direction of the
magnetostatic field is shown as the unit vectors. Color indicates the out-plane
component of the magnetostatic field. The in-plane component of the magneto-
static field is best compensated in panel (b). This leads to the fastest and most
symmetric switching shown in Fig. 3.
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Fig. 5. Dependence of the absolute values of different components of the aver-
aged magnetostatic field hms acting on the free magnetic layer on the thickness
of the second fixed magnetic layer. The thickness of the first magnetic layer is
fixed at 8 nm.

Fig. 5. This field component facilitates switching and explains
the reduction in switching time.

To make the system thermally stable at room temperature,
we increase the thickness of the free layer to 4.5 nm, and the
elliptical cross section axes to 120 and 40 nm, correspondingly.
Fig. 6 displays the dependences of the switching times as a func-
tion of the fixed layer thickness at different current densities.
As the current increases, the switching time decreases, as ex-
pected. Interestingly, the dependence of the switching time on
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Fig. 6. Dependence of the switching time for different current densities as function of the thickness of the fixed layer. The thickness of the free layeris 4.5 nm, T" =
300 K, and the ellipse axes are 120 and 40 nm. (a) Switching from anti-parallel to parallel configuration. (b) Switching from parallel to anti-parallel configuration.

the thickness vanishes at large current densities. This signifies
that the magnetostatic coupling between the fixed and the free
layers becomes irrelevant at high current densities. We stress
again that, at low current densities, an optimization of a partic-
ular penta-layer structure is required to achieve the fastest and
symmetric switching behavior.

IV. CONCLUSION

Magnetic tunnel junctions with two pinned layers are studied
by means of extensive micromagnetic calculations. By varying
the thicknesses of the fixed ferromagnetic layers and/or the
separation between them, one can modulate the switching time
and achieve an almost symmetric switching in asymmetric
MTIJs without an external magnetic field. Our simulations also
highlight the importance of the field acting perpendicular to the
plane. This field facilitates switching. The proposed method
can be used for performance optimization of STTRAM devices.
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