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Abstract—Recently, we proposed a non-volatile magnetic flip
flop featuring a very small footprint. We studied its operational
limits and current dependent characteristics. Since flip flops are
commonly operated by clocked signals, their operation is time
critical and the knowledge and understanding of their switching
behavior is essential. In this work we study the dependence of the
proposed flip flop on its device geometry. In order to facilitate the
comparison to the previous results, the same device parameters
are employed. The current density was fixed for both inputs at
a value of 7 x 10'°A / m?, where all flip flops safely operated,
and the free layers’ dimensions were varied, independently. The
free layer thickness was found as the most critical parameter
affecting the switching time, followed by the layer length and a
negligible dependence on width.

I. INTRODUCTION

The apparently endless demand for ever more powerful
inexpensive electronics made CMOS scaling essential to stay
competitive on the semiconductor market. The shrinking of
the CMOS devices led to a permanent struggle to keep control
over the channel in CMOS devices and caused the introduction
of new processes, materials, and device structures e.g. local
and global strain techniques, high-k/metal gates, and Tri-
gate FETs. At the same time the static power consumption
growth and the interconnection delay increase began to grow in
importance and state now a significant obstacle for scaling [1].
A simple and elegant solution to get rid of the static power loss
is to shut down unused circuit parts entirely and only dissipate
power if a read, write, or information procession is required. It
is also desired to keep the information in unused circuit parts.
This transition towards permanently “Off” circuits entails the
introduction of non-volatility and thereby a redesign of all
basic building blocks in CMOS. In order to achieve the goal
of non-volatile information processing, the use of elements not
requiring any power supply in their “Off” state is paramount
for a successful implementation.

Spin as a degree of freedom and its exploitation for spin-
based devices is very attractive, due to non-volatility, fast
operation and high endurance [2]. A plausible and by now
commercially available solution to benefit from spintronics is
by its exploitation as a supplement and in some cases even as a
replacement for static and dynamic CMOS-based memory [3],
[4]. The first generation of magnetic random access memory
(MRAM) could be read out by the giant magneto-resistance
(GMR) or the tunneling magneto-resistance (TMR) [5] effect,
but required an additional current carrying wire for writing
field generation, which caused high writing energies as well as
a disadvantageous scaling behavior and thus hindered its large
scale integration applications [6]. The unfavorable writing
wire was rendered superfluous by the theoretical prediction
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Fig. 1. If two synchronous current pulses are applied at the input stacks
A and B, two torques are generated, which either superimpose constructively
(current pulses exhibit same polarity and thus same torque orientation) or
destructively (current pulses exhibit opposing polarities and thus opposing
spin torque orientations). Thus, two sufficiently high and long enough pulses
with identical polarity either write logic ”0* or 1 into the common free
layer, while two pulses with opposing polarities block each other and the
initial magnetization state is held.

[7], [8] and experimental proof [9], [10] of the spin transfer
torque (STT) effect by enabling a purely electrically controlled
switching of magnetic layers. However, there are still chal-
lenges to address, like the up to now still rather high current
required to switch the magnetization orientation of the free
magnetic layer and the decreasing thermal stability when the
magnetic tunnel junctions (MTJ) are shrunk. Even though
CMOS logic transistors outperform MTJ devices with respect
to switching energy [2], the introduction of perpendicular mag-
netic anisotropies in combination with MgO tunnel barriers
reduced the switching energy to a level, where it is able to
compete with CMOS SRAM cache [11], [12], [13]. MTJ-based
memory technology is especially advantageous with respect to
static power loss and already mature enough to encourage the
introduction of STT-based MRAM products [4], [14], [15].

Although the combination of MTJs and CMOS transistors
seems straight forward and the gained results are very encour-
aging, the MTJs are normally used as pure memory which
only holds the information without further functionality, while
the actual information is processed by CMOS transistors [16].
Thus, extra (sense) amplifiers are needed to read and write the
non-volatile elements and convert their state into voltage sig-
nals. This causes commonly a decrease in integration density,
which makes it expensive for large scale integration [17].

II. IDEA AND OPERATION PRINCIPLE
What was said motivated us to investigate alternative
solutions which do not require a signal conversion between
the magnetic and the CMOS domain and led to the proposal



Parameter Value

Free layer length 60 — 200nm
Free layer width 20 — 90nm
Free layer thickness 1 —4nm
Contact size a 30nm x width
Magnetization saturation Mg 4 x 10°A /m
Out-of-plane uni-axial anisotropy K1 10%J / m?

Uniform exchange constant Aexch
Polarization P

Non-magnetic layer

Gilbert gyromagnetic ratio -y
Damping constant o
Non-adiabatic contribution €’
Fitting parameter A

Discretization length Az, Ay
Discretization length Az
Discretization time At

2x 107" I /m
0.3

Cu

2.211 x 10°m/As
0.01

0.1 [19]

2

2nm

1 —4nm

2 x 107 s

TABLE 1. SIMULATION PARAMETERS

of a novel non-volatile magnetic flip flop. The flip flop not only
holds the information in the magnetic domain, but also carries
out the logic operations via the spin transfer torque effect.
Thus, denser and simpler layouts are feasible allowing to
simultaneously benefit from the advantageous features related
to spintronics [18].

The non-volatile magnetic flip flop comprises three anti-
ferromagnetically coupled magnetic polarizer stacks. Two
stacks A and B are for input and one stack @ is for readout.
All stacks exhibit a perpendicular magnetization and each is
connected by a non-magnetic layer (Cu, MgO, Al2Os3, etc.) to
a common free layer with a uni-axial out-of-plane anisotropy
K3 (see Fig. 1). The magnetic orientation of the free layer in
relation to the magnetic orientation of the readout stack @ is
read either by the GMR or the TMR effect and the apparent
high and low resistance states are mapped to logic ”0* and
1%, respectively.

When a current pulse through one of the input stacks (A
or B) is applied, the electrons passing the polarizer stack
align to the polarizers magnetization orientation. The polarized
electrons enter the free layer, relax to the local free layer
orientation, and cause a spin transfer torque acting on the
magnetization in the corresponding portion of the free layer
(cf. Fig. 1). Depending on the relative orientation between the
electrons’ polarization vector and the free layer orientation the
exerted torque either drives precessions and tries to flip the
free layer’s magnetization or damps the precessional motions
and strives to hold it in its current position.

If now two synchronous current pulses (instead of one)
are applied at the input stacks A and B, two spin transfer
torques are induced. The two spin transfer torques can point
towards the same direction and add up constructively (the
current pulses exhibit the same polarity) or they oppose each
other and superimpose destructively (the current pulses exhibit
opposing polarities). Therefore, two sufficiently long and high
enough current pulses with identical polarities RESET/SET
the flip flop and two opposing polarities HOLD the free layer
orientation. Such a behavior fits perfectly to sequential logic
and especially to flip flops. Since flip flops are normally
operated by clocked signals, their operation is time critical
and the understanding and control of their switching behavior
is essential for their utilization.
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Fig. 2. Switching time as a function of applied current density for two input
pulses with identical polarity.

III. SIMULATION SETUP

Before explaining the employed models some basic as-
sumptions and prerequisites must be elucidated. As stated
before the non-volatile flip flop exhibits three fixed anti-
ferromagnetically coupled polarizer stacks with perpendicular
(parallel to the z-axis) magnetization orientation (see Fig. 1).
It is contemplated that due to the anti-ferromagnetic nature of
the polarizer stacks their stray fields can be neglected. Further-
more, the shared free layer exhibits a constant perpendicular
uni-axial anisotropy described by K.

The shared free layer dimensions are varied independently,
between 20nm and 90nm for the free layer width, between
60nm and 200nm for length, and between 1nm and 4nm for
the layer thickness. The applied current density was set within
+5% of 10"A/m? for 101 samples and each layer size in
order to allow the averaging of switching times and statistical
analysis. The devices’ widths are oriented parallel to the x-
axis, their lengths along the y-axis, and their thicknesses along
the z-axis. The devices are operated by current pulses and the
polarity of the pulses is equivalent to logic “0” for negative
pulses and “1” for positive pulses.

Assuming a grounded metal layer at the bottom of the free
layer and a positive voltage applied to one of the contacts (A,
B, or Q) a current flow from the contacts, through the free
layer towards the bottom contact will be induced (against the
z-axis). This current flow is defined as the positive current
direction. At the same time electrons will flow in the opposite
direction (positive z-axis).

The simulation parameters were chosen identical to the
simulation parameters from [18] to keep the simulation re-
sults comparable. All necessary parameters are summarized in
Tab. L.

The dynamics of the studied non-volatile magnetic flip
flops is governed by the Landau-Lifshitz-Gilbert equation [20],
[21] supplemented with an STT term 7":

d L o= L ood o -
Mmzv(—mxHeff—l—Oz(mx(“m)—i—T), €))
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Fig. 3. Logarithmized switching time as a function of free layer thickness. The
dashed line shows the linear volume dependence, while the full line depicts
our simulation results taking shape anisotropy effects into account. The bars
depict the width of the distribution (+30).

with 7 denoting the reduced magnetization,  the electron
gyromagnetic ratio, o the dimensionless damping constant, and
H g the effective field.

_ The precessional motion due to the effective magnetic field
H g is described by the first term in (1). A power dissipation
proportional to %ﬁi is introduced by the second term and the
last term takes care of the spin transfer torque. In the case
of non-magnetic layers made out of copper the spin transfer

torque T is modeled by the following expression [22]:

s J PA?
- poelMg (A2 + 1)+ (A2 = 1) - p
(M pxm—€émxp) . )

h denotes the Planck constant, p the magnetic permeabil-
ity, J the applied current density, [ the free layer thickness, Mg
the magnetization saturation, P the spin current polarization,
P’ the unit polarization direction of the polarized current, and
A a fitting parameter handling non-idealities. The STT model
for the spin valve exhibits an in-plane (1m x p'x m) and a small
€’ < 1 out-of-plane component (17 X p) [19].

The effective field F off contains contributions from the uni-
axial anisotropy, exchange, and demagnetization energy and is
gained from the functional derivative of the total free energy
density [23].

IV. RESULTS AND DISCUSSION

Fig. 3 shows the logarithmized switching time as a function
of the free layer thickness. One can immediately see that
the free layer thickness has a pronounced influence on the
switching time (from 1nm — 1.5ns to 4nm — 11.9ns). It can
also be observed that for thicker films the linear fit matches
very well (linear fit — dashed line, simulation data — solid
line), while for a thickness below 2nm a shorter switching time
than predicted by the linear fit is found. In order to explain
this behavior we assume an exponential dependence of the
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Fig. 4. Logarithmized switching time as a function of free layer length. The
dashed line describes the linear energy dependence on the free layer volume
(area is fixed). The full line shows our simulation results and deviations due
to the shape anisotropy change.

switching time ¢ o< exp(E/kgT') [24] on the thermal stability
barrier E/ described by [25]:

E = po/2 MgV (Hy, — 47N, Mg). 3)

V' describes the free layer volume, Hy, the uni-axial
anisotropy field, and N, the demagnetization factor along the
Z-axis.

The linear behavior for the thicker free layers is consistent
with a saturated demagnetization factor /N, and the linearly
growing volume when increasing the layer thickness [25]. On
the other hand for thinner free layers the demagnetization
factor is not saturated as compared to thick layers and starts
to grow when the thickness is decreased. Thus, the difference
between the fixed uni-axial anisotropy field Hk, and the
growing shape anisotropy [26] becomes smaller which lowers
the switching barrier leading to a shorter switching time.

For changing the free layer width (shown in Fig. 3 as
inset) the linear volume change is compensated by the linear
contact width change and, therefore, the dependence is nearly
constant, until the shape anisotropy contribution starts to
change significantly and raises the switching barrier (from
20nm — 6.6ns to 70nm — 6ns).

The opposite trend shown in Fig. 4 is observed, when the
dependence of the switching time on the free layer length is
investigated (from 60nm — 2.6ns to 200nm — 19.4ns). This
is caused by the reduction of N, for shorter lengths.

The inset of Fig. 4 shows the normalized switching time
histograms as a function of the free layer length. Shrinking
the volume of the free layer linearly leads to an exponential
decrease in switching time [25]. Accordingly, the standard
deviation o, which is defined as the variations from the
average, narrows with shrinking free layer volume. A similar
trend is shown in Fig. 5, where deviations from the predicted
behavior are also caused by the dependence of the shape
anisotropy on geometrical parameters.
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Fig. 5. Standard deviations as a function of length and thickness.

V. CONCLUSION

The dependence of the switching time of the proposed
magnetic flip flop on its device geometry is studied. Changing
the free layer thickness and length has a significant influence
on the switching time, while changes with respect to width
are negligible. This behavior is explained by the exponential
dependence of the switching time on the thermal stabil-
ity barrier and the thermal stability barrier’s proportionality
to the net anisotropy (out-of-plane anisotropy minus shape
anisotropy) times volume. While for the long and broad layers
the shape anisotropy contribution is mostly saturated and
the (linear) volume dependence dominates, for the short and
narrow layers the shape anisotropy starts to depend on the
geometrical parameters thus changing the switching barrier
and leading to deviations from the linear volume dependence.
The weak dependence on changing layer width stems from the
counteracting change in contact width which was assumed to
be always exactly the same as the device width. Therefore, the
free layer thickness is most critical with respect to switching
time, followed by the layer length. An additional knob to
modulate the switching time is the current density.
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