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A finite-temperature micromagnetic study of magnetization switching and write-error rates in a perpen-
dicular magnetic tunnel junction with and without synthetic antiferromagnetic layer (SAF) is presented.
In the absence of SAF, magnetization switching is induced by domain-wall nucleation and propagation.
Although the various modes of domain-wall propagation are observed to delay switching, it does not
show an appreciable impact on the overall write-error-rate slopes. In the presence of the nonuniform stray
field from the SAF assembly, the domain-wall-based switching modes turn on more complex magnetiza-
tion dynamics that impedes the switching process. In cases where the SAF layers fail to balance each other
contributing to a stronger stray field, incoherent switching modes give rise to metastable states with signif-
icantly longer lifetimes, and a dramatic change in the write-error slopes is observed. Simulation results are
compared to recent experimental findings from time-domain measurements of spin-transfer-torque switch-
ing and measurements of anomalous write-error rates. These results directly prove the long-predicted
relation of the SAF stray field to write-error anomaly in perpendicular spin-transfer-torque magnetic

random-access memory and could be useful to solve the anomalous write-error problems.
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I. INTRODUCTION

Spin-transfer-torque magnetic random access memory
(STT MRAM) has emerged as one of the nonvolatile mem-
ory technologies that combine the benefits of fast access,
unlimited endurance, high scalability, and easy integration
with existing technology nodes [1—4]. The core component
of STT MRAM is the magnetic tunnel junction (MTJ),
composed of two ferromagnetic layers: reference layer
(RL) and free layer (FL), separated by a thin oxide barrier.
Magnetization of the RL is kept frozen with the help of
a synthetic antiferromagnet (SAF) stack placed below the
RL. Magnetization of the FL can be switched to parallel
(P) or antiparallel (AP) with respect to the RL magneti-
zation by the spin-transfer-torque (STT) effect. Thermal
fluctuation at finite temperatures makes the magnetization
process stochastic [5,6]. This randomness is reflected in
the write process combined with other factors of uncer-
tainty (e.g., process variation in geometrical and material
parameter of the MTJ [7], variation in the driving tran-
sistors [8], backhopping at higher bias [9,10], self-heating
effects [11,12]). Stray magnetic field from the SAF also
impacts the write process and results in switching asym-
metry between AP — P and P — AP transitions [13,14].
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For larger size magnets, incoherent switching of vari-
ous kinds, e.g., low-probability bifurcated switching [15],
domain walls [16,17], etc., were observed to play a role.
The probability that the FL fails to switch within a lim-
ited duration of write-pulse and write-current strength is
termed as write-error rate (WER). The stochastic nature
of the write process necessitates ultralow WER (of the
order of 108 or lower) for practical memory design [2,5].
Experimentally it has been observed that the WER may
not monotonically decrease with increasing write current
or voltage as predicted by simple coherent rotation-based
theory [6]. Increased write-error probabilities for shorter
write-pulse time and intermediate ranges of write current
and voltage have been reported. Such nonideal varia-
tions are referred to as anomalous WER or ballooning
effect [1,2]. These nonideal effects are challenging for the
applications where deterministic switching operation is
sought. For feasible memory design, WER on the order
of approximately 10~8 or below must be achieved within
a short write time (approximately tens of nanoseconds)
while keeping the write current at a minimum [2]. Pre-
viously anomalous increase of WERs has been attributed
to incoherent switching within the FL. magnet [1,2]. Stray
field generated from the SAF was predicted to influence
such modes [13,14]. Recent measurements of time-domain
switching of perpendicular magnets have provided further
insight into the switching modes for such devices [14,17,
18]. Metastable states (also referred to as the intermediate
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states or medium states) have been observed to lock
magnetization in intermediate resistance levels in between
the P and AP states. Micromagnetic simulations at the zero
temperature limit have been used to study domain-wall-
mediated switching and impact of nonuniform stray field
originating from the SAF. Asymmetric switching behav-
ior between AP — P and P — AP transitions due to the
nonuniformity in the stray field has been discussed by
Volvach et al. [13] and Jiancheng et al. [19]. Bouquin et al.
demonstrated that large-angle precession with domain wall
and the nucleation of vertical Bloch lines at the center of
the free layer result in temporal pinning effects and such
domain-wall configurations behave as metastable states
[17,18]. It is also predicted that such pinning effects can
be eliminated if the Bloch and Néel wall profiles become
degenerate in energy [18]. References [14,16,17] studied
how the lateral size of the FL changes the switching pro-
cess. It is observed that as the FL diameter is increased
beyond approximately 50 nm, magnetization switching
starts to deviate from coherent rotation model and domain-
wall-based switching process takes over. For larger diame-
ters (approximately 100 nm or higher), nonuniform modes
become dominant. Presence of nonuniform stray field cou-
pled with the domain-wall-based switching mode gives
rise to more complex metastable states such as bubbles
of the unswitched domain [14]. However, a direct rela-
tion of WER anomaly with the nonuniform magnetiza-
tion states, such as domain-wall-based switching modes
or SAF-induced metastable states, is yet to be clearly
established.

In this work, a micromagnetic study of STT-induced
switching of a perpendicular FL has been investigated
at a finite temperature, with and without the stray field
of the SAF stack. The behavior of P— AP and AP — P
switching for varying stray-field profiles are presented.
It is observed that the nonuniform stray field originating
from an unoptimized SAF results in asymmetric switching,
intermediate pinning, and write error. Finally, the effect
of these nonuniform switching behaviors on WER as a
function of write time and write voltages is discussed in
detail.

I1. SIMULATION DETAILS

Figures 1(a) and 1(b) show the MTJ stack considered
in this work. Most of the results in this work are from a
circular FL of diameter 120 nm. We deliberately choose
such a large diameter as the incoherent switching modes
easily form in magnets with larger dimension, consistent
with earlier reports [13,14]. The dependency on the FL
diameter is discussed at the end. Keeping the FL the same,
we choose four different set of devices—we refer to them
as “Standalone FL,” “SAF 1,” “SAF II,” and “SAF III”
henceforth. For the “Standalone FL”, we assume that the
RL does not create any stray field on the FL and acts only

as a spin polarizer for the STT effect. For the other three
cases, we vary the SAF layer parameters to tailor the stray-
field profiles, as shown in Figs. 1(c) and 1(d). Figure 1(c)
shows the out-of-plane component of the magnetic field
and Fig. 1(d) shows the in-plane component (along the
radial direction) plotted with position along the FL diam-
eter. The stray field follows the circular symmetry of the
stack with more nonuniformity at the edge of the FL due
to uncompensated moments. For “SAF 1,” we balance the
SAF layers to minimize the average stray field on the FL
[shown in Fig. 1(c)]. For “SAF II,” we deliberately choose
parameters such that a stronger stray field is created on the
FL as compared to “SAF I”” and the stray field favors the P
state. For “SAF III,” the parameters are again tweaked such
that a stronger stray field is created on the FL favoring the
AP state. At the center of the FL, “SAF I” configuration
produces negligible stray field, whereas the “SAF II” con-
figuration shows a positive field of approximately 100 Oe
and the “SAF III” configuration shows a negative stray
field of approximately 100200 Oe along the out-of-plane
z direction.

Following the magnetic orientation chosen for SAF
layers and RL [Figs. 1(a) and 1(b)], FL magnetization
switching from +Z to —Z corresponds to the P— AP
transition. Conversely, —Z to +Z magnetization switch-
ing corresponds to the AP — P transition. The material
parameters (typical of Co-Fe-B/MgO/Co-Fe-B material
system [13]) and layer thicknesses chosen for the three
cases are listed in Table I. We consider an exchange con-
stant of 10 pJ/m for all the layers [20]. Micromagnetic
simulations are carried out using one of the two publicly
available solvers: OOMMEF [21] or MUMAX3 [22]. The
two solvers are benchmarked against each other to pro-
duce the same results. All the simulations are done using a
discretization of 64 x 64 x 1 cells and a fixed time step of
10 fs for the finite temperature integration using Heun’s
method. We simulate the switching at 233 K (—40°C)
to capture the finite-temperature effect while reducing the
thermal randomness to some extent so that the nature of
the incoherent excitations (e.g., Bloch wall versus Néel
wall) are easily identified. Also, write-error issues origi-
nating from metastable states are usually known to be more
pronounced at lower temperatures [23]. Effects of fieldlike
torque, self-heating, and current-induced Oersted field are
not included. Following Ref. [17], the critical switching
voltage (Vo) of the standalone FL is found to be approx-
imately 0.2 V. We simulate switching events for varying
voltages up to 6V .

To calculate the write-error rates, we simulate 10° tra-
jectories for each case of applied voltage. The initial
magnetization states are generated from a separate sim-
ulation where the FL magnetic moments are initialized
to £z followed by a relaxation of 5 ns in the pres-
ence of thermal fluctuation field but without any STT
term. For P— AP (or AP — P) switching, a trajectory is
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Device structure, dimension, and layer thicknesses considered in this work. (a) Standalone FL—the RL is assumed to have

no stray field on the FL and (b) MTJ stack with SAF layers included. Layer thicknesses are also marked. Other material parameters
are listed in Table I. Three different SAF designs for (b) are considered—"“SAF L,” “SAF II,” and “SAF III”. For all three SAF
configurations, the stray field inside the FL along the diameter is plotted in (c) and (d) for perpendicular and in-plane directions,

respectively.

declared switched once it reaches below m, < —0.8 (or
m; > 0.8) and never returns. Here, m, should be under-
stood as the space-averaged out-of-plane component of FL
magnetization.

III. RESULTS AND DISCUSSION

Figure 2 summarizes the typical switching process for
the standalone FL and the WER slopes for varying applied
voltages. For the standalone FL, we discuss only the
P — AP direction of switching since the switching pro-
cess is completely symmetric between the AP — P and
P — AP directions. Figures 2(a)-2(c) show a few differ-
ent trajectories of magnetization switching at an applied
voltage of V=3V, with the inset maps showing mag-
netization distribution at selected time instances (red dots
on the trajectories). For a FL of such large dimension,
domain-wall-based switching is expected. The domain

wall nucleates at the edge of the FL (energetically favor-
able to form a reverse domain at the edge than in the
center [24]). Following nucleation of the reverse domain,
domain-wall propagation takes place. The majority of the
trajectories are observed to sweep through the FL with-
out stopping, like the one shown in Fig. 2(a). These
trajectories would correspond to the experimentally mea-
sured conductance traces that show monotonic increase or
decrease of conductance during switching [14,25]. We also
observe trajectories that slow down when the domain wall
is close to the center of the FL. Following the discussion
in Ref. [18], we identify “central oscillation” like features
in Fig. 2(b) and “multiple swing” like features in Fig. 2(c).
Trajectories like Fig. 2(b) are observed when the domain
wall crossing the center of the FL oscillates between a
Néel and Bloch-like wall configuration. In Fig. 2(c), rota-
tion of moments along the domain wall is observed to form
a Bloch-line-like configuration that causes the domain wall
to oscillate around the center multiple times delaying the
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TABLE I. List of parameters.

Parameter Value

FL Saturation magnetization (M) 1.2 x 10° A/m

FL Perpendicular anisotropy energy (K,,) 1 x 10° J/m?

SAF L2 Perpendicular anisotropy energy 1.24 x 10°® J/m?

SAF L1 Perpendicular anisotropy energy 1.24 x 10° J/m?

RL perpendicular anisotropy energy 0.91 x 10 J/m?

Interlayer exchange coupling (between SAF L1 and L2) —1.24 x 107* J/m?

Saturation magnetic moment SAF 1 SAF II SAF III
RL 0.8 x 10 A/m 1.1 x 10 A/m 0.6 x 10° A/m
SAF L1 0.8 x 10° A/m 1.1 x 10 A/m 0.6 x 10° A/m
SAF L2 0.6 x 10° A/m 0.4 x 10° A/m 0.8 x 10° A/m

Exchange stiffness (4ex) 10 x 10712 JI/m

Gilbert-damping coefficient («) 0.008

Spin-polarization factor 0.6547

Tunnel magnetoresistance ratio (TMR) 150%

Temperature —40°C

Discretization® 64 x 64 x 1 cells

20nly FL is simulated, SAF stray field is calculated separately and added as an external magnetic field during STT-induced switching.

switching process. It is observed that the probability of = number of such cases is higher. At higher applied voltages,
the magnetization entering such states during switching  the switching is very fast and domain wall mostly follows
depends on the applied voltage. We find that at 3V the  the “ballistic” path as in Fig. 2(a). At lower voltages, the
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FIG. 2. (a)Ac) Typical switching processes observed for the standalone FL at V'=3Vy. Domain-wall-mediated switching is
observed in all cases. (a) Ballistic domain wall motion through the device achieving fast switching. (b) oscillatory and (c) multi-
ple swing-like behaviors when the domain wall passes through the center of the FL. Inset in (a) shows the colormap used for the
magnetization snapshots. (d) WER slopes calculated for varying applied voltages.
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spin torque is presumably not strong enough to promote
such high energy states. Over the simulated voltage range,
none of the WER traces [Fig. 2(d)] show any clear change
in the slopes as expected for anomalous ballooning of
WER.

Now we turn to the case where the stray field from the
SAF has been included in the simulations. Since the SAF
stray field favors one of the states (+Z or —z), we calcu-
late the WERSs for both P — AP and AP — P transitions.
Figure 3(a) shows the WER slopes for the different SAF
configurations for a fixed applied voltage V' =3V,. Com-
pared to the standalone FL case [black curve in Fig. 3(a)],
the switching becomes asymmetric for SAF I to III. The
stray field is very well optimized in SAF I as compared
to SAF II or SAF III, therefore, the P— AP and AP — P
transitions for SAF I follow the WER of the standalone FL
closely, with a small difference in slopes due to the posi-
tive out-of-plane stray field at the edge of the FL favoring
the P state. Few metastable states are observed for both
P — AP and AP — P transitions that last for a relatively
short duration of time. On the other hand, the positive out-
of-plane stray-field distribution for SAF II strongly favors
the P state, hence the WER slopes are much steeper (faster
switching) for AP — P transition. Conversely, the P — AP
transition for SAF II show shallower WER slope (slower
switching). For SAF III, P — AP transition is faster aided
by an overall negative out-of-plane stray field favoring the
AP state. The SAF III AP — P transition shows a simi-
lar nature as the SAF II P — AP transition with a drastic
change in the WER slope appearing after approximately
30 ns. For both cases, WER remains very high even after

(@ 10°

—Standalone FL
— -SAF I AP—P
—SAF I P—AP

= =SAF Il AP—P
—SAF Il P—AP
= =SAF IIl AP—P
—SAF Il P—>AP

-3 . . .
10 30 40 50
Time (ns)

20 60

FIG. 3.

(b)

60 ns where we stop the simulations. Such changes of slope
in the WER could be related to the anomalous ballooning
effect. The difficulty in comparing the simulations with the
experimental observations is that the WER is usually mea-
sured in the experiments as a function of write voltage
while keeping pulse width the same. To better mimic the
experimental data, we also estimate the WER for a fixed
pulse width of 30 ns while varying the write voltages. The
result is shown in Fig. 3(b). (For these simulations, the
write voltage is applied for a duration of 30 ns and then
turned off. The simulations are continued for another 30 ns
without the STT term to relax the magnetic state to either
P or AP configuration. The WER is then estimated from
the final magnetization states. The WER estimated in this
manner also includes the impact of backflipping due to the
metastable states as explained in the following discussion).
Figure 3(b) also shows a change of slope in the WER curve
for SAF II P— AP and SAF IIl AP — P transitions. No
such feature is visible for the standalone FL and SAF L.
The behavior of WER for SAF II P — AP transition (and
SAF III AP — P transition) in Fig. 3(b) now resembles the
ballooning effect of WER reported in experiments [2,10].
A change of slope in the WER curve can be explained
in terms of metastable states that adds random delay time
by trapping the magnetization during the switching from
one global minimum to the other [18]. To get a deeper
insight into the origin of metastable states and the bal-
looninglike effects observed here, we look for trajectories
that remain unswitched for relatively longer time (con-
tributes to the WER tail). Figure 4 summarizes a few
such example trajectories observed in the simulations. For

10° -
-B-Standalone FL
-B8-SAF I
-8-SAF I
» i, -B-SAF III
10 =
(a7
)
=
1 0—2 L
-3 A
10
0 2 6

4
VIVl

(a) WER slopes at V"= 3V, showing the impact of SAF-induced stray field. Compared to standalone FL, one of the switch-

ing directions is aided and the other direction is hindered by the stray field. The WER slopes change dramatically for the SAF II
P — AP switching and SAF III AP — P switching configurations as the metastable oscillatory states prevail for these two configu-
rations. (b) WER plotted versus normalized write voltage for selected cases. SAF II P— AP and SAF III AP — P switching show
distinct plateau in the WER tails—similar to the ballooning effect reported in experimental studies.
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FIG. 4. Typical switching events and metastable states for varying SAF configurations—(a) for SAF I, P — AP switching starts by a
nucleation of a reversed domain at the center followed by domain-wall motion as in standalone FL. AP — P starts by edge nucleation;
(b) for SAF II with stronger stray fields, P — AP switching is hindered by the oscillation of unswitched bubble around the edges while
AP — P switching becomes mostly ballistic aided by the stray field; (c) for SAF III, nucleation of reverse domain starts from the edge
for both direction of switching, but the AP — P direction now shows similar metastable states as in P — AP direction for SAF II.
(d) Trapped bubble of unswitched domain evolves during P — AP switching in SAF II. After the write pulse is turned off at 30 ns,
the FL may return to initial state (path 1) or switch to the desired state (path 2) causing increased write-error rates. Magnetization
snapshots are shown on the right corresponding to the time instants marked by the red dots. Inset in (a) shows the colormap used for

the magnetization snapshots.

each case in Figs. 4(a)4(d), the magnetization snapshots
at the time instants marked by red dots are shown on
the right. Figure 4(a) shows two trajectories for P — AP
and AP — P transitions, respectively, for SAF 1. As com-
pared to standalone FL where edge nucleation is preferred,
for SAF I P— AP transition, we also find instances of
center nucleation. After nucleation, the reverse domain
then moves to the edge of the FL creating a domain wall
that is further pushed through the FL to complete the
switching process. The AP — P transitions for SAF I are

initiated by edge nucleation very easily and then com-
pleted by domain-wall motion. Domain-wall propagation
again found to follow one of the three types of paths as
described in Fig. 2 for the standalone FL. SAF Il P — AP
transition follows similar nucleation process as in SAF I
[Fig. 4(b)], except that the central nucleation process now
is preferred over edge nucleation. In addition, the domain-
wall propagation is hampered by the strong stray field at
the edge (favoring P state) and small unswitched domains
[red colored domain in Fig. 4(b) P — AP snapshots] are
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found trapped for a longer instance. Such unswitched
trapped domains behave as metastable states and they are
observed to randomly escape out of this oscillatory motion
to complete the switching. We believe these are the same
“bubble” states as observed previously in Ref. [14]. The
conductance of such states could be quite close to the P
or AP states. The AP — P transitions for SAF II [Fig. 2(b)
black trajectory], on the other hand, are initiated by edge
nucleation and then completed by fast domain-wall prop-
agation. For SAF III, we mostly observe edge nucleation
for both transitions followed by domain-wall propagation
[Fig. 4(c)]. However, for AP — P transition, we find that
unswitched —Z-magnetized domains now remain trapped
and cause delay. In Fig. 4(d) we show how these oscil-
latory metastable states (bubbles of unswitched domain)
can cause increased WER by flipping back to the SAF-
favored state. After the current pulse is turned off at 30 ns,
the bubble is either pushed out (path 2, blue trajectory)
or it expands taking the FL back to the initial state (path

(a) 10 Diameter = 120 nm
-11
= 10 —SAF III
= _, [ ~Ave. SAFIII
10"~ f =—Standalone FL
""" SAF III, 233K
""" Standalone FL, 233 K
1 0—3 . .
0 20 40 60
Time (ns)
() 100 Diameter = 80 nm
107!
84|
= 10—2 - —SAF III
— Avg. SAF III
—Standalone FL
107 : :
0 20 40 60
Time (ns)

FIG. 5.

1, black trajectory). SAF III AP — P transitions are also
found to behave similarly (not shown). It is now evident
that these SAF-induced metastable states are responsible
for the increased WER in Fig. 3(b).

The differences in the nucleation and propagation of
reverse domain during switching for the three cases of
SAF can be understood from the out-of-plane stray-field
distributions in Fig. 1(c). The center nucleation in SAF I
and SAF II is caused by the very strong out-of-plane stray
fields at the edge, approximately 300 and approximately
600 Oe for SAF I and SAF II, respectively. This positive
field (favoring P state) opposes the edge nucleation during
P — AP transition and forces center nucleation. SAF III,
has a much weaker positive field peak at the edge (approx-
imately 20 Oe), which is not strong enough to win over the
energy benefits of edge nucleation explaining why SAF
IIT does not show any center nucleation. In the case of
SAF 1I, the out-of-plane stray field strength is approxi-
mately 100 Oe near the device center and it is very strong

0 Diameter = 90 nm
10 ' '
-1
10
=
B 10—2 L —SAF III
— Avg. SAF III
—Standalone FL
1073 ' '
0 20 40 60
Time (ns)
(d)IOO Diameter = 56 nm
—SAF III
1] —Avg. SAF III
10
o —Standalone FL
=
107
-3 . .
10
0 20 40 60
Time (ns)

Impact of SAF-induced stray field on the WER slopes for varying FL diameter: (a) 120, (b) 90, (c) 80, and (d) 56 nm. For

each case the WER slope of standalone FL (red) and WER including SAF III (black) is plotted. Additionally, WER slopes including
an average SAF field (blue) is also plotted for comparison. At 56 nm, the effect of SAF is the same as the average out-of-plane field.
For larger diameter, SAF field causes additional features. All simulations are done for 300 K. The temperature dependence of WER
is shown in (a) for the 120-nm device with 233 K (dotted lines) and 300 K (solid lines) simulation results. Higher temperature lowers
WER. The same SAF parameters (Table I) are used for all, except the diameter. Applied voltage is twice the critical voltage for each

diameter.
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(approximately 600 Oe) at the edges. This nonuniformity
in the field hinders the domain-wall propagation during
the P — AP transition and results in the metastable bubble
domains with oscillatory response as shown in Fig. 4(b).
The domain-wall propagation during the AP — P transi-
tion is favored by the overall positive field and results
in smooth switching. In contrast, for SAF III, since the
AP state is preferred, the domain-wall propagation during
AP — P transition is opposed while it crosses the FL (the
peak negative field next to the edge acts as a trap for the
bubble domain), again resulting in the oscillatory response
as observed in Fig. 4(c).

Finally, in Fig. 5 we comment on the dependence of the
WER on FL diameter and temperature. Figure 5 shows the
WER slopes for FL diameters of 56, 80, 90, and 120 nm at
300 K for an applied voltage of twice the critical voltage
for each diameter. For each diameter, three different WER
slopes are calculated—standalone FL (red line), SAF III
(black line), and a test case (blue line). The test cases are
simulated by including an effective magnetic field (uniform
across the FL) given by the space-averaged out-of-plane
component of the SAF III stray field. Figure 5(a) shows
the WER slopes for the 120-nm FL at 233 and 300 K.
We note that the temperature increase reduces the over-
all WER as expected [26,27], but the behavior of the
SAF-induced metastable states remains the same. For this
small change in temperature, we ignore any variation in
the material parameters. A larger variation in tempera-
ture (due to self-heating or high-temperature operation)
could be studied in the future with temperature dependence
of the material parameters included in the simulations.
The impact of metastable states remains clearly visible
down to a diameter of 80 nm [Fig. 5(c)]. Comparing the
blue (average stray field) and black lines (SAF III field)
in Figs. 5(a)-5(c) during early phases of switching, it is
observed that the WER slopes including SAF III follows
the slopes obtained from simulations with the average
stray field. However, for diameter of 80 nm and above,
the behavior of the SAF III WER tail is markedly dif-
ferent indicating the appearance of the metastable states
that impact the switching rate. With the diameter decreas-
ing from 120 to 80 nm, the slope of the SAF III WER
tail improves (faster switching) and moves closer to the
slope obtained for the average field. Decreasing the impact
of the SAF stray field indicates progressively weaker
metastable states as the FL diameter is reduced. At 56 nm
[Fig. 5(d)], the impact of the SAF III field appears to be
the same as the average stray magnetic field—the addi-
tional changes in WER slope due to metastable states do
not appear. The switching process for 56 nm is observed
to be quasicoherent for some trajectories and smooth (bal-
listic) domain-wall motion for others. At 30-nm diameter
(not shown), the switching process becomes quasiuniform.
Clear domain-wall formation is observed when the diam-
eter is increased to 80 nm. The change in behavior with

TABLE II. Diameter dependence of the switching
mechanisms.

Crossover from

quasiuniform to Appearance of

domain-wall-based metastable Exchange

Reference switching states length (lex)
[13] ~30 nm ~80 nm 7.4 nm
[14] ~50-80 nm ~150 nm -
[17,25] ~22-25 nm ~60 nm 4.8 nm
[28] <30 nm — 4.5 nm
This work ~30-56 nm ~80 nm 10.3 nm

increasing diameter agrees with previous reports [13,14,
17,25,28]. Table II summarizes the crossover diameters
for quasiuniform to domain-wall-based switching and the
appearance of metastable states as observed in experi-
ments and simulations. Exchange lengths (/) are also
noted in Table Il to provide a more meaningful com-
parison since the material parameters are different across
each of these studies. Overall, we find that the domain-
wall-mediated switching takes over at approximately 5/¢
and the metastable states with significant lifetimes start to
appear at approximately 10/c.

IV. CONCLUSION

In summary, we demonstrate a direct relation of
the WER ballooning to the SAF-induced stray field
using finite-temperature micromagnetic simulation of STT
switching of a perpendicular STT-RAM cell. We observe
various modes of domain-wall switching consistent with
previous experimental and theoretical reports. We find
that these modes do not show an appreciable change in
the WER slope adequate to explain the ballooning effect.
However, once the SAF-induced stray field is taken into
consideration, the nucleation (to initiate the switching) and
annihilation (to complete the switching) of domains could
be severely impacted due to the edge nonuniformity of the
stray field. Specifically, we show that the bubbles of the
unswitched domain can remain trapped around the edge of
the free layer and cause the free layer to flip back to the ini-
tial state once the switching current or voltage is turned off.
The increase in WER due to these metastable states could
explain the ballooning effect observed in the experiments.
Optimizing the SAF balance and minimizing the stray field
would help to avoid such metastable states and ballooning
effects.
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