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Stochastic Processes in Magnetization Reversal Involving Domain-Wall Motion in
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We show experimentally through single-shot time-resolved conductance measurements that magnetiza-
tion reversal through domain-wall motion in sub-100-nm-diameter magnetic tunnel junctions is dominated
by two distinct stochastic effects. The first involves the incubation delay related to domain-wall nucle-
ation, while the second results from stochastic motion in the Walker regime. Micromagnetics simulations
reveal several contributions to temporal pinning of the wall near the disk center, including vertical-Bloch-
line nucleation and wall precession. We show that a reproducible ballistic motion is recovered when
the Bloch and Néel wall profiles become degenerate in energy in optimally sized disks, which enables
quasideterministic motion.
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I. INTRODUCTION

The reversal of magnetization in nanostructures is a
challenging problem for fundamental studies and techno-
logical applications. Beyond the coherent reversal mode in
which all moments precess in unison as the magnetization
switches, which is predicted [1–3] for lateral dimensions
below approximately 25 nm but rarely observed in prac-
tice [4–6], the possibility of intermediate states involving
nonuniform magnetic textures makes quantitative predic-
tion of switching thresholds and durations a difficult task.
The issue is exacerbated at finite temperatures, where ther-
mal fluctuations render the reversal process stochastic.
This is particularly problematic for information-storage
applications, where deterministic switching is sought [7].

For perpendicularly magnetized thin-film disks with
diameters greater than 25 nm, the reversal mode following
the minimum energy path is predicted to involve the nucle-
ation and propagation of a domain wall (DW) [8–12]. Such
modes are therefore subject to stochastic effects in both
the process of nucleation, which generally occurs at edge
boundaries, and that of propagation, as the wall sweeps
across the nanostructure. Since dipolar fields are nonuni-
form across such finite-sized systems, thermal fluctuations
can induce a variety of phenomena that can transform the
wall structure during reversal.

In this paper, we present experimental evidence of
strong stochastic contributions to the free-layer reversal
in circular magnetic tunnel junctions under spin-transfer
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torques (STTs, see Ref. [13]). Time-resolved measure-
ments are interpreted with the aid of micromagnetics
simulations and analytical modeling, which show that
large-angle precession of the magnetization within the wall
and the nucleation of vertical Bloch lines can contribute to
the temporal pinning effects observed. We show how such
effects can be mitigated when the Bloch and Néel wall
structures become degenerate in energy; this suppresses
most of the variability in the wall propagation dynamics.

II. EXPERIMENTAL METHODS

The devices studied are presented in Fig. 1(a): they
are Co20Fe60B20-MgO-based magnetic tunnel junctions
(MTJs), with reference and hard layers organized in a stan-
dard synthetic antiferromagnet configuration. The MTJ
switches by STT at zero field [Fig. 1(b)]. It is specif-
ically optimized [14] to ensure easy DW propagation
within the free layer. The primary requirement on the
free-layer material is to avoid nonuniformities that would
perturb the DW dynamics. The structural nonuniformi-
ties—potentially inducing pinning sites—are best avoided
when the free layer growth can be really optimized because
one is entirely free to choose the material buffer. There-
fore, we use free layers embedded in top-pinned MTJs
instead of bottom pinned MTJs. The nonuniformities can
also arise from the nonuniform stray field of the reference
layers of the MTJ. To minimize the detrimental effect of
these unavoidably nonuniform [15] stray fields, we work
with a free layer possessing a low moment (and hence a
low Zeeman energy density) as well as a large thickness,
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FIG. 1. (a) The device geometry. (b) The resistance versus
voltage hysteresis loop. (c) A sketch of the experimental proce-
dure. (d) Snapshots of some micromagnetic configurations dur-
ing the simulated reversal of a 80-nm device at 300 K for a spin
current of 5.4 × 1010 A/m2. (e) The corresponding time-resolved
magnetic moment.

which ends with a cap of 8Å of Co20Fe60B20 in contact
with the MgO tunnel oxide. These stringent requirements
lead to MTJs that exhibit modest transport properties, with
a magnetoresistance typically of 80% for a resistance-area
product of RA = 9.6 �.μm2. In addition, the materials
trade-offs made in order to achieve nice wall-propagative
free layers lead to a reduced stability of the reference lay-
ers; this impedes a caveat-free experimental study of the
parallel to antiparallel (P-to-AP) transition such that the
experimental part of this paper focuses solely on AP-to-
P switching. The experimental focus is on a device of
diameter 100 nm, typical of the behavior in the interval
of investigated sizes (70–100 nm).

Our setup applies fast-rising voltage steps with maxi-
mally flat plateaus and time resolves the device conduc-
tance [Fig. 1(c)] in a single-shot manner; the experimental
configuration is very similar to that described in Ref. [16].
Note that the device impedances are much greater than
the characteristic impedance of its surroundings, such that
changes in the device conductance during switching do
not change the applied voltage. The time-resolved conduc-
tance curves are thus illustrative of the device dynamics
at constant applied voltage. In response to the voltage
step, the device incubates during a variable delay and then
its conductance changes abruptly. We fit the conductance
waveforms with the ansatz erf[(t − t0)/τ ] where erf is the
standard error function to define an incubation delay t0

and a transition time τ , which is thus the 24%–76% rise
time. No correlation is ever detected between the incuba-
tion delays and the transition times. The micromagnetic
simulations indicate that the transition corresponds to the
sweeping of a DW through the device [Fig. 1(d)].

III. TIME-RESOLVED SWITCHING

Results from time-resolved switching are shown in
Fig. 2. If the pulse polarity is chosen to induce the AP-
to-P switching, the conductance first rises gradually in the
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FIG. 2. The experimental signatures of the switching as a
result of pulses of (a)–(c) 630 mV and (d)–(f) 500 mV on a
100-nm device. At low bias [panel (d)], the curves are horizon-
tally offset to remove incubation delay t0 and reveal the three
classes of switching events: ballistic crossing of the midway
conductance (black), crossing with one single pronounced oscil-
lation (red), and multiple-swinglike crossing (green). (e),(f) The
statistics of the incubation delay and transition time over 400
switching events; the two distributions show no correlation.
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first 5 ns after the pulse onset. Experiments at lower volt-
age (not shown) indicate that, in fact, the conductance
approaches asymptotically an on-current higher value,
likely as a consequence of Joule heating. This interpreta-
tion is corroborated by the fact that no such conductance
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FIG. 3. The simulated DW dynamics within an 80-nm disk in
a low-bias situation. (a)–(c) Examples of dynamics at T = 0 K
for three initial states that differ only in the in-plane projection
of the wall magnetization: the tilts at the wall centers are 90, 94,
and 128◦. The dashed areas underline the switching times; the
white arrows sketch the magnetization direction within the wall.
(d),(e) The statistics of the incubation delays and transition times
for 300 switching simulations at T = 300 K at 3.5 × 1010 A/m2.

rise is observed for the other voltage polarity when the
pulse is applied on the P state, the conductance of which
is notably temperature independent. The subsequent time
evolution of the conductance reflects the magnetic moment
〈mz〉 of the free layer, with noticeable fluctuations of the
incubation delay and of the transition time. Two distinct
switching regimes are observed, depending on the magni-
tude of the STT. At high bias [Fig. 2(a)], the conductance
waveforms are monotonic, with nanosecond-scale incuba-
tion delays and transition times. In the given example, the
incubation lasts, on average, 〈t0〉 = 5.6 ns and is slightly
skewed to higher values [Fig. 2(b)]. Conversely, the dis-
tribution of transition times is rather symmetric about its
average value 〈τ 〉 = 2.5 ns [Fig. 2(c)].

When reducing the STT to just above the quasistatic
switching threshold (low-bias regime), the dynamics slow
down while getting more complex, particularly when the
conductance is nearly midway between the initial and
final states [Fig. 2(d)]. The distribution of transition times
becomes asymmetric. Three types of switching events can
be identified. In most events (black curves), the conduc-
tance still evolves monotonically, with transition times
typically of 3–4 ns. We will see that these “ballistic”
curves correspond to when the DW sweeps rather regularly
through the device. For a fraction of events (20% probabil-
ity, red curves), a pronounced oscillation is observed: the
conductance first passes above the midway value and then
it decreases for 1.3 ± 0.1 ns until it starts to rise again. The
transition time is longer, typically 4–6 ns. We refer to these
events as “central-oscillation” events, as we see that they
arise when the wall oscillates once about the disk center.
Finally, on rare occasions (approximately 2% probability,
green curves) the midway conductance is crossed multiple
times and τ exceeds 7 ns. These events are referred to as
the “multiple-swing” ones, which occur when a 180◦ verti-
cal Bloch line [17] appears in the wall while it is slow in the
central region of the disk. These interpretations are based
on the forthcoming micromagnetic simulations (Fig. 3).

IV. MICROMAGNETIC SIMULATIONS

Our simulations use the MuMax3 code, which solves
the Landau-Lifshitz-Gilbert equation using the finite-
difference method [18] with thermal fluctuations [19].
The 2R = 80-nm diameter 2-nm-thick circular disk is
discretized with 96 × 96 × 1 cells, in a material [11]
of magnetization Ms = 1.2 MA/m, exchange stiffness
Aex = 20 pJ/m, perpendicular anisotropy constant Ku =
1.18 MJ/m3, and damping α = 0.01. The STT is accounted
for by a symmetric Slonczewski term, where we assume
unit spin polarization for simplicity.

A typical simulated reversal event at 300 K is pre-
sented in Fig. 1(d): it starts with the growth of a fluc-
tuating “droplet” of precessing moments, which leads
to nucleation of a 180◦ arclike curved wall when the
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droplet encounters the disk edge. The in-plane magneti-
zation within the wall is rather uniform. The wall then
drifts across the device by a fast back-and-forth oscillatory
motion that is reminiscent [20] of the wall precessional
motion occurring above the Walker breakdown. As illus-
trated by the histograms of Figs. 3(e) and 2(f), the three
categories of transition regime within the switching curves
found experimentally are reproduced with similar prob-
abilities in the simulations at 300 K—in contrast, the
statistics of the incubation delay [Figs. 3(d) and 2(e)] can-
not be well reproduced as the shortest time scales, likely
because the device temperature is far from constant dur-
ing the first few nanoseconds as a result of current-induced
heating. Unfortunately, the corresponding micromagnetic
configurations occurring once a wall is nucleated are com-
prised of a plethora of active fluctuators that conceal the
intrinsic dynamics: on top of the wall motion, there is a
breathing of its curvature and a nonuniform beating of its
width, as well as ubiquitous short-range fluctuations. The
physics of the transition is best revealed with T = 0 simu-
lations of the wall dynamics. This requires properly chosen
initial configurations in which the less relevant fluctuators
are intentionally relaxed. We thus design empirically ade-
quate initial states by numerically placing an optimally
bent [9] wall near a disk edge. The wall is set with a
uniform in-plane magnetization projection, qualitatively in
line with the T = 300-K simulations.

Figures 3(a)–3(c) illustrate the possible motions of a
wall at 0 K: while drifting, the wall acquires a straight
shape when at the center and then bends again. Coin-
cidentally with its velocity modulation, the wall passes
periodically from the Bloch to the Néel configuration.
Notably, it never crosses the center while in the pure Néel
state. The oscillation of the moment is both more pro-
nounced and slower when the wall approaches the disk
center. Figures 3(a)–3(c) are meant to reveal how minute
changes in the initial state alter the dynamics substantially
when the wall later arrives in the center. Its motion can
either be ballistic [Fig. 3(a)] or the wall can fail to cross the
center at once. In this case, it withdraws before passing the
center and resuming its oscillatory drift motion [Fig. 3(b)].
Alternatively, if choosing on purpose a specific initial tilt
for which the wall happens to be maximally slow at the
disk center, then the nonuniformity of the tilt can grow and
lead to [inset in Fig. 3(c)] the creation of a vertical Bloch
line [16]. Coincidentally, the DW swings multiple times
in the central area, with a gyration move before finally
passing.

V. COLLECTIVE COORDINATE MODEL FOR
THE WALL PROPAGATION DYNAMICS

Further insight can be gleaned by an extension to the
one-dimensional {q, φ} model [21] of the wall dynamics,
where the motion is parametrized entirely by the position q

of a straight wall and the internal wall angle φ (the “tilt”),
which describes the chirality (Bloch or Néel) of the wall
structure. The extension comprises accounting for the spa-
tially nonuniform potential for the wall dynamics, which
captures the fact that the disk center appears as an energy
barrier to overcome, where the barrier height is related
to the additional cost in DW energy required to extend it
laterally across the disk. The equations of motion become

−φ̇ + α
q̇
�

= −γ0 [Hd(q) + Hstr(q, φ)] , (1)

q̇
�

+ αφ̇ = γ0
HN↔B

2
sin 2φ + σ j , (2)

where π� is the wall width and σ j the magnitude of the
STT [11]. Hd is the stray field of the two domains and
HN↔B (typically 30 mT) is the in-plane field that would
be needed to transform a Bloch DW into a Néel DW [22].
To describe the energy barrier in the q and φ directions, we
define the two contributions to the wall stretch field:

Hstr(q, φ) =
(

H eff
k + HN↔B

2
cos2 φ

)
�


DW

∂
DW

∂q
, (3)

where 
DW(q) = (1/�)
∫ R
−R dx sech2[(x − q)/�]

√
R2 − q2

is the effective length of the wall.
Figure 4(b) shows the phase portrait of the resulting

wall trajectories in the (q, φ) space. The largely vertical
flows, which take the wall from one disk edge to the other,
remind us that the wall motion is in the Walker regime,
since many oscillations of the wall tilt φ accompany the
increase in q. The portrait also shows that the number of
oscillations undergone by the wall is sensitive to the ini-
tial wall tilt. This sensitivity induces a stochasticity when
the thermal fluctuations drive transitions between neigh-
boring trajectories. Closer to the disk center, we observe
that the Néel states (φ = 0[π ]) are associated with energy
maxima, while the Bloch states (φ = π/2[π ]) give rise to
saddle points. This representation shows that in addition to
the “switching” trajectories (i.e., walls passing from one
edge to the other) there is another family of trajectories.
Indeed, if a Néel wall is placed at the center, it is transiently
held there. It needs to spiral out of this energy maximum
through a lossy back-and-forth transfer of energy between
communicating vessels: the position degree of freedom
of the wall and the tilt degree of freedom. The region in
which walls of proper tilt are transiently pinned is a “reten-
tion pond,” written as P and illustrated in Fig. 4(b). In the
conservative limit, the spiraling-out trajectories inside the
retention pond transform into closed circles; the half size
of the pond P is then

δqP ≈ R
√

HN↔B/Hk,eff. (4)
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FIG. 4. The DW dynamics within a 80-nm disk in the {q, φ}
model at low bias (4.5 × 1010 A/m2). (a) Wall trajectories for
walls initialized at q = 10 nm with initial tilts of 48◦ (green) and
91◦ (red). (b) Corresponding trajectories in the {q, φ} space. The
red contour between the labels 1, 2, 3, and 4 is very close to the
frontier of the retention pond P.

VI. REPRODUCIBILITY OF THE TRANSITION
TIME AND CONCLUSIONS

The concept of P is useful to understand the statistics
of the transition time: the DW drift and its oscillation are
rather independent phenomena, such that two situations
can occur stochastically as a wall heads to the disk cen-
ter. If the wall avoids the vicinity of P (green curve in
Fig. 4), the {q, φ} model predicts a ballistic curve. If, in
contrast, the wall happens to tangent the pond (red curve),
it bypasses it by performing a back-and-forth motion with
two pauses at either side near the disk center [positions
1 and 4 in Fig. 4(b)], in the formerly identified “central-
oscillation” case. The {q, φ} models can thus explain some
of the sensitivity to the tilt. However, since the {q, φ}
model posits a uniform tilt, it cannot account for the
multiple-swing trajectories that occur when the wall gets
slow enough for a Bloch line to develop therein. The
swinglike crossing can only be described using higher-
dimensionality simulations such as in the micromagnetic
ones or by using a more general collective coordinate
model that would include a gradient of the tilt along the
wall length. Despite its approximations, the (q, φ) model
is illustrative, since it explains why the probability of
nonballistic transition is correlated with the size of P.

If one aims at a reproducible DW propagation while
having no handle on the wall tilt, as in the presence of
thermal noise, a solution is to find a geometry without
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FIG. 5. The DW dynamics within a 40-nm disk at 5.4 ×
1010 A/m2. (a) The phase portrait of the wall trajectories within
the {q, φ} model. (b) Three representative micromagnetic sim-
ulations at 300 K. (c),(d) Corresponding histograms of (c) the
incubation delay and (d) the transition time.

a retention pond. In disks, there exists a single “magic”
diameter for which the pond disappears and all wall tra-
jectories are predicted to be ballistic, irrespective of the
wall tilt. This happens when the energies of centered walls
of Bloch or Néel characters are degenerate, i.e., when
HN↔B = 0. With our material parameters, this diameter
is 40 nm [Fig. 5(a)]. One may object that this is not suf-
ficient to guarantee reproducibility of the transition time,
since the {q, φ} model posits a uniform tilt and hence can-
not account for the rare “multiple-swing” trajectories that
occur when the wall gets slow enough for a Bloch line to
develop therein.

Fortunately, when using this diameter, the wall does
not slow down near the disk center: this drastically
reduces the probability that fluctuations can pile up and
lead to the formation of a Bloch line within the wall.
This optimistic conjecture is confirmed with micromag-
netics [Figs. 5(b)–5(d)]. While the incubation delays are
still distributed for a diameter of 40 nm, the transition
regimes exhibit very little variance and the distribution
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of the transition times is particularly narrow: the magic
diameter ensures a repeatable wall motion independent
of the tilt dynamics and immune from its fluctuations.
If implemented jointly with the strategies ensuring reli-
able nucleation [23–26] and/or a reproducible wall tilt
and wall position [27], this strategy opens up a route
for reproducible switching times, which is of interest for
memory applications in which write error rates could be
substantially lowered.
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