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Asymmetry of the magnetization reversal process in a magnetic tunnel junction
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Field induced magnetization reversal dynamics of a soft magnetic layer embedded in a magnetic tunnel
junction stack has been studied by magneto-optical magnetometry. Different dynamic behaviors are revealed
comparing parallel-to-antiparallel and antiparallel-to-parallel reversals. Local inhomogeneities evidenced in the
barrier thickness are transferred to the dipolar coupling field locally experienced by the soft layer, and are
proposed as being at the origin of an asymmetry of nucleation and propagation processes accounting for the

magnetization dynamics.
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I. INTRODUCTION

Improvement in growth of magnetic and/or nonmagnetic
artificial structures tailored on length scales characteristic of
important interactions has led to the discovery of many
physical properties. For example, in multilayers in which a
ferromagnetic layer experiences a nonhomogeneous effective
coupling field whose wavelength is larger than the exchange
length, slight spatial fluctuations of the magnetic orientation
are responsible for biquadratic or high order anisotropies.?
This can result in various features on the ferromagnet, like
shifted and/or complex hysteresis loops as well as nontrivial
reversal mechanisms. The ferromagnet magnetization rever-
sal can also depend on the orientation of the applied mag-
netic field with respect to the coupling field. This is frequent
in exchange biased systems,>”’ where this reversal asymme-
try usually gives rise to an asymmetry of the macroscopic
hysteresis loop shape. Only few results were reported so far
on reversal asymmetry in a soft magnetic layer coupled to a
harder one by dipolar interaction.®° In this paper, we show
that an asymmetry in the magnetization reversal can occur in
spite of an apparently symmetric shape of the macroscopic
hysteresis loop. Indeed, magnetic relaxation measurements
are used to analyze the magnetization reversal of a magnetic
tunnel junction’s (MTJ) dipolar coupled soft layer. Magneti-
zation reversal asymmetry is clearly evidenced: despite the
hysteresis loop squareness, the measured reversal dynamics
is different depending on the field sweeping direction. The
tunnel barrier is investigated using transmission electron mi-
croscopy in order to evaluate its thickness variations and
lateral wavelength modulations. We assert that the spatial
fluctuation of the unidirectional dipolar coupling drives an
asymmetry in domain nucleation and subsequent domain
wall propagation fields, which accounts for our relaxation
results.

II. EXPERIMENT

The [PtMn (17.50 nm)/CoFeB based pinning layer
(1.90 nm)/Ru (0.85 nm)/CoFe reference layer (1.60 nm)/
Al,03/CoFeB soft layer (3.00 nm)] MTJ stack was grown
by sputtering on a SiO substrate, with Ta based buffer and
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capping layers [Fig. 1(a)]. This stack was annealed in a mag-
netic field of 1 T in order to induce the antiferromagnetic
phase of PtMn. This way the CoFe reference (R) layer is
pinned and has a marked uniaxial planar magnetic aniso-
tropy, which in turn fixes the easy axis of magnetization of
the soft (S) CoFeB layer.

The S layer’s magnetization is probed by Kerr magneto-
optical magnetometry.' The longitudinal Kerr rotation
(LKR), proportional to the sample magnetization over its il-
luminated area (about 0.03 mm?), is measured at room tem-
perature with green light (543.5 nm), under a magnetic field
applied along the MTJ’s anisotropy axis. This magnetic field
is always weak enough to affect only the S layer, the R one
staying saturated and pinned.

Conventional transmission electron microscopy (CTEM)
was performed on a 200 kV TOPCON 002B instrument in
bright field mode on a twin sample. The sample thickness
was optimized, down to electron transparency, using tripod
mechanical polishing on an area as large as possible (typi-
cally a few microns [Fig. 1(a)]).

III. RESULTS

A. Transmission electron microscopy

Bright field contrast CTEM images are shown in Figs.
1(a) and 1(b). On these images, the alumina layer appears
thin and bright, whereas the other metallic layers look darker.

In order to get the thickness d of the alumina barrier and
its lateral modulations, it is necessary to represent each in-
terface (R/Al,O3 and Al,O5/S) by a single continuous line
on the image.'! The results obtained from the analysis of a
63 nm interface length (made of about 3000 pixels) are
shown in Fig. 1(c). The measured d value is 1.55+0.15 nm
with a non-Gaussian distribution. The interfaces exhibit lat-
eral modulations essential to understand the magnetic cou-
pling between S and R layers: they are correlated on both
sides of the tunnel barrier and have a roughness amplitude A
estimated as 0.35*0.05 nm with a dominant wavelength A\
of 24£3 nm.

B. Hysteresis loop

A typical minor hysteresis loop accounting for the S
layer’s macroscopic reversal is shown in Fig. 2. The
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FIG. 1. Conventional transmission electron microscopy images, at (a) low and (b) high magnifications, of the MTJ stack. The alumina
tunnel barrier thickness is measured as being d=1.55=*0.15 nm. From image processing of (b), a non-Gaussian distribution of d is deduced
(c). Frequency indicates the number of pixels among the 2944 x pixels of (b) yielding to the value of d.

5.9%+0.2 Oe loop shift with respect to zero field reveals the
magnetic coupling between the S and R layers. The internal
field, indeed, writes H;,,=H ,,+H ., the applied field H,,,
has to balance a coupling field H,,,=—5.9=0.2 Oe acting
on S in order to trigger the S layer reversal. This coupling
can be reasonably accounted for by the Néel dipolar orange-

peel coupling:'>13
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where fg is the S layer thickness (3 nm) and M¥ the satura-
tion magnetization of the reference layer (Mf
=1250 erg G~ cm™).'¢ Making use of transmission electron
microscopy investigations giving values for d, h, and \, we
get a coupling field of —8 =4 QOe, consistent with the mea-
sured value. The orange-peel coupling field is, thus, certainly
the predominant coupling contribution in our system; it
is ferromagnetic, as predicted for correlated interface rough-
nesses on both sides of the tunnel barrier, and, thus, favors
a parallel (P) magnetization alignment in the S and R
layers with respect to an antiparallel (AP) one. Unlike coer-
cive fields values, H,y,,; is found to be constant when in-
creasing the magnetic field sweep rate (at least from
14 Oe s™! to 2.9 kOe s7!). This is consistent with previous
data obtained in a NiFe/Cu/Co spin-valve stack,'” in which
the NiFe layer is submitted to a similar dipolar orange-peel
coupling.

C. Magnetic relaxation

The inset of Fig. 2 summarizes the principle of magnetic
relaxation measurements,' performed at room temperature
on both branches of the minor hysteresis loop. The S layer is
first saturated in the AP (P) configuration by applying a
HA"™=1(-)18 Oe field. Then, at time r=0, the applied field
. . AP-P(P-AP) .
is quickly set to a value H, , close to the coercive
field H., (H,,). The applied field is then kept constant, and
the sample’s magnetization is measured by LKR as a func-
tion of time t.

AP

1.0 H™« H

app sat

% 05 ap-p|| |} pap
é oo [ He Ho,'

S H,|H

? s P 1 2
$951==

-5 10 5 0 5 10 15
Magretic Field (Oe)

FIG. 2. (Color online) Minor hysteresis loop of the MTJ sample,
measured by LKR with a magnetic field sweep rate of 14 Oe s,
The relative orientations of the two S and R layers’ magnetizations
are reported on the graph. The coercive fields of § are H
=+3.9%0.2 Oe for the decreasing (AP-P) branch of the loop, and
H,,=+7.9%0.2 Oe for the increasing (P-AP) branch. Inset: Prin-
ciple of magnetic relaxation experiments, as detailed in the text.
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FIG. 3. (Color online) LKR magnetic relaxation curves of the MTI’s soft layer, for two different probed regions (a) I and (b) II of the

sample, separated by about 3 mm. Values of the corresponding

AP-P(P-AP
HA
app

) fields are reported on the curves. On each graph, the two curves,

associated with the two (AP-P and P-AP) reversal types, correspond to quasi-identical internal magnetic fields in the probed layer. Each
curve is an average over five similar reversals. After each reversal, the system is resaturated by applying a field e +(-)18 Oe.

Relaxation curves, obtained in two different regions I and
IT of the sample, are shown in Fig. 3. In each region, the
AP-P and the P-AP reversals correspond to equivalent values
of the internal magnetic field, that is, to equivalent distances
from the AP-P and P-AP coercive fields values, H,, and
H,,.'® These data show that the relaxation behavior depends
both on the probed region and on the reversal direction. In
region I [Fig. 3(a)], both reversals start nearly immediately
once the field step is applied to the sample. However, for the
P-AP case, the relaxation curve has a quasiexponential
shape, whereas for the AP-P reversal, the magnetization be-
gins to decrease quadratically. Besides, in region II [Fig.
3(b)], the relaxation curves both show a delay between the
field step and the beginning of the reversal, and both have a
symmetrical S shape. Nevertheless, the delay is roughly four
times greater, and the reversal duration shorter, for the AP-P
reversal than for the P-AP one.

IV. DISCUSSION
A. Reversal modes

Magnetization reversal in a magnetic material involves
the nucleation of domains followed by domain wall propa-
gation or coherent rotation of the magnetization.!? If we as-
sume that one single domain wall propagates through the
probed area, the domain wall velocity is in the 10™* ms!
range. This is a very low value since domain wall velocities
of several tens of ms™! can be reached,!? and, therefore,
rules out a — faster — reversal by coherent rotation of the
magnetization. Thermally activated domain nucleation and
wall propagation'®?Y are, thus, responsible for the observed
types of reversal. The corresponding nucleation rate n and
mean wall velocity v, which determine the reversal dynam-
ics, are proportional to the switching probability of elemen-
tary activation volumes V% and V_, respectively,'*° which,
of course, depend on the film’s internal structure.'®?!' Let us
consider, for instance, the nucleation rate n:

ZMSVZC
—t(Hint - Hnucl) s (2)

=ngpe
n=ngyexp KT

where kg is the Boltzmann constant, 7 the temperature, and
M, the saturation magnetization (for our CoFeB S layer,'¢

sat

M =800 erg G~! cm™). H,, is the internal applied magnetic
field (here, H,-,,,:HZ;?P(AP'Ps+Hmu[,]). H,,. is the nucleation
field setting the upper boundary of the thermally activated
regime. It is usually slightly higher than the coercive field,
the difference between them depending only on the reversal
dynamics.'® (H,,-H,,.) denotes the difference between the
applied field and the nucleation field, and, thus, indirectly
reflects the difference between the applied field and the co-
ercive field. n; is the limit nucleation rate reached for H;,,
=H,,.. Applying Eq. (2) to relaxation curves obtained with
different applied field values, we deduce a reasonable esti-
mation of V?, ~10° nm® in our sample.?? This leads to a
characteristic lateral size of a few hundreds of nanometers
for the initially nucleated reversed center. H,, is also esti-
mated to a few oersteds. A relation similar to Eq. (2) holds
for the wall velocity v with the propagation field," H,,,,,.
One may notice that in these relaxation experiments (Fig. 3?,
the resulting reversal occurs for a lower applied field as com-
pared to that expected from the minor hysteresis loop (Fig.
2). Usually, the higher the sweep rate of the applied field, the
larger the coercivity.'? In relaxation experiments, the system
is kept under a constant field value until the reversal occurs.
The field sweep rate, thus, tends to zero, and the reversal
field is reduced as compared to the coercive field measured
on the minor hysteresis loop.

Three characteristic domain wall mediated mechanisms
(Fig. 4) can be envisioned for the magnetization reversal
in the illuminated area of our sample: (a) nucleation
dominated process, characterized by a quasiexponential
relaxation;'®!%23 (b) pure domain wall propagation in the
probed area due to the expansion of rare outside nucleated
domains, which implies S-shape-type relaxation curves, as
may be checked by considering a plane wall crossing a cir-
cular probed area; and (c) domain nucleation within the
probed area and prevailing subsequent domain expansion.
The relaxation curve shape is then slightly more complex: it
is quadratic in time as long as reversed domains are entirely
contained in the probed area, and gradually slows when the
walls get out of this area.!”

The quasiexponential shape of the P-AP relaxation curve
for region I [Fig. 3(a)] is, thus, likely to result from many
nucleation events within the probed area [Fig. 4(a)], whereas
the quadratic beginning of the AP-P relaxation curve in the
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FIG. 4. Sketch of domain wall mediated magnetization reversal
processes in the probed area (sketched by a black circle in each
case) of our sample (left) and of the typical shapes of the associated
relaxation curves (right): (a) nucleation dominated reversal, giving
rise to a quasiexponential relaxation curve; (b) pure domain wall
propagation due to the expansion of an outside nucleated domain,
giving rise to an S-shape-type relaxation curve; and (c) nucleation
of a domain within the probed area and subsequent expansion, giv-
ing rise to a quadratic beginning of the relaxation curve. Black dots
and gray disks stand for nucleation centers and reversed domains,
respectively.

same region rather results from one or a few nucleation
events within the probed area and a prevailing subsequent
domain expansion [Fig. 4(c)]. The instantaneous reaction of
the reversal to the applied field in both cases implies a short
nucleation time. Besides, the quasi-S-shape of both relax-
ation curves in region II [Fig. 3(b)] is likely to result from
the propagation of one or a few domain walls through the
probed area, coming from nucleation centers located outside
this area [Fig. 4(b)]. This kind of reversal can only be de-
tected when the wall goes across the spot, i.e., after a lag
time, which includes a probabilistic nucleation delay, and a
propagation time which depends on the location of the nucle-
ation center. Namely, the longer delay observed before the
beginning of the AP-P transition in region II is indicative of
a nucleation center which is less reactive and/or located at a
greater distance from the spot, as compared to the one in-
volved in the P-AP reversal.

This leads us to three main conclusions: (i) there is a
spatial inhomogeneity of nucleation centers in S, probably
due to tiny, large scale topological fluctuations of the tunnel
barrier thickness, leading to more nucleation centers in re-
gion I than in region IT; (ii) in region I [Fig. 3(a)], there are
more nucleation centers for the P-AP reversal than for the
AP-P one; and (iii) in region II [Fig. 3(b)], nucleation origi-
nates from different centers for the two reversal directions,
and domain wall propagation is faster for the AP-P reversal
than for the P-AP one.
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FIG. 5. (Color online) Sketch of (a) nucleation field distribution
in an uncoupled layer, (b) asymmetrical distribution of the local
coupling field in a dipolar coupled system, and (c) effective nucle-
ation field distributions in the magnetic layer described in (a) com-
bined with the local coupling field distribution shown in (b). H and
H' stand for applied field values symmetrical with respect to
—H i the nucleation centers activated for H and H' are not the
same (see arrow). The effective nucleation field distribution corre-
sponding to the case of a symmetrical coupling field distribution is
sketched in the inset. The shape of the distributions is deliberately
exaggerated. Their amplitudes are arbitrary.

B. Asymmetry between antiparallel-to-parallel and
parallel-to-antiparallel reversals

We now focus on the observed asymmetry between the
P-AP and AP-P reversal processes.

Domain nucleation and wall propagation in uncoupled
and weakly defected layers are known as symmetrical pro-
cesses with respect to the applied field: the associated H,,,,
and H,,,, fields are the same for negative or positive applied
fields. H,,, and H,,,, are, in fact, local quantities, and one
must consider nucleation [as sketched in Fig. 5(a)] and
propagation field distributions.>* If one considers a dipolar
coupled layer such as S in our sample, the effective nucle-
ation field at a given point of the layer is shifted by the local
coupling field Hf’i,‘;ll with respect to that of the uncoupled
layer. If the chf,iz,ﬁ distribution is symmetrical, the effective
nucleation field distribution is also symmetrical, as sketched
in the inset of Fig. 5: two applied magnetic fields H and H',
symmetrical with respect to the macroscopic average
—H o> Tesult in symmetrical nucleation processes. In our §
layer, the local coupling field decreases when the tunnel bar-
rier thickness d increases,'*!> according to e™¥* [Eq. (1)].
This implies that for the local coupling field, a slight de-
crease in d with respect to its macroscopic value produces a
much higher difference than the equivalent increase in d.
Even in the case of a barrier that would exhibit a random
distribution of thickness d over the sample, the coupling field
would be expected to be asymmetric since, by definition, the
exponential of a Gaussian random variable is a lognormal
random variable.? In our case, starting already from a non-
symmetric d distribution [Fig. 1(c)], we all the more expect
an asymmetrical local coupling field distribution as sketched
in Fig. 5(b). The enlarged extension toward the high local
coupling field values corresponds to the low d values, that is,
to the thinnest parts of the sample. Asserting such a local
coupling field distribution, the effective nucleation field dis-

054419-4



ASYMMETRY OF THE MAGNETIZATION REVERSAL...

tribution has the shape sketched in Fig. 5(c). The applied
magnetic fields H and H', symmetrical with respect to the
macroscopic average —H,,,,, then obviously result in asym-
metric nucleation processes. Indeed, for a low-field reversal,
the amount of activated nucleation sites is greater and more
spread than for the high-field reversal. In counterpart, the
nucleation process triggers more sharply for the high-field
reversal than for the low-field one.

Going back to our MTJ stack, this means that for the
AP-P reversal (Fig. 2), nucleation appears more gradually
but at a lower internal field than for the P-AP reversal. Ac-
tually, for the AP-P reversal, the first nucleation sites to be
activated are those where the tunnel barrier is the thinnest
(where coupling is the strongest), whereas for the P-AP re-
versal, the thickest parts of the sample (where coupling is the
weakest) are activated first. This shows that the active nucle-
ation centers in a coupled system are not the same for the
two reversal types,® which is consistent with our experimen-
tal data. The same statement (and Fig. 5 as well) can apply to
the propagation field distribution which characterizes wall
motion, leading to a propagation at a lower internal field for
the AP-P reversal as compared to the P-AP one.

Given the processes which were experimentally evi-
denced in the two regions of our sample, nucleation and
propagation can be separately discussed. In region I [Fig.
3(a)], the only process that can be quantitatively compared
between the AP-P and P-AP reversals is nucleation. The ob-
served more efficient nucleation process during the P-AP re-
versal in this region is consistent with an expected sharper
triggering of nucleation for this reversal type. Besides, in
region II [Fig. 3(b)], only propagation can be quantitatively
compared between the AP-P and P-AP reversals. The ob-
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served easier propagation during the AP-P reversal in this
region is consistent with propagation at a lower internal field
for the AP-P reversal as compared to the P-AP one, which
was discussed above.

V. SUMMARY

Magnetization relaxation experiments have been per-
formed on the soft electrode of a MTJ sample. In spite of a
perfectly square hysteresis loop, they clearly show a reversal
dynamics asymmetry between the AP-P and the P-AP rever-
sals. In both cases, the reversal occurs by domain nucleation
and wall propagation. To account for the observed differ-
ences in the soft layer, depending on the field sweeping di-
rection relative to the macroscopic dipolar coupling field be-
tween the soft and reference layers, an asymmetry of
nucleation and propagation processes is proposed. Through
an inhomogeneous barrier, the dipolar coupling is turned into
a lognormal-like distribution of effective fields, which ac-
counts for the existence of locally preferential nucleation
sites as well as for the differences in dynamics between the
AP-P and the P-AP reversals. Finally, magnetic relaxation is
shown to be a simple tool for deducing tiny changes in dy-
namics and for identifying processes usually evidenced by
magnetoimaging techniques.
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