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Electrical signature of chiral magnetic textures in synthetic antiferromagnets
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By using magnetic multilayers with compensated perpendicular anisotropy and antiferromagnetic
coupling between neighboring layers, we show that it is possible to electrically detect the signature
of non-collinear magnetization textures in synthetic antiferromagnet systems. With the support
of magnetic force microscopy and micromagnetic simulations, we enlighten the phenomena behind
the magnetotransport measurements. The observed magnetoresistive response can be phenomeno-
logically described by two competing main contributions: a GMR-like interlayer contribution and
an intralayer contribution due to in-plane magnetic moments present in any non-collinear magnetic
texture. Relying on both temperature and field-dependence measurements, we show that the details
of the magnetic textures can be quantitatively determined through electrical measurements.

From the early years of spintronics, synthetic antiferro-
magnetic (SAF) multilayers have attracted considerable
interest for their use in spintronic technologies such as
one of the key elements for magnetic sensors or recording
heads in hard disk drives. In SAF system, the ferro-
magnetic (FM) layers are separated by a non-magnetic
metallic (NM) spacer having thickness sets at the antifer-
romagnetic maximum of the indirect interlayer exchange
coupling [1, 2].

Recently, there is a renewed interest for these mag-
netic stacks, but in systems with perpendicular mag-
netic anisotropy (PMA) for their potential application
in skyrmions and domain walls based devices [3, 4]. In
fact, the Dzyaloshinskii-Moriya (DM) interaction [5-7]
rising at the interfaces of the FM/NM stacking can lead
to the stabilization of homochiral magnetization config-
uration i.e. domain walls and skyrmions. In addition,
the antiferromagnetic coupling achieved through non-
magnetic metal interlayer gives rise to a negligible stray
field which can lead to the room-temperature stabiliza-
tion of nm scale chiral skyrmions at zero magnetic field
[8, 9] together with the suppression of the skyrmion Hall
effect [10].

Because SAF systems are built in order to have no
net magnetization, the observation by most of the stan-
dard magnetic imaging techniques represents an impor-
tant challenge. A solution, that would moreover be inter-
esting for the future potential devices, is to rely on trans-
port measurements instead of an imaging technique. In
fact, several contributions to magnetotransport signal in
these multilayer systems can be anticipated. Associated
to giant magnetoresistance (GMR) effect [11, 12], a sig-
nificant change in the longitudinal resistance according to
the relative orientations of the magnetization in the two
FM layers is expected. The GMR is classically expressed
as the resistivity change Apg) X —my-my, with m; the
magnetization in the i-th magnetic layer. In multilayers
with PMA, which often host one or several non-magnetic
heavy metal layers, the total resistance can also change

depending on the angle between the magnetization direc-
tion m of the FM and the spin polarization o due to
the spin Hall effect in the heavy metal layer(s) [13-17].
Up to present knowledge, such magnetoresistive effect
can have different origins depending on the considered
materials. In any case, the associated resistivity change
can be phenomenologically described by the expression
given for spin Hall magnetoresistance [14, 15], according
to which Apg) o< —mz (see axis orientations in Fig. 1).
For this reason, hereafter we refer to such contribution
as spin Hall magnetoresistance (SMR). This effect differs
from anisotropic magnetoresistance (AMR) [18], charac-
terized by a variation of the resistance of the magnetic
metals according to the angle between m and the electric
current direction J, which implies a resistivity change
Apéﬁ) o< fmﬁ. As for when transverse magnetotrans-
port is concerned, it is expected to be dominated by the
Anomalous Hall Effect (AHE) [19], which directly reveals
how the average out-of-plane magnetization evolves, ac-
cording to transverse resistivity Apg, o< m,.

All these contributions are mixed together and com-
bine into the accessible magnetotransport information.
In this letter, the objective is to demonstrate how the
different contributions to the magnetoresistance (MR)
listed above can be disentangled, and used to electrically
detect non-collinear magnetic chiral textures. The term
magnetic chiral textures gathers chiral DWs, spin-spirals
and/or skyrmions, in SAF systems and more generally in
any multilayers composed of a stacking of a ferromagnetic
film (FM) and non magnetic ones (NM). In this study,
we focus on the case of detecting spin spiral. Such tex-
tures in which the magnetization continuously rotates [9]
can be found in SAF stacking having a negligeable out-
of plane anistoropy but a non zero interfacial DMI. They
are characterized by a balanced proportion of parts with
in-plane and out-of-plane magnetization, as well as by
possibly different relative orientations of the magnetiza-
tion in the two FM layers, indeed corresponding to the
most general case. We show that these textures (as well
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FIG. 1. (a-c) Angular evolution of the longitudinal resistance
Rz5 obtained by rotating the patterned sample in the three
main-planes as sketched in (d-f), respectively, while apply-
ing a fixed magnetic field of poH = 500 mT. The magnetic
field is large enough to saturate the FM layers in the three
main directions and guarantee that the magnetization follows
uniformly the field direction. The dots in (a-c), labelled R;,
indicate positions at which the FM layers are saturated along
the *" direction. The continuous red lines are the result of
fitting the experimental data with the expression of the lon-
gitudinal resistivity as given in Eq. (1).

as any other texture with less complexity) can be easily
characterized by transport measurements sensitive to all
contributions.

The SAF under study for the magneto-electrical char-
acterization has been deposited by magnetron sput-
tering on a thermally oxidized silicon substrate, and
has been subsequently patterned into Hall bars by ion
beam etching. The multilayer composition is Ta (10)|Pt
(8)|Co (1.47)|Ru (0.75)|Pt (0.6)|Co (1.47)|Ru (0.75)|Pt
(3), where the numbers refer to individual layer thick-
nesses in nm. In the chosen SAF system, the Co thick-
ness at which the transition from out-of-plane to in-plane
anistropy occurs is around 1.47 nm. An advantage for
this study is that, for such a thickness, the-sensitivity;
the sensitivity of the electrical transport measurements
to magnetoresistive effects is enhanced, as the greater
FM/NM ratio allows a large portion of the conduction
electrons to flow in the FM layers.

We first characterize contributions to the longitudinal
resistivity excluding the GMR, by aligning all moments
in the multilayer plane, with the help of an external mag-
netic field much larger than antiferromagnetic interlayer
coupling and DMI fields. By measuring the field evolu-
tion of the resistance along the three directions z, y and
z (not shown), we verify that a field of poH = 500 mT
is large enough to reach magnetic saturation in all the

three directions. By then rotating the direction of this
external field, we can fully characterize the evolution of
R, with m;, m, and m,. In Fig. 1, we show the angular
dependence of the longitudinal resistance R, (recorded
at room temperature) when the field is rotated in the
three main-planes of the multilayer, i.e. y-z, z-z and z-v,
as shown in the schematics. This confirms the presence
of different mechanisms at the origin of the magnetore-
sistive transport signal.

The continuous red lines in Fig. 1(a-c) are the results of
fitting the experimental data with the expression of the
longitudinal resistivity in FM/NM stacks [14] expressed
as:

Pzz = Po + APS(l - m;) + ApA(l - mi) (1)

where pg is the electrical resistivity, Aps and Apy are
the variations coefficients due to the SMR and AMR, re-
spectively, while the GMR contribution is zero because
the two magnetizations are saturated. The y-z scan [Fig.
1(a,d)] shows the largest variation of resistance and a
SMR-like behavior. Note that the resistance decreases
for 0(3—900) = 0° — 90°, and the lowest value is obtained
when m || o°. From the fit, we find that SMR contribu-
tion dominates, as Apg is about 0.15% and Ap4 about
0.05%. The value for Apg, obtained from (R, — R,)/R.
with R; the resistance when the FM layers are satu-
rated along the i" direction, is in agreement with what
has been reported for other metallic FM/NM multilayers
[16, 17]. In light of the dependence of R,, with m2 and
mi discussed here, we can anticipate to be sensitive to in-
plane components of the magnetization even in the case
of zero average m, and m,. In fact, as shown in Fig.
1(a-b), both SMR and AMR exhibit a large, negative
variation of the resistance when the magnetization varies
from out-of-plane to in-plane, which can be used to detect
the presence of non-collinear magnetic textures. Here-
after, for the sake of clarity, we refer to magnetoresistive
contributions from the in-plane component of isotropic
magnetic textures as ipMR.

In order to determine other contributions of the mag-
netization textures to magnetoresistive transport signal
(namely, GMR, contribution), the magnetization reversal
mechanism has to be precisely characterized (simultane-
ously to the transport measurement) in-ordex to know
the actual magnetic state and then determine the evo-
lution of the magnetic texture in the multilayer [20, 21].
For this purpose, the measurement of the Hall resistance
(Ryzy) is a very appropriate mean, as it is directly linked
to the average magnetization along z, in particular, when
a magnetic field is swept along the out-of-plane direction.

We thus study the evolution of the transverse resis-
tance of the multilayer measured at room temperature
as a function of an out-of-plane external field, as shown
in Fig. 2(a), thereby revealing how the average out-of-
plane magnetization evolves with external field. It shows
a smooth variation from one magnetic saturation state to
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the other with opposite orientation. No hysteresis effects
appear here and the process is reversible in the full field
range. Such smooth variation of R, reflects the progres-
sive evolution from a parallel alignment of the magneti-
zation in the two FM layers, at large applied fields, to an
anti-parallel alignment, at low fields. The absence of sig-
nal at remanence indicates that the average m, compo-
nent is zero due to the formation of balanced spin-spirals
in this SAF system [9]. Then, the magnetization process
under field is similar to the behavior of an AF system
with spin-flop like transition [22-24]: moments with op-
posite out-of plane orientation are expected to flop into a
canted spin state, having opposite in-plane components
in the two layers combined with small out-of-plane cant-
ing in the direction of the external field. For low applied
fields, the magnetization is thus mostly perpendicular to
this field, showing the strongest in-plane components, be-
fore it starts to fully align with stronger external fields.

In order to confirm our interpretation, we exploit the
fact that this behavior is significantly different at low
temperature. As shown in Fig. 2(b), the R, field loop,
now measured at 10 K, shows sharp transitions between
antiparallel alignment at remanence and parallel align-
ment under strong enough positive or negative fields.
Therefore, we observe a temperature-related transition
from continuous evolution, at RT, to stepped magnetiza-
tion reversal by nucleation of one or a few large domains,
when the temperature is decreased. This change of be-
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FIG. 2. (a-b) Out-of-plane field dependence of the trans-

verse resistance at two temperatures. The open (filled) data
points have been recorded for increasing (decreasing) field. (c)
Temperature evolution of the longitudinal resistance (Rgz) as
function of out-of-plane magnetic field. (d) Temperature de-
pendence of the R, at zero field, where the GMR, contribu-
tions dominate (black dots), and the absolute value of Rya
minima, where the ipMR contributions dominates (red dots).

havior is mainly due to the enhancement of the perpen-
dicular anisotropy at low temperature, similarly to what
has been reported for other SAF systems [25].

In Fig. 2(c), we show the magnetoresistive response
at different temperatures, where MR is defined as
MR = [R,.(H)-R)]/R)|, with R)| the longitudinal resis-
tance in the uniform state. Low temperature measure-
ments show sharp transitions, consistent with the sharp
transitions also observed in the R, curves displayed in
Fig. 2(b). In this case, the recorded MR arises essentially
from GMR signal, as it shows low resistance for parallel
alignment of the magnetizations in the two FM layers
and large resistance for anti-parallel alignment [11, 12].
The enhancement of out-of-plane anisotropy at low tem-
perature indeed prevents the formation of spin-spirals,
by disfavoring any in-plane component for the magne-
tization, thus canceling ipMR contributions. Looking
at the temperature evolution of the curves in Fig. 2(c),
we observe however that the zero field MR (as defined
here, between saturation and remanence of the magne-
tization) decreases for increasing temperature. Related
to this loss of MR, additional features (a negative vari-
ation of the MR) progressively appear in the field range
of the nucleation process (110-200 mT), strengthening
with increasing temperature. We associate this signal to
ipMR, owing to the stabilization of spin-spirals, in which
a significant part of magnetic moments are oriented in-
plane, as the perpendicular anisotropy vanishes towards
reaching room temperature. The loss of MR is there-
fore due to a competition between this negative ipMR
contribution and the positive contribution due to GMR.
In Fig. 2(d), we display the evolution with temperature
of the zero field MR value. Indeed, at remanence the
GMR contribution is always present, as at any temper-
ature the remanent state shows antiparallel orientation
of the moments everywhere in the two layers. This al-
lows to separate it from the contribution of the ipMR
(expected to be zero for strong anisotropy, at 10 K, and
maximal for vanishing anisotropy, at 300 K). Such as-
sertion is valid provided that temperature variations of
Apgg), Apgg? and Ap%) can be neglected, which is here
correct for getting a qualitative understanding. In other
words, the reduction of ipMR contribution as the tem-
perature decreases is related to the progressive increase
of the size of the magnetic domains, leading to a decrease
of the effective fraction of in-plane magnetization compo-
nents, as indicated by the enhancement of the sharpness
of the step variation in R,.

In order to get more insight into the evolution of the
overall magnetic texture and of its contribution to elec-
trical properties, we have carried out concomitant mea-
surements of the longitudinal/transverse resistance and
imaging by Magnetic Force Microscopy (MFM) at room
temperature. The method consisting in combining these
two techniques has been demonstrated to be particularly
powerful in order to associate magnetotransport signals
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FIG. 3. (a) Evolution of the room-temperature longitudinal
and transverse resistance with magnetic field swept along the
out-of-plane (z) direction. The red circles are the results of
the transverse resistance (Rz,) measured concomitantly with
the MFM imaging. (b) MFM phase maps, taken in the same
region of the cross-bar region, corresponding to the resistance
values indicated in (a). (c) Results of the MuMax3 simula-
tions for magnetization configurations in the FM layers ob-
tained for poH.=0 and 120 mT.

to the local magnetic configuration, allowing, for exam-
ple, electrical detection of single magnetic skyrmions with
sub-100nm size through transverse resistivity changes
[26]. For the present system, room temperature evolu-
tion of R;, and Ry, with field is displayed in Fig. 3(a).
The red circles correspond to R, measured simultane-
ously to MFM imaging. This measured transverse re-
sistance, being consistent with previous data, allows to
exclude any significant modification of the magnetic tex-
ture under the influence of the MFM magnetic tip. In
Fig. 3(b), three images are shown among all MFM im-
ages recorded, corresponding to the Hall cross region of
a lithographed device with a track width of 5 pm. The
MFM data in image I, showing no contrast, demonstrates
that at remanence the total magnetization m; 4+ my has
no vertical component anywhere in the track. The stray
field arising from compensated magnetic textures is in-
deed expected to be almost completely cancelled in case
of interlayer AF coupling of the magnetization in the
two layers [27]. Micromagnetic simulations of the ex-
pected magnetic textures with MuMax3 solver [28] using
our experimentally determined parameters (more details
about the simulations and the parameters used [? ] can
be found elsewhere [9]), confirm this interpretation. As
shown in Fig. 3(c), the magnetic configuration at zero
field corresponds to cycloidal spin-spirals antiferromag-
netically coupled between the two FM layers, only giving
rise to stray fields below the MFM setup sensitivity, as

the magnetic moments everywhere in both FM layers are
fully compensated by each other (see top part of Fig.
3(c)). We remark that the DMI-induced chirality, to-
gether with the AF coupling, are indeed compatible with
magnetizations pointing in opposite direction in the FM
layers everywhere along the textures. Note that this cor-
responds to a different case compared to what has been
reported by Hellwig et al. in Ref. [29], where the absence
of MFM contrast is due to AF coupling between layers
with uniform magnetization. When an out-of-plane field
is applied, we observe a weak signal appearing in the
MFM images [image IT of Fig. 3(b)], which further builds
up as the magnetic field is further increased [image III
of Fig. 3(b)]. When an external magnetic field is ap-
plied, it introduces an energy unbalance between parts
of the spiral with m, > 0 and m, < 0, and thus it causes
an enlargement of the portions of the spirals where the
magnetization aligns with the field and a compression of
the others portions. This phenomenon occurs in addi-
tion to previously described spin-flop related canting of
the magnetization increasing the proportion of in-plane
moments. This is confirmed by the magnetic configura-
tion obtained by micromagnetic simulation under exter-
nal field, as shown in Fig. 3(c). The out-of plane field per-
turbs the antiparallel alignment observed at remanence
and full magnetic compensation is lost, consistent with
the contrast appearing in MFM images. This process
thus explains the results of our electrical measurements:
the field dependence of the resistance shows a continuous
increase in R, in link with the increase of total magnetic
moment aligned along z, as expected from AHE, while
the evolution of R, results from antagonist MR effects
due to ipMR and GMR.

The connection between the magnetization evolution
and the electrical transport properties can even be quan-
titatively understood, by fitting experimental variations
of resistance with external field, based on the magnetic
textures determined from micromagnetic simulations, as
shown in Fig. 4. The variations of the longitudinal resis-
tance are expressed as AR;, = Ry — Rsat Where Rgqt
is the longitudinal resistance at out-of-plane saturation.
The data points are fitted using the maps of m,, m,
and m, in each layer, as determined by micromagnetic
calculations, allowing only two phenomenological param-
eters a and b entering in AR,, = —am}, +b(1-cos(a)),
« being the angle between m; and ms. We note that
the experimental results are well reproduced, and no-
tably the two main features of MR: the negative vari-
ation of resistance at intermediate fields and the differ-
ence between remanence and saturation. We attribute
the latter mainly to the monotonous evolution of cos(«)
in the GMR term, and the former to the field depen-
dence of the in-plane magnetization (m7,). The fit (red
dotted curve) shown in Fig. 4 provides a = 7.8 x 1072
Ohm and b = 3.1 x 1072 Ohm. As a key result, the
value of a deduced from this fit is matching with the
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FIG. 4. Comparative results of simulation vs. MR measured
at room temperature. The contribution of the in-plane mo-
ments (upward green triangles) and the relative magnetiza-
tion in two layers (downward black triangles) are fitted (red
dots) to the experimental data (blue squares).

ipMR determined from our initial characterization, with
R. — (R + Ry)/2 = 0.08 Ohm in Fig. 1. In view of
their agreement with the micromagnetic simulations, the
experimental magnetotransport results allow to draw a
comprehensive picture of the evolution of the magnetiza-
tion texture in our system as a function of the applied
magnetic field.

In conclusion of the present study, electrical trans-
port characterization thus turns out to provide crucial
information about the reversal mechanisms between
different magnetic configurations in SAF multilayers
with or without perpendicular anisotropy. We have
demonstrated that the combination of the different
magnetization components gives rise to a competition
between several magnetoresistive effects of different
origins that can be grouped, respectively, into GMR
and ipMR. These phenomena allow us, relying on
electrical transport characterization, to extract qual-
itative information about magnetic properties in the
system, and quantitative information about the relative
proportions of all magnetization components in the
stabilized magnetic textures. This establishes electrical
transport measurements as a very suitable tool to detect
spin textures in a broad class of multilayers, extending
previous possibilities towards the detection of isolated
magnetic domains, spin-spirals or even skyrmions in
SAF systems, with applications to their easier character-
ization, and probing [26, 30] in race-track like devices [4].
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