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We demonstrate that the interfacial exchange coupling in ferromagnetic/antiferromagnetic
(FM/AFM) systems induces symmetry-breaking of the Spin-Orbit (SO) effects. This has been
done by studying the field and angle dependencies of anisotropic magnetoresistance and vectorial-
resolved magnetization hysteresis loops, measured simultaneously and reproduced with numerical
simulations. We show how the induced unidirectional magnetic anisotropy at the FM/AFM inter-
face results in strong asymmetric transport behaviors, which are chiral around the magnetization
hard-axis direction. Similar asymmetric features are anticipated in other SO-driven phenomena.

PACS numbers: 75.70.Tj, 71.70.Gm, 75.30.Gw, 75.60.Jk

The Spin-Orbit (SO) interaction arises from the cou-
pling of the electron spin with its orbital motion [1]. SO
effects influence both magnetic and transport properties
and constitute the subject of modern nanomagnetism.
The microscopic origin of the magnetic anisotropy of fer-
romagnetic (FM) systems ultimately arises from SO [2],
dictating the preferential magnetization directions. In
FM/heavy metal structures, interfacial SO promotes a
perpendicular magnetic anisotropy (PMA) [3] and it
is responsible of chiral spin reversals [4], due to the
Dzyaloshinskii-Moriya interaction (DMI) [5]. The SO
interaction is exploited nowadays in spintronic applica-
tions [6], since it produces a mixing of the electron spin-
up and spin-down states determining anisotropic mag-
netoresistive signals. In addition, SO-induced spin Hall
effects may be exploited to efficiently manipulate and
sense the magnetization in future spin-orbitronic appli-
cations [7]. In any case, the transport phenomena are
strongly influenced by the effective symmetry of the SO
effects. Therefore, determining their general features rep-
resents a crucial step towards the understanding and the
improvement of their functionalities.

In FM films with (two-fold) uniaxial magnetic
anisotropy (KU) SO determines symmetric magne-
toresistance (MR) responses around the magnetization
easy-axis (e.a.) and hard-axis (h.a.) directions [8]:
MR(α,H) =MR(−α,H) =MR(α,−H), where α is the
angle of the external applied magnetic field H with re-
spect to the anisotropy direction. This is the anisotropic
magnetoresistance (AMR), which depends on the angle
θ enclosed by the magnetization vector (M) and the in-
jected electrical current (J) following a cos2 θ law. Uni-
axial systems present symmetric magnetization rever-
sal pathways and hence symmetric MR responses. In
this sense, a magnetic symmetry-breaking could pro-
mote non-symmetric reversals and MR responses. For
instance, a FM layer exchange coupled with an antifer-

romagnet (AFM) layer presents an additional (one-fold)
unidirectional magnetic anisotropy (KEB) [9], which is
generally revealed through a shift of the hysteresis loop
of the FM layer, called exchange-bias (EB) field, and
an enhancement of the coercivity. From a technological
point of view, EB is largely exploited in spintronics be-
cause it satisfies the need for stable and controlled MR
outputs in magnetic recording, processing, and sensing
devices. Systematic studies have shown how this interfa-
cial exchange coupling modifies the magnetization rever-
sal pathways [10, 11]. The transport properties have also
been studied, but only for several fixed magnetic-field
values and/or field directions [12–15].

In this Letter we show that the interfacial exchange
coupling in FM/AFM systems strongly influences the

0H

(a)

FIG. 1. Schematic representation of the chiral asymmet-
ric transport behavior in FM/AFM system (as described in
the text), which arises from interfacial exchange coupling.
The intrinsic (two- fold) KU and interfacial-induced (one-
fold) KEB anisotropies are indicated with arrows. The top
graphs display the corresponding MR curves acquired around
the h.a. direction.
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SO effects thus promoting asymmetric MR responses,
which are chiral with respect to the h.a. direction, as
Fig. 1 illustrates. Angular- and field-dependent measure-
ments of the MR and the magnetization reversal path-
ways (measured simultaneously) have been reproduced
with numerical simulations without any free parameter.
We show how the symmetry of the MR response of an
uniaxial FM system is broken by the unidirectional ex-
change coupling imposed by an adjacent AFM layer. In
particular, symmetric MR responses are only found at
characteristic magnetization directions (e.a. and h.a.).
Identical and chiral MR responses are observed around
the e.a. and h.a. direction, respectively. Asymmetric
magneto-transport behaviors produced by unidirectional
symmetry- breaking found in other spin-orbitronic sys-
tems are also discussed.

The scheme of the FM/AFM sample structure and the
experimental configuration are shown in Fig. 2(a). De-
tails on the fabrication of the FM/AFM bilayers and ref-
erence FM films, with collinear uniaxial KU and unidirec-
tional KEB are reported in Suppl. Material [16]. Here, we
refer to 22 nm Co/5 nm IrMn bilayer because it presents
the smallest anisotropy field [16].

The magnetic and transport properties were studied
at RT by investigating the angular- and field-dependence
of magnetization reversal pathways and magnetoresistive
responses. Vectorial-resolved magnetization and resis-
tance signals were acquired simultaneously as a function
of the magnetic field for a given field orientation (αH) [8].
αH = 0◦ refers when the anisotropy axis is oriented par-
allel to the external field (Fig. 2(a)). The magnetization
components, parallel (M‖) and perpendicular (M⊥) to
the external field, were derived from vectorial-resolved
magneto optic Kerr effect measurements [16–18]. The
magnetoresistance (MR) was measured by using a lock-in
amplifier in a four probe method with the electrical cur-
rent vector set parallel to the anisotropy axis (see Sec. II
in [16]). The measurements were performed in the whole
angular range. In general, the magnetization reverses
via sharp irreversible (and smooth reversible) transitions,
indicative of nucleation and propagation of magnetic do-
mains (magnetization rotation) [19]. The relevance of
this refers to the proximity to the e.a. (h.a.) direction.
Consequently, MR depends strongly on αH.

The correlation between magnetic and transport prop-
erties and the general trends are determined from the
comparison of the symmetry relationships between them.
This will be discussed in detail in the following, first
by comparing field-dependent curves at selected angles
around the characteristic e.a. (Fig. 2(b)) and h.a. (Fig. 3
and Fig. 4) directions and then by comparing angle-
dependent curves at selected fields (Fig. 5). It is worth
to remark that the high symmetry found in the magneto-
transport properties of a FM layer with uniaxial magnetic
anisotropy is no longer satisfied in the FM/AFM system.
At first glance, symmetric features in both magnetic and
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FIG. 2. (a) Schemes of sample structure (left) and ex-
perimental configuration (right), indicating the directions of
the anisotropies (collinear KU and KEB), current (J ‖ KU),
sample angle (αH), and external magnetic field (µ0H). (b)
Magnetic and transport study at selected αH around the
e.a. direction. The left column panel shows the M‖/MS and
M⊥/MS hysteresis field loops whereas the right column panel
displays the corresponding MR loops. Symbols are the ex-
perimental data and the continuous lines are the correspond-
ing simulated curves derived from the model described in the
text. Filled (empty) symbols refers to descending (ascending)
branch. The insets show schematically the specific current-
anisotropy-field configuration. Notice the identical behavior
of the MR(e.a.± 22.5◦)−H curves.

transport properties are found only at the easy and hard
direction. In any other angular conditions, both mag-
netic and MR curves are strongly asymmetric.

Fig. 2(b) compares representative vectorial-resolved
magnetization (left panels) and magnetoresistance (right
panels) hysteresis loops acquired simultaneously at se-
lected αH around the e.a. At αH = 0◦ (central left panel),
M‖-H presents a shifted (µ0HEB = +4.7 mT) squared
shape hysteresis loop with a sharp irreversible jump at
7.2 mT, whereas the M⊥-H is negligible in the whole
field loop. Away from the e.a., M⊥(H) 6= 0 and reverses
only in one semicircle, and above a critical angle, which
depends on the ratio KU/KEB [10], the magnetization re-
versal becomes fully reversible. Therefore, close to e.a. di-
rection nucleation and propagation of magnetic domains
are the relevant processes. The right panels in Fig. 2(b)
display the corresponding transport measurements. At
the e.a. the MR-H curve is symmetric (and flat) in the
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FIG. 3. Magnetic and transport study at selected αH around
the h.a. with relevant magnetization rotation reversal. The
left column panel shows the M‖/MS and M⊥/MS hysteresis
field loops whereas the right column panel displays the corre-
sponding MR loops. Symbols are the experimental data and
the continuous lines are the corresponding simulated curves
derived from the model described in the text. Filled (empty)
symbols refers to descending (ascending) branch. The in-
sets show schematically the specific current-anisotropy-field
configuration. Note the chiral asymmetry behavior of the
MR(h.a.± 22.5◦)−H curves.

whole field loop, whereas non-symmetric curves are found
for αH 6= 0◦. As will be discussed below, similar features
are found for M‖-H and MR-H around the e.a. direction.

Fig. 3 shows a similar study close to the h.a. In general,
both M‖ and M⊥ loops show smooth reversible transi-
tions, indicating that magnetization rotation is the rel-
evant process during reversal. M rotates in-plane only
in one semicircle during the reversal, so that the angle
between M and J is continuously changing as the field is
sweeping. At the h.a. (central panels of Fig. 3), M‖ dis-
plays a nearby linear behavior, with an anisotropy field
µ0HK = 9 mT (see Sec. III of [16]), whereas MR shows
the maximum variation, which yields to 0.13%. In addi-
tion, the M‖-H curve show rotational symmetry whereas
M⊥-H and MR-H curves are mirror symmetric with re-
spect to zero field. However, these symmetric features
are lost away from the h.a. direction.

Around the characteristic directions different sym-
metry relationships are identified. For instance, for
αH = ±22.5◦, that is around the e.a. direction
(Fig. 2(b)), M‖ and MR loops display identical field
dependent evolution, i.e., M‖(αH, H) = M‖(−αH, H)
and MR(αH, H) =MR(−αH, H), whereas the M⊥ ex-
periences a sign change M⊥(αH, H) = −M⊥(−αH, H).
In turn, around the h.a. direction, e.g., for αH =
90◦ ± 22.5◦ (Fig. 3), the hysteresis curves of the par-
allel component are identical under rotation around
the origin, i.e., M‖(h.a. + 22.5◦,H) = −M‖(h.a. −

22.5◦,−H), whereas the hysteresis curves of the perpen-
dicular component and the MR display chiral asymme-
try, i.e. M⊥(h.a. + 22.5◦,H) = M⊥(h.a. − 22.5◦,−H)
and MR(h.a. + 22.5◦,H) = MR(h.a. − 22.5◦,−H). This
(2-dimensional) chiral asymmetry is schematically illus-
trated in (Fig. 1).

The chiral asymmetry is not only found closely around
h.a., where the magnetization reversal is governed by
magnetization rotation processes, but is extended in
the whole angular range. Fig. 4 shows the magnetic
and transport behaviors for two selected field directions
around the h.a., αH = h.a. ± 81◦, but very close to the
e.a. direction, where reversal is governed by nucleation
and propagation of domains. In this case, Fig. 4(a) dis-
plays the hysteresis curves of the angle α of the mag-
netization vector with respect to the current direction
extracted directly from the vectorial-Kerr data. This
angle defines the magnetic torque. The correspond-
ing resistance changes are shown in Fig. 4(b). In gen-
eral, the MR loops present pronounced MR peaks mean-
while the magnetization switches from ≈ 0◦ to ≈ ±180◦.
There is an asymmetry between the forward (descending)
and backward (ascending) field branches in both mag-
netic and transport behaviors. This originates from the
interfacial-induced unidirectional anisotropy which re-
sults with more rounded transitions and with higher MR
peaks when the field sweeps against the unidirectional
anisotropy [10, 13]. Moreover, the chiral asymmetry
is preserved, i.e., MR(h.a.+81◦, H)=MR(h.a.−81◦,−H.
This indicates that this asymmetry is independent of the
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FIG. 4. (Color online) Magnetic and transport study at se-
lected αH around the h.a. with relevant domain nucleation
and propagation reversal. The left column panel shows the
hysteresis field loops of the angle of the magnetization vec-

tor (α ≡ ̂(M,H)) whereas the right column panel displays
the corresponding MR loops. Symbols are the experimental
data and the continuous lines are the corresponding simulated
curves derived from the model described in the text. Filled
(empty) symbols refers to descending (ascending) branch.
The insets show schematically the specific current-anisotropy-
field configuration. Note the chiral asymmetry behavior of the
MR(h.a.± 81◦)−H curves.
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FIG. 5. (Color online) (a) Bottom graph: 2D field-angular
map representation of the magnetoresistance MR derived
from the forward field-branch hysteresis curves acquired at
different angles, as the ones shown in the right panels of
Fig. 2, Fig. 3 and Fig. 4 (similar information can be derived
from the backward 2D map [16]). The h.a. (e.a.) directions
are indicated with vertical grey (black) continuous lines. The
dashed lines indicates the corresponding horizontal cuts at
selected fields displayed in the top graph. Notice that the
MR angular dependence is approaching a cos2αH law (repre-
sented with a dotted-dashed curve) for fields much larger than
the anisotropy field HK. (b) Polar-plot representation of the
angular dependence of the MR for different fields. Symbols
are the experimental data. Solid (dashed) curves are derived
from numerical simulation for the FM/AFM bilayer (single
FM reference film). Note that both come closer at high fields
whereas at low fields they are very different. Remarkably,
for the (unidirectional) exchange-biased system reproduce the
chiral asymmetry around the h.a. direction.

reversal mechanism.

To gain further insight into the symmetry-breaking
of the SO effects, we have performed numerical simu-
lations by using a modified coherent rotation Stoner-
Wohlfarth (SW) model (with no free parameters) in
which we included collinear uniaxial and unidirectional
anisotropy terms with KU/KEB = 0.37 (see Secs. III
and IV of [16]). This allows us to simulate the angu-
lar and magnetic field dependence of the magnetization
reversal pathways [11], i.e., M‖(αH , H), M⊥(αH, H), and

to derive the corresponding MR responses according to

MR(αH, H) ∝ cos2 θ(αH, H), where θ ≡ (̂M,J). The
simulated hysteresis curves are superimposed (continu-
ous black lines in Figs. 2(b), 3 and 4) to the experimen-
tal curves. There is a perfect agreement between them,
including their asymmetries, which demonstrates that
both magnetization pathways and magnetoresistance re-
sponses are strongly affected by the system symmetry.

The broken-symmetry of the SO effects can be clearly
observed by plotting the whole angular evolution of
the MR-H hysteresis loops in a 2D map representa-
tion (Fig. 5(a)). Such plot allows visualizing the bro-
ken periodicity. While the well-defined uniaxial (two-
fold) magnetic anisotropy of a FM results with a 180◦

periodicity [8], the additional unidirectional (one-fold)
anisotropy induced at the FM/AFM interface promotes
the symmetry-breaking of the SO effects [16], resulting
with a 360◦ periodicity.

In order to visualize the angle dependence of MR, dif-
ferent horizontal cuts of the 2D map have been plotted
in the top graph in Fig. 5(a). This represents the angular
evolution of MR at different magnetic field values. At re-
manence (i.e., µ0H = 0 mT, blue empty-circles) the MR
signal comes out from a M‖J configuration in the whole
angular range and therefore it does not change. For non-
zero external field, the angular dependence of the MR
is clearly asymmetric, as the mirror symmetry along the
horizontal axis is completely broken. From a simple in-
spection of the top graph of Fig. 5(a), we can figure out
relevant information. First, the maximum values of the
MR are found when αH is aligned along the anisotropy
direction. M is parallel to J only in a small range of
angles, which increases as the external field increases.
Away from the anisotropy direction, the MR value de-
creases gradually and it is minimum where the angle be-
tween M and J approaches to 90◦. Second, larger MR
changes are found as the external field increases. Third,
the MR displays identical or different (asymmetry) val-
ues around the anisotropy or h.a. direction, respectively.
The asymmetry vanishes for very large external magnetic
fields compared to the anisotropy field, where the angle
dependence of MR approaches a cos2 αH law.

The discussed trends and symmetry-breaking SO ef-
fects are also reflected in the corresponding polar plot
representation of the MR shown in Fig. 5(b). Each
graph includes both experimental (symbols) and simu-
lated (lines) data. The latter includes model uniaxial
(SW Ku) and exchange-biased (SW Ku +KEB) systems.
In remanence conditions, both models are indistinguish-
able, i.e., circular-shaped polar plot with no MR varia-
tion. For µ0H 6= 0, the simulated polar plots of the uni-
axial system display a similar two-lobe behavior, which
result with mirror symmetry with respect to both e.a. and
h.a. directions. In contrast, the simulated polar plots of
the exchange-biased system show mirror symmetry with
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respect the e.a. direction and a (chiral) asymmetry with
respect to the h.a. direction. The asymmetry diminishes
as the external field increases, vanishing for very large
fields compared with the anisotropy field. Remarkably,
all experimental data are very well reproduced by the
model (see also Sec. IV of [16]).

Asymmetric transport and magnetic behaviors, orig-
inating from interfacial symmetry-breaking (unidirec-
tional) effects, can also be found in other magnetic sys-
tems. For instance, exchange-biased spin valves display
chiral symmetry in both magnetization and giant mag-
netoresistance loops around the h.a. direction (see graph
panels of Fig. 2 in [20]), as well as asymmetric MR curves
were found in exchange-biased multiferroic BiFeO3-based
systems [21]. In addition, fixed chiral spin structures can
be stabilized in PMA systems with sizeable DMI [22], and
in the presence of an in-plane magnetic field, producing
asymmetric magnetization reversal features during (chi-
ral) magnetic domain nucleation [23] and domain propa-
gation [24]. On the other hand, in FM/HM systems with
in-plane magnetization, SO-dependent effective in-plane
field has been demonstrated giving rise to asymmetric
reversal [25]. Asymmetric planar Hall [26] and inverse
spin Hall [27] effect signals have also been recently re-
ported in exchange-biased insulating FM/metallic AFM
bilayers, as well as asymmetries in the spin Hall magne-
toresistance has been found in SrMnO3/Pt [28]. These
asymmetric signals, which are generally clearly observed
at low-magnetic fields, arise from the SO coupling in pres-
ence of an unidirectional magnetic anisotropy. In the
large field regime the asymmetries vanish, in agreement
with our results.

In summary, we have demonstrated the existence of
broken-symmetry of the SO effects due to the exchange
interaction at the FM/AFM interface, which is responsi-
ble of asymmetries in both magnetic and transport prop-
erties. In particular, we have shown an intrinsic chiral
asymmetry in the MR with respect to the magnetization
hard-axis direction. Similar effects can be envisaged for
other both spintronic and spin-orbitronic systems when
either intrinsic magnetic anisotropy or the SO interaction
presents symmetry-breaking.
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