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ABSTRACT
Antisymmetric planar Hall effect (APHE) is observed in Ta/Py bilayers, which exhibits a sinusoidal dependence on the in-plane magnetization 
orientation. The APHE resistance is independent of both the amplitude and direction of the applied current, excluding contributions from Joule 
heating and spin–orbit torque effects. Additionally, the effect is insensitive to the magnitude of the in-plane magnetic field once the magnetiza
tion is practically saturated. The APHE amplitude and phase vary with the choice of seed layer and with post-deposition annealing, suggesting 
involvement of strain. Results suggest the presence of strain-modulated interfacial Dzyaloshinskii–Moriya interaction, which couples the bulk 
and interfacial spins and induces perpendicular magnetization at the Ta/Py interface tuned by the orientation of the in-plane bulk magnetiza
tion: a miter-gear-like combination. This mechanism offers a plausible explanation for the antisymmetric Hall response and points to a new 
pathway for inducing and manipulating perpendicular interfacial magnetization, with potential implications for novel spintronic devices.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0326432

Heterostructures combining heavy metal (HM) and ferromagnetic 
(FM) layers exhibit intriguing phenomena, including perpendicular 
magnetic anisotropy (PMA),1–4 spin–orbit torque (SOT),5–8 spin Hall 
effect (SHE),9,10 and proximity-induced magnetization.11 Additionally, 
spin–orbit coupling (SOC) combined with broken inversion symmetry 
at such interfaces gives rise to the Dzyaloshinskii–Moriya interaction 
(DMI),12–15 which favors canted spin configurations with a defined chi
rality. DMI has attracted great interest, particularly due to its connec
tion to the stabilization of topologically nontrivial spin textures such as 
skyrmions, which are explored as potential building blocks for next- 
generation spintronic memory and logic devices.16–18 The strength and 
character of interfacial DMI depend sensitively on structural factors, 
including layer thickness, interface roughness, and the choice of seeding 
or buffer layers, all of which modify the local crystal symmetry and 
magnetic anisotropy.18–25

While DMI has been extensively investigated in thin films 
and multilayers exhibiting PMA,12–25 its presence and effects are far 

less explored in systems exhibiting in-plane magnetic anisotropy 
(IMA).26–28 In PMA systems, interfacial DMI is readily manifested 
through the formation of chiral spin textures and domain-wall 
dynamics, providing clear experimental signatures.16–18 In contrast, 
DMI is more subtle and often difficult to detect directly in IMA sys
tems, as the in-plane alignment of magnetization tends to suppress 
out-of-plane spin canting.29,30 Nevertheless, theoretical and experi
mental studies have suggested that, also in such systems, interfacial 
symmetry breaking and/or strain are expected to induce interfacial 
perpendicular magnetization.26,30

Recently, the antisymmetric planar Hall effect (APHE) has been 
used to detect perpendicular magnetization components.31–39 APHE 
can arise from distinct microscopic routes and, critically, provide a 
sensitive electrical probe of tiny out-of-plane spin canting. In topolog
ical semimetals (e.g., WTe2), planar Hall-type signals have been tied 
to Berry-curvature/chiral-anomaly physics.35 In oxide heterostruc
tures and rutile oxides (RuO2, IrO2), APHE has been observed due to 
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a symmetry-constrained Lorentz force mechanism.34,39 At SOC rich 
interfaces, theory shows that SOC-induced canting (and related aniso
tropies) can generate anisotropic/antisymmetric planar Hall voltages, 
positioning APHE as a practical readout of interfacial spin tilts that 
are difficult to access by bulk magnetometry.40

Here, we observe APHE resistance in Ta(5 nm)/Py(2 nm) 
bilayers that exhibit IMA.41,42 The signal is consistent with a small 
perpendicular magnetization localized at the Ta/Py interface. By engi
neering interfacial symmetry via seed layers (SiO2, MgO, and Al2O3) 
and post-growth annealing, we tune the amplitude and phase of the 
APHE. The signal is insensitive to field magnitude yet tightly linked 
to the orientation of the in-plane bulk magnetization and free from 
spin–orbit torque and Joule-heating artifacts. The results point to a 
strain-modulated interfacial DMI that couples bulk and interfacial 
spins, particularly in the low-strain film grown on Al2O3 (40 nm) seed 
layers. Further strain relaxation upon annealing enhances the anti
symmetric response in the same film. These results establish Ta/Py as 
a promising IMA platform in which interfacial DMI offers a practical 
route to unveil a previously unexplored pathway for inducing and 
manipulating perpendicular interfacial magnetization in HM/FM 
bilayers, offering new opportunities for the design and development 
of advanced multistate spintronic devices.

Multilayer stacks of Ta(5 nm)/Py(2 nm)/Ti(3 nm) and Ta(5 nm)/ 
Py(2 nm)/MgO(3 nm)/Ta(2 nm) were deposited on Si/SiO2(100 nm) 
substrates using ion beam deposition (IBD, Nordiko 3600) and mag
netron sputtering techniques (Nordiko 8800). Both deposition mod
ules are incorporated into a multi-chamber system, allowing for 
transfer without a vacuum break. Seed layers of MgO and Al2O3 were 
deposited by magnetron sputtering. Hall bars (1� 0.1 mm2) were fab
ricated from the above-mentioned multilayers by two-step laser pho
tolithography. In step 1, the Hall-bar geometry was patterned and 
etched using Ar-ion milling to define the magnetic structures. In step 
2, Cr(5 nm)/Au(50 nm) contact pads were patterned and subsequently 
deposited by magnetron sputtering, followed by lift-off. Grazing-inci
dence x-ray diffraction (GI-XRD, Cu-Ka, k¼ 1.540 56 Å) 2h scans 
were recorded in a Rigaku Smartlab x-ray diffractometer (results are 
given in supplementary material Sec. S1.6). Planar Hall effect (PHE) 
measurements were performed in a laboratory-built setup incorporat
ing two mutually orthogonal pairs of Helmholtz coils, each driven by 
an independent bipolar power supply, to generate in-plane magnetic- 
field components Hx and Hy. Field-magnitude (H) and angle (/) 
were swept by varying the coil currents, where we define 
H ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2

x þH2
y

q
and / ¼ atan2ðHy;HxÞ.

Figure 1 presents planar Hall effect (PHE) measurements on Hall 
bars fabricated from an Al2O3(35 nm)/Ta(5 nm)/Py(2 nm)/Ti(3 nm) 
stack. In Fig. 1(a), the PHE resistance ðRPHEÞ is plotted as a function of 
the angle ð/currentÞ of a 40 Oe in-plane magnetic field (H) relative to the 
direction of current (I). For this field, the in-plane magnetization ðMinÞ

is parallel to H. Normally, PHE follows RPHE ¼ R0 sinð2/Þ; where R0 
is a constant and / is the angle between the applied I and Min; namely, 
it is symmetric under magnetization reversal ð~M in ! −~M inÞ.41,43 

Nevertheless, we note that the peak values of RPHE at 45�, 135�, 225�, 
and 315� are not identical, suggesting an antisymmetric contribution. 
To separate the symmetric (SPHE) and antisymmetric (APHE) contri
butions to the PHE signals, we use the reciprocity theorem 
R12;34

PHE ðþHÞ ¼ R34;12
PHE ð−HÞ, where the first index pair (1–2 or 3–4) 

denotes the current leads and the second pair denotes the voltage 
leads.44,45 By exchanging current and voltage leads, we obtain RS

PHE 
¼ ðR12;34

PHE þ R34;12
PHE Þ=2 and RAS

PHE ¼ ðR
12;34
PHE − R34;12

PHE Þ=2, shown in Figs. 
1(b) and 1(c). More details on the decomposition of SPHE and APHE 
are given in supplementary material Sec. S1.1 (Fig. S1). The symmetric 
component follows RS

PHE ¼ RS
0 sinð2/Þ, whereas the antisymmetric 

component can be described by RAS
PHE ¼ RAS

0 cosð/ − /AS
0 Þ, where 

RS
0 and RAS

0 are the amplitudes of SPHE and APHE and /AS
0 is the 

angle where RAS
PHE attains its maximum. The inset of Fig. 1(c) displays 

RAS
PHEðHÞ for field sweeps taken at angles near the minimum (/current 
� 145�) and maximum (/current � 55�) of the APHE response. RAS

PHE 
remains close to zero at 145� but increases and saturates at 55�. To 
explore the origin of the antisymmetric component, we study its depen
dence on various parameters.

To find out whether RAS
PHE depends on /current (as RS

PHE), we fab
ricated Hall bars patterned at different angles relative to the wafer’s 
edge, awafer¼ 0�, 30�, 60�, 90�, 120�, and 150�. Figures 1(d) and 1(e) 
show RS

PHE and RAS
PHE, respectively, for the above-mentioned orienta

tions. As expected, RS
PHE of all the Hall bars collapse onto a single 

curve when plotted against the angle between Min and I (� /current). 
In contrast, RAS

PHE exhibits a monotonic shift in its peak position with 
awafer. However, the curves nearly coincide and exhibit a common 
maximum when the data in Fig. 1(e) are replotted in Fig. 1(f) vs 
/wafer, defined as the angle between Min and a fixed reference direc
tion in the wafer plane. Here, that reference direction was chosen 
arbitrarily as the current direction of the Hall bar with awafer ¼ 0�. 
This collapse shows that RAS

PHE is governed by a wafer-fixed structural 
axis rather than by the current direction. To reinforce this result, we 
tested this behavior in a pattern with three-crossing ellipses,41 where 

FIG. 1. (a) PHE resistance (RPHE) for a Hall bar fabricated from an Al2O3(35 nm)/ 
Ta(5 nm)/Py(2 nm)/Ti(3 nm) stack, plotted vs the in-plane field angle defined rela
tive to the current (/current). (b) Symmetric (RS

PHE) and (c) antisymmetric (RAS
PHE) 

components of RPHE. Lower inset: Schematic of a Hall bar and measurement con
figuration. Upper inset: Field dependence of RAS

PHE for in-plane sweeps at 55� and 
145�. In-plane angle sweeps of (d) RS

PHE and (e) RAS
PHE measured in Hall bars ori

ented at awafer¼ 0�–150� in 30� steps relative to the wafer edge. (f) RAS
PHE replot

ted as a function of the wafer-fixed angle /wafer, defined with respect to the 
current direction of the Hall bar at awafer¼ 0�.
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the I is driven to the same region in different directions. The outcome 
was unchanged—the relevant angle is between Min and a wafer-fixed 
axis, independent of the direction of I (see Fig. S2 in the supplemen
tary material).

The dependence of RAS
PHE on current amplitude is shown in 

Fig. 2, which presents the in-plane angle dependence of RAS
PHE mea

sured at H¼ 40 Oe for different values of I applied to a Hall bar. 
Neither RAS

PHE nor RS
PHE (inset) shows any discernible dependence on 

the magnitude of I. The demonstrated insensitivity to current direc
tion and amplitude excludes mechanisms rooted in spin–orbit tor
ques or Joule-heating–driven thermoelectric effects (e.g., Nernst-type 
signals).46–48 We also note that the amplitude of APHE is suppressed 
by � 50� in an otherwise similar wafer with a 10 nm Py layer 
[Fig. S3(b) in the supplementary material], consistent with an 
interface-dominated origin that is most pronounced for ultrathin Py.

Figures 3(a) and 3(b) show the angle dependence of RS
PHE and 

RAS
PHE measured under selected values of H applied in-plane. As H 

increases, the amplitude of RS
PHE grows and approaches saturation, con

sistent with improved alignment of Min. In contrast, RAS
PHE remains 

essentially unchanged in amplitude over the same field range, indicat
ing that the APHE is governed primarily by the orientation of Min 
rather than the magnitude of H. This field insensitivity also excludes 
artifacts such as an unintended out-of-plane field component caused 
by a slight mechanical tilt of the sample stage or Helmholtz coils. 
Figure 3(c) shows RS

PHE and RAS
PHE in a Hall bar as a function of in-plane 

field measured at /current¼ 135�. Sharp cusps in RS
PHE at H � 61 Oe 

mark the coercive field of the Py layer at which Min switches its direc
tion with field reversal and concomitantly RAS

PHE flips sign as well. 
Together, these observations establish the link between the antisym
metric component and the in-plane magnetization direction.

Figure 3(d) presents the antisymmetric Hall resistance ðRAS
HallÞ

measured while sweeping the out-of-plane field magnitude Hz (see 
inset), with the in-plane magnetization locked at selected angles by a 
constant in-plane bias Hxy¼ 40 Oe. All the traces are linear in Hz 
with an identical slope. The curves are simply offset vertically by an 
amount equal to the APHE magnitude at the corresponding in-plane 
angle [i.e., the Hz¼ 0 intercept reproduces RAS

PHEð/currentÞ]. Namely, 
the Hall effect due to the perpendicular field and the APHE add up, 
and the APHE is not affected by the perpendicular field at least in the 
range of 640 Oe.

Figure S3(a) in the supplementary material shows that the 
APHE phase /AS

0 varies among nominally identical horizontal Hall 
bars patterned at relatively remote positions (more than 2 cm apart) 
across the same wafer. Because these Hall bars are identical in geome
try and orientation, this observation suggests that local wafer- 
dependent structural variations, most likely strain, influence the 
APHE phase. To test this hypothesis, we tuned the interfacial strain 
by varying the seed layer beneath Ta/Py. Hall bars were fabricated 
from four wafers with the common stack Ta(5 nm)/Py(2 nm)/ 
MgO(3 nm)/Ta(2 nm) grown on Si/SiO2(100 nm) [SiO2–100], Si/ 
SiO2(100 nm)/MgO(5 nm) [MgO–5], Si/SiO2(100 nm)/Al2O3(20 nm) 
[Al2O3–20], and Si/SiO2(100 nm)/Al2O3(40 nm) [Al2O3–40]. APHE is 
observed in all the wafers (Fig. S4 in the supplementary material); its 
amplitude RAS

0 decreases for MgO–5, remains almost unchanged for 
Al2O3–20, and increases significantly when a thicker seed layer of alu
mina (Al2O3–40) is used (see Table I). All devices exhibit a small in- 
plane uniaxial anisotropy. Using the Stoner–Wohlfarth model, we 
extract the anisotropy field (Hk) and easy axis direction (/easy) as 
listed in Table I. Introducing MgO(5 nm) or Al2O3 (20 nm) slightly 
reduces Hk, whereas Al2O3 (40 nm) yields a pronounced reduction 
accompanied by a change in /easy.

A detailed analysis of the grazing-incidence x-ray diffraction 
(GI-XRD) confirms the seed layer-dependent out-of-plane contrac
tion in the bottom Ta layer (�? < 0, consistent with the in-plane ten
sile strain) with a clear trend: low jj�?jj ) lower Hk, and vice versa 
(see Table I and Subsec. S1.6, Figs. S6 and S7 in the supplementary 
material). Assuming that 10%–20% of the strain transfers into the 
2 nm Py layer and contributes to a magnetoelastic anisotropy, the esti
mated change in Hk between the higher- and lower-strain seeds 
(SiO2–100 vs Al2O3–40) could be in the order of 1.7–3.4 Oe, which is 
broadly compatible with the �2.6 Oe reduction inferred from the 
PHE measurements. This suggests a seed-induced, magnetoelastic 
control of Py’s in-plane anisotropy via strain. A thicker Al2O3 seed 
likely reduces lattice mismatch and stabilizes the Ta/Py stack, rotating 
/easy and further lowering Hk.

FIG. 2. RAS
PHE as a function of in-plane angle of H¼ 40 Oe measured with different 

current values (I¼ 10, 100, 500 lA, and 2 mA) applied to the Hall bar. Inset: 
Corresponding RS

PHE vs /current measured for the same current values.

FIG. 3. In-plane angle dependence of (a) RS
PHE and (b) RAS

PHE measured in a Hall 
bar in the presence of H¼ 5, 10, 20, 30, and 40 Oe. (c) In-plane field sweep of 
RS

PHE and RAS
PHE measured at /current¼ 135�. (d) Out-of-plane field (Hz) depen

dence of antisymmetric Hall resistance (RAS
Hall) measured with the in-plane magneti

zation held at selected angles by an in-plane bias field (Hxy¼ 40 Oe). Inset: 
Schematic of the out-of-plane field sweep configuration.

Appl. Phys. Lett. 128, 221601 (2026); doi: 10.1063/5.0326432                                                                                                                                                        128, 221601-3 
VC Author(s) 2026

Applied Physics Letters                                                                                             ARTICLE pubs.aip.org/aip/apl 

 27 O
ctober 2026 10:58:36

https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
pubs.aip.org/aip/apl


A detailed analysis of the annealing effect is given in the supple
mentary material (Subsec. S1.7). Annealing causes a reduction in Hk 

in general and reduces jj/AS
0 − /easyjj except for Al2O3–40, which is 

already low in the as-grown state (Table S2 and Fig. S9 in the supple
mentary material). Its effect on RAS

PHE is non-monotonic: it suppresses 
RAS

0 in the high-strain wafers (Al2O3–20, MgO–5, and SiO2–100) but 
enhances it in the low-strain wafer (Al2O3–40). These results suggest 
that annealing, together with control of /easy, provides a route to tune 
RAS

0 and /AS
0 .

Our measurements suggest that the most plausible origin of 
RAS

PHE is an anomalous Hall contribution arising from a small perpen
dicular component of the magnetization. The fact that RAS

PHE decreases 
as the Py layer is made thicker points to an interfacial source 
[Fig. S3(b) in the supplementary material]: as the film thickens, any 
interface-induced perpendicular magnetization is increasingly diluted 
by bulk Py, and its contribution correspondingly weakens.49

To account for the angular dependence of RAS
PHE, we consider an 

interfacial DMI that couples the in-plane bulk spins to interfacial 
spins with a preferred chiral alignment. In a simple classical picture, 
the DMI energy is HDM ¼ ~D � ð~S1 � ~S2Þ, where ~D is the DM vector, 
~S1 represents a bulk (Py) spin, and ~S2 an interfacial spin (Fig. 4). For 

clarity, take ~D ¼ Dxx̂ (in-plane) and constrain the bulk spin to the 
film plane, ~S1 ¼ S1xx̂ þ S1yŷ. That makes HDM ¼ DxS1yS2z, so the 
DMI selectively couples the in-plane y-component of the bulk spin to 
the out-of-plane z-component of the interfacial spin. Equivalently, the 
effective DM field (BDM) acting on ~S2 along ẑ scales as S1y / sin h, 
where h is the angle between ~D (the x axis in this toy model) and the 
in-plane magnetization direction. This immediately yields the 
observed angular behavior: RAS

PHE is maximized when the in-plane 
magnetization is perpendicular to ~D (i.e., when sin h is largest), 
because that is when the DMI most strongly induces an interfacial S2z 
and thus the largest anomalous Hall-like contribution. Correlating 
this model with our results, we infer that the effective in-plane DM 
vector ~D is locally set by the interfacial strain and morphology and 
lies perpendicular to the direction of maximum APHE ð/AS

0 Þ. While 
this model is simplified, its predictions for the phase and amplitude 
variations of RAS

PHE are consistent with the data, lending support to an 
interfacial DMI origin.

The observed phenomenon can be visualized analogously in 
Fig. 4 as a DMI miter gear where rotation of the in-plane magnetiza
tion drives an orthogonal interfacial response with a 1:1 gear ratio. 
Here, the radius vector of the horizontal wheel describes the direction 
of the in-plane magnetization, and the perpendicular projection of the 
radius vector of the standing wheel is proportional to the perpendicu
lar magnetization. Since the remnant perpendicular magnetization 
can be tuned continuously by rotating the in-plane magnetization, 
this may open a new route to out-of-plane memory readout, which 
could increase the storage density of multilevel in-plane magnetic 
memory elements.

In summary, we have observed and systematically analyzed an 
APHE effect in Ta/Py bilayers. The data support the emergence of 
interfacial perpendicular magnetization driven by DMI. The magni
tude and phase of the APHE are governed by the orientation of the 
in-plane bulk magnetization of Py. The APHE attains its maximum 
when the inferred DM vector is perpendicular to the in-plane magne
tization. Our detailed analysis of seed layer, strain, and annealing 
effects suggests that the direction and strength of the interfacial 
DMI—and hence the perpendicular magnetization—can be con
trolled through strain engineering. This may offer a pathway to novel 
spintronic devices that exploit chirality-controlled, multistate memory 
functionality. Extending this study to other HM/FM bilayers will be 
important for establishing the generality of the phenomenon.

TABLE I. Amplitude of the planar Hall resistance (R0), easy axis direction (/easy), uniaxial anisotropy field (Hk), amplitude of APHE (RAS
0 ), and the phase offset between the 

APHE peak and the easy axis (jj/AS
0 − /easyjj) for Ta/Py layers grown on different seed layers. Lattice parameters (a and c) and out-of-plane and in-plane strain (�?; �k) in 

bottom Ta layer. 

Transport and magnetic properties Structural properties

R0 /easy Hk RAS
0 jj/AS

0 − /easyjj a c �? �k
Wafer (mX) (deg) (Oe) (mX) (deg) (Å) (Å) (%) (%)

SiO2–100 66.22 141.9 4.78 0.78 70.1 10.366 5.220 −1.78 −1.49
MgO–5 54.62 147.9 4.52 0.56 61.8 10.480 5.223 −1.73 −0.41
Al2O3–20 65.13 152.8 4.55 0.76 58.3 10.759 5.211 −1.97 2.25
Al2O3–40 53.41 162.5 2.21 1.36 6.5 10.439 5.244 −1.33 −0.79

FIG. 4. A schematic representation of the in-plane control of interfacial perpendic
ular magnetization through DMI and an analogy with miter-gear rotation.

Appl. Phys. Lett. 128, 221601 (2026); doi: 10.1063/5.0326432                                                                                                                                                        128, 221601-4 
VC Author(s) 2026

Applied Physics Letters                                                                                             ARTICLE pubs.aip.org/aip/apl 

 27 O
ctober 2026 10:58:36

https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
https://doi.org/10.60893/figshare.apl.c.8477754
pubs.aip.org/aip/apl


See the supplementary material, available from the journal’s 
online library or from the authors. It includes PHE data measured in 
two different configurations and their decomposition into SPHE and 
APHE (Fig. S1); additional understanding of the exclusion of spin– 
orbit torque (SOT) contributions (Fig. S2); the role of the substrate 
and a thicker Py layer (Fig. S3); APHE across wafers with different 
seed layers (Fig. S4); fits to the PHE on-off data (Fig. S5); detailed 
analysis on GI-XRD data to extract strain and its relation with mag
netic anisotropy (Figs. S6 and S7); and the effect of annealing on mag
netic anisotropy and APHE (Figs. S8 and S9).
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