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Topological Hall-like magnetoresistance humps in anomalous Hall loops caused by planar Hall effect
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Achievement of various topological spin textures, such as magnetic skyrmion and chiral domain walls,
in heavy-metal/ferromagnet (FM) multilayer films with interfacial Dzyaloshinskii-Moriya interaction have at-
tracted enormous attention owing to their topological nature, emergent electromagnetic properties, and potential
applications in spintronics. The topological Hall effect (THE), an indicator to distinguish spin textures with
nontrivial topology from the trivial collinear magnetic configurations, is usually characterized by the dome-
shaped peak in anomalous Hall resistivity (AHR) loops. However, several other magnetoresistance effects could
also cause this aberrant hump in AHR curves. Here, we systematically study the AHR loops with these aberrant
humps under the coercivity μ0Hc as a function of the orientation of the magnetic field to the film plane in
several Pt/FM/Pt films. Combining the simulation model of AHR and planar Hall magnetoresistance (PHMR),
we demonstrate that this THE-like hump originates from the PHMR of the in-plane magnetization component
due to magnetization is not saturated below saturation field in the out-of-plane AHR loop measurements. Our
results indicate that the origin of these dome-shaped anomalous in transport measurements is manifold and
should be examined carefully.
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I. INTRODUCTION

Magnetoresistance (MR) is a fundamental phenomenon
that plays an essential role in understanding magnetism, elec-
tron transport, and various technological applications of spin
materials [1–5]. Up to now, various MR effects have been
discovered, including anisotropic magnetoresistance (AMR)
[3,6,7], anomalous Hall magnetoresistance [8], spin Hall mag-
netoresistance (SMR) [9–11], and so on. Among these, AMR,
discovered by William in ferromagnetic metals in 1857, is
an important physical phenomenon used first in spintron-
ics. AMR refers to the change of resistance, in which the
resistance, including longitudinal and transversal, relies on
the orientation of the magnetization direction relative to the
current flow in ferromagnetic materials. The transverse com-
ponent of AMR is also called the planar Hall effect (PHE)
despite the origin of PHE being different from the normal Hall
effect [12–14]. The conventional AMR and PHE of thin films
with in-plane magnetization are described as

ρxx = ρ0
xx + �ρ ip

xxm2
x , (1)

ρxy = �ρ ip
xymxmy. (2)

ρ0
xx is the resistivity when in-plane magnetization is ori-

ented perpendicular to the current flow defined by the x axis;
�ρ

ip
xx and �ρ

ip
xy denote the maximum resistivity changes due to

AMR and PHE, respectively. mx and my are the components of
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in-plane magnetization along the x- and y axis. Very recently,
however, Oepen et al. found that the inelastic-scattering prob-
ability at film interfaces is the largest for the magnetization
M normal to the film [15]. This will also cause an additional
AMR term, so-called anisotropic interface magnetoresistance
(AIMR), in which the film resistance changes with a rotating
M in the plane perpendicular to the current direction [see
Fig. 1(c)]. AIMR exhibits the cos2 β dependence, where β

is the angle between M and the film normal [15–17]. There-
fore, the general dependence of resistivity on magnetization
orientation is expressed by

ρxx = ρ0
xx + �ρ ip

xxm2
x + �ρop

xx m2
z . (3)

�ρ
op
xx denotes the maximum resistivity change due to

AIMR and mz is the magnetization component along the nor-
mal direction of the film, presented by the z axis. However,
there exist many works to refer �ρ

op
xx signature as a fingerprint

of SMR without considering the AIMR effect, especially for
thin films and heterostructures [18–20].

The anomalous Hall resistance (AHR) is another well-
known fundamental and subtle phenomenon due to magnetic
materials’ anomalous Hall effect (AHE). There are intrin-
sic and extrinsic mechanisms for AHE [21]. The former
is related to the Berry-phase curvatures and is, therefore,
the topological nature of the Hall currents due to break-
ing some basic symmetries, such as the exchange coupling
and the spin-orbit coupling breaking the time-reversal and
the chiral symmetries, respectively. The latter is correlated
to spin-dependent scattering due to disorder via the side-
jump and skew-scattering mechanisms. Generally, the AHE
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FIG. 1. (a)–(c) Schematic of longitudinal Rxx and transverse
magnetoresistance Rxy measurements and definition of applied mag-
netic field angles α, β, and γ . α, β, and γ rotating in xy plane,
yz plane, and xz plane, respectively. Applied current I is along x
axis. (d)–(g) Symbols: Experimental �Rxx/Rxx and �Rxy/Rxy as
function of angles α, γ , and β, defined in (a)–(c), measured at labeled
magnetic fields in corresponding panel. Magnetization M parallels
applied magnetic field μ0H in all these cases. Solid red curves are
fitting curves. Horizontal dashed lines represent values of R‖, Rt ,
and R⊥ defined in main text.

signal is proportional to the saturation magnetization Ms in
the ferromagnet, making the AHE one of the standard mag-
netometric techniques. In addition, spin-polarized carriers can
obtain an extra Berry phase when passing through a certain
real-space topological spin texture, resulting in lateral trans-
port of the carriers [22]. As a result of this lateral transport,
an additional Hall voltage characterized by an anomalous
dome-shaped peak will emerge in AHR loops, which is pro-
portional neither to the applied external magnetic field nor
to the total magnetization, named the topological Hall effect
(THE) [23–26]. Thus, THE, in turn, can be used to iden-
tify the topologically nontrivial spin textures, especially for
the skyrmion phase or magnetic bubble domains with chiral
domain walls in heavy-metal/ferromagnet (HM/FM) het-
erostructures with breaking of inversion symmetry [27–30].
However, as mentioned in AMR above, the observed addi-
tional dome-shaped Hall resistance in AHR loops would be
caused by various MR effects besides THE in various HM/FM
systems [31–33].

In this work, we demonstrate that the THE-like anoma-
lous peak signal in AHR loops is related to PHE rather than
THE of nontrivial spin textures, usually claimed in ultrathin
magnetic multilayers with hybrid HM/FM, after systemati-
cally investigating field-dependent AMR and AHE loops in
Pt/FM/Pt (FM = Ni/Py, Co/Ni) samples with in-plane mag-
netization. As the field is lower than the saturation field μ0Hs,
the magnetization of the FM layer has an in-plane component,

which will contribute an additional planar Hall magnetoresis-
tance (PHMR) signal to append to the AHR and generate a
dome-shaped peak under the μ0Hc in AHR loops. To pro-
vide further confirmation, we performed both the macrospin
model and micromagnetic simulations, which qualitatively
reproduce these experimental observations.

II. FABRICATION AND MAGNETORESISTANCE
CHARACTERISTICS OF SAMPLES

Thin films with the structure of Pt(4 nm)/
Ni(tNi)/Py(tPy)/Pt(1 nm) are deposited on Si/SiO2 substrate
using dc-magnetron sputtering at room temperature. The
base pressure is less than 2 × 10−8 Torr, and the Ar
operation pressure is 3 × 10−3 Torr. The dependence of
the magnetization on the external magnetic fields of the
films is measured using a vibrating sample magnetometer, as
shown in Supplemental Material [34] (see also Refs. [35–37]
therein). The longitudinal and transverse resistances are
measured using the standard four-probe technique. As shown
in Figs. 1(a)–1(c), the AMR and PHMR are measured with
a rotating external magnetic field higher than the saturation
field in three typical planes. The electrical current I is
applied along the longitudinal direction (x axis) of the ribbon
sample. Figures 1(d)–1(g) show that the MR value exhibits
the following rule: R‖ > R⊥ > Rt , which is identical to
the well-known AMR in most ferromagnetic metals [15–17],
where R‖, Rt, and R⊥ are the longitudinal (M ‖ I with in-plane
M), transverse (M⊥I with in-plane M), and perpendicular
(M⊥I with out-of-plane M) resistances, respectively. This
characteristic indicates that the MR of the studied Pt/Ni/Py
samples is dominated by the AIMR. The PHMR �Rxy/Rxy(α)
exhibits a cos α sin α dependence [Fig. 1(e)], consistent with
the PHE [13,14].

III. RESULTS AND DISCUSSION

A. In-plane magnetic field dependence of magnetoresistance

First, the longitudinal resistance Rxx of the sample was
measured by sweeping an in-plane magnetic field with dif-
ferent in-plane angles α, as defined in Fig. 2(a). Based on
the AMR effect, the angular-dependent Rxx exhibits a co-
sine function with a period of 180◦. Therefore, as shown in
Fig. 2(d), Rxx has the maximum value at α = 0◦ and 180◦,
the median value at α = 45◦ and 135◦, and the minimum
value at α = 90◦. The same experiments were repeated for the
transverse resistance Rxy. Compared to the angular-dependent
Rxx, the angular-dependent transverse resistance Rxy has a
phase shift of 45◦, as shown in Fig. 1(e). Therefore, Fig. 2(c)
shows that Rxy has the maximum and minimum values at
α = 45◦ and 135◦, respectively. Note that in these longitudinal
and transverse resistances versus the in-plane μ0H loops, two
sharp peaks or dips appear around μ0Hc = 0.5 mT. Similar
peaks and dips are also observed at Rxy(H ) loops with the
out-of-plane field, as shown in Fig. 3(b). These peaks and
dips are related to the combination of AMR and multidomain
structure due to magnetization switching around μ0Hc, which
will be discussed in detail in the micromagnetic simulation
below [38,39].
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FIG. 2. (a) Schematic of field-dependent magnetoresistance measurement and definition of angle α between in-plane field μ0H and current
flow I. (b), (c) Longitudinal (b) and transverse (c) resistances under in-plane magnetic field with different angles α.

B. Out-of-plane magnetic field dependence of Hall resistance Rxy

To explore the possible interesting magnetic properties
in these hybrid films, we further studied the transverse re-
sistance Rxy signals as a function of the near out-of-plane
external magnetic field μ0H , as shown in Fig. 3(a). Fig-
ure 3(b) shows Rxy vs μ0H loops with different orientations
of μ0H for Pt(4)Ni(2.0)Py(1.5)Pt(1) sample. The peak or dip

appearing near zero out-of-plane fields has the same origin as
the observed peak or dips in the in-plane Rxx and Rxy. Besides,
a pronounced hump appears in the fields lower than the coer-
cive field μ0Hc, significantly different from the conventional
AHE [40]. These dome-shaped peaks in the AHR loops seem
to correlate to various topological spin texture-induced THE
[28,41,42], such as inverse Heusler thin-film Mn2RhSn [28].

FIG. 3. (a) Schematic of transverse resistance Rxy measurements and definition of applied magnetic field angles β and γ , β and γ rotating
in the yz plane and xz plane, respectively. (b)–(d) Experimental (b), macrospin model (c), and micromagnetic simulation (d) of Rxy vs μ0H
under near out-of-plane magnetic field with fixed β = 1◦ and several different γ , as labeled in panel, for Pt(4)Ni(2.0)Py(1.5)Pt(1) sample.
(e) Magnetization snapshots obtained by micromagnetic simulation at labeled μ0H with fixed β = 1◦ and γ = 1◦. Arrows represent in-plane
component of M. Colors represent out-of-plane component of M.
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However, THE cannot be the only origin of the observed
humps in the transverse resistivity. The inhomogeneous mag-
netoelectric properties related to various MR effects discussed
above can also cause these aberrant behaviors [31–33,43,44].
For example, Fu et al. reported that two types of aberrant
humps observed near the magnetization-compensation tem-
perature TM in ferrimagnetic CoGd alloys are related to the
spin-flop behavior and the composition inhomogeneity of
CoGd alloys, respectively [31]. Kan et al. reported that typical
humps of the AHE in SrRuO3 would also be related to the
inhomogeneous magnetoelectric properties of the film [33].
Chen et al. suggest that these THE-like hump features in
synthetic antiferromagnetic and synthetic ferromagnetic mul-
tilayers result from the opposite coefficient of the AHE among
different sublayers or interfaces due to the interfacial Pd-Co
intermixing [32].

The observed dome-shaped peaks in our Pt/Ni/Py/Pt films
are similar to them. However, after careful analysis of various
MR effects mentioned above, we find that the PHE due to
the in-plane component of magnetization M can explain the
abnormal humps of the AHR near μ0Hc. The reasons are
as follows. When μ0H is below μ0Hc, M has an in-plane
component, contributing an additional PHMR signal to ap-
pend to the AHR. As mentioned before, the PHE depends
on the direction of the in-plane magnetization, which is de-
termined by the in-plane orientation and magnitude of the
applied out-of-plane field μ0H . Therefore, we choose several
deviation angles β (γ ) of the external magnetic field from
the z axis towards the y axis (x axis), defined in Fig. 3(a), as
examples to illustrate the observed humps near μ0Hc arising
from PHMR. Figure 3(b) shows several representative results
of Rxy vs μ0H obtained at β = 1◦ and six selected angles:
γ = −10◦, − 2◦, − 1◦, 1◦, 2◦, and 10◦. According to the
symmetry of the PHE [as shown in Fig. 1(e) and Fig. 2(c)],
a maximum resistance of the PHE is expected for the magne-
tization in-plane angle α = 45◦ corresponding to β = γ =
1◦, while a minimum is at α = 135◦ (β = 1◦ and γ = −1◦).
These maxima and minima will result in the abnormal dome
and valley in Rxy vs μ0H loops in Fig. 3(b).

C. Numerical results of the macrospin model
and micromagnetic simulations

To further confirm the deduction, we perform the numeri-
cal calculation of Rxy vs μ0H loop using a general analytic
formula including the ordinary Hall effect (OHE), AHE, and
PHE:

ρxy = ρ0Hz + �ρAHEmz + �ρ ip
xymxmy, (4)

where ρ0, �ρAHE, �ρ
ip
xy are the OHE, AHE, and PHE co-

efficients, respectively. mx, my, and mz are the normalized
magnetization components M

Ms
along the x-, y-, and z axis,

respectively. We can obtain the orientation of magnetization
under different magnetic fields by minimizing the system’s
total energy, and the data are shown in Supplemental Ma-
terial, Note 2 [34]. Figure 3(c) shows the calculated results
of the macrospin model at the selected angles β and γ of
the external field, reproducing the experimentally observed
anomalous hump, as shown in Fig. 3(b). To better illustrate
the evolution process of the magnetic texture with the tilted

TABLE I. Summary of fitting parameters for angular-dependent
MR experiments and numerical calculation humps in Rxy vs μ0H .

tNi/tPy (nm) �Rxy

Rxy
(PHE fitting) �Rip

xy (calculation)

2.0/1.5 0.012 ± 0.001 0.013 ± 0.001
2.5/1.5 0.023 ± 0.001 0.025 ± 0.002
3.0/1.5 0.011 ± 0.001 0.007 ± 0.001
2.5/1.0 0.019 ± 0.002 0.012 ± 0.002
0.0/4.0 0.020 ± 0.001 0.027 ± 0.002

magnetic field, we further performed the micromagnetic sim-
ulations of the M vector as a function of μ0H with β = 1◦
and γ = −10◦,−2◦,−1◦, 1◦, 2◦, and 10◦ by using OOMMF

code with material parameters M = 3.0 × 105 A/m. The sim-
ulated volume is a square of 1 µm × 1 µm with a thickness
of 3.5 nm, which is divided into 5 × 5 × 3.5 nm3 cells. To
get the MR hysteresis loops, we first integrate all individual
M vectors obtained by OOMMF simulation into an average
magnetization vector m (mx, my, mz), then use the MR-effect
equation [Eq. (4)] to convert the simulated M vs μ0H loops to
Rxy vs μ0H loops. Figure 3(d) shows the representative simu-
lation results of Rxy vs μ0H loops at the selected angles β and
γ of the external field, consistent with the macrospin model
and well reproducing the experimentally observed anomalous
hump at 0.25 mT and sharp peaks or dips near zero fields.
Figure 3(e) shows the magnetization snapshots obtained at
the six representative μ0H with a fixed β = 1◦ and γ = 1◦.
As discussed above, the m has a significant in-plane magneti-
zation component along the in-plane field component for the
fields lower than the coercive field μ0Hc [Fig. 3(e)], which
generates a pronounced hump due to the AMR effect. The
multidomain structure appears at the low fields due to the
competition among the exchange energy, Zeeman energy, and
demagnetization energy, which gives rise to the peaks or dips
in Rxy vs μ0H curves due to the AMR effect.

D. Experimental results and numerical results for other FM
multilayer systems

To see if this anomalous behavior is universal for other
similar multilayer systems, we repeat the measurements and
numerical calculations of Rxy vs μ0H loops for a series of
Pt(4)/Ni(tNi)/Py(tPy)/Pt(1) samples with different FM thick-
nesses. First, we measure the PHMR as a function of the
in-plane field angle α at μ0H = 0.1 T, higher than the sat-
uration field of these materials, as shown in Fig. 4(a). Rxy

of Pt(4 nm)/Ni/Py/Pt(1 nm) systems with different Ni or Py
thicknesses can be well fitted by a cos αsin α function, con-
sistent with the PHE. The PHE parameters �Rxy

Rxy
are fitted and

summarized in Table I. Figure 4(b) shows Rxy vs μ0H results
with β = γ = 1◦. All samples show pronounced humps near
the field lower than the coercive field Hc. As we know, the
AHE of the FM is known to be proportional to the saturation
magnetization Ms, i.e., ρAH

xy = RsMs, where Rs is the anoma-
lous Hall coefficient. From the hysteresis loops characterized
by vibrating sample magnetometer (VSM), we can deduce
the out-of-plane magnetic field dependence of RAH

xy only arise
from AHE [shown in Fig. 4(b), red square]. The residual �Rxy
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FIG. 4. (a) Symbols: Experimental �Rxy

Rxy
as function of in-plane field angle α for Pt/(Ni/Py or Py)/Pt samples. Solid red lines: Fitting

curves using PHE model. (b) Experimental transverse resistance Rxy vs μ0H loops (solid black circle) under near out-of-plane magnetic field
μ0H with γ = 1◦ and β = 1◦ and normalized AHR RAHE vs μ0H calculated from M vs μ0H loops (red square) measured by VSM. (c)
Experimental Rxy after being subtracted from RAHE background as function of μ0H with γ = 1◦ and β = 1◦ (black circle) and simulation
curves (red line).

with a hump below Hc after subtracting RAH
xy from the total Rxy

is shown in Fig. 4(c) (symbol). These residual �Rxy curves
can be well fitted by using PHMR ∼ �Rip

xymxmy with the
parameter �Rip

xy in Table I. The solid red lines are the fitting
results in Fig. 4(c).

The corresponding MR ratios �Rxy/Rxy extracted from
in-plane PHE and the parameter �Rip

xy used in out-of-plane
PHMR simulation are summarized in Table I. As one can see,
the parameters �Rip

xy used in the simulation in Fig. 4(c) well
agree with the planar Hall coefficient obtained by fitting the
PHE as a function of the in-plane field angle, as shown in
Fig. 4(a). Moreover, Pt(5)/[Co(0.2)/Ni(0.6)]10/Pt(1), as shown
in Supplemental Material, Note 3 [34], and the previously
reported Pt/yttrium iron garnet [45] with in-plane anisotropy
also exhibit a similar hump in Rxy vs μ0H loops, indicating
that it is a universal phenomenon arising from the PHE for
many magnetic thin-film systems without any topological spin
textures.

IV. CONCLUSIONS

In summary, the field- and angular-dependent MR in
Pt/Ni/Py/Pt and Pt/[Co/Ni]n/Pt samples were investigated for
both in-plane and out-of-plane orientations. In-plane angular-

dependent Rxy and Rxx curves show that these hybrid systems
exhibit a strong AIMR besides the conventional AMR/PHMR.
Out-of-plane Rxy vs μ0H exhibits aberrant humps, like the
THE-induced Hall resistance, which strongly depends on the
deviation angle of the field. After performing systematic mea-
surements and careful analysis, we demonstrate that these
THE-like humps observed in Rxy vs μ0H loops are caused
by the PHE of the in-plane magnetization component due to
magnetization that is not saturated below the saturation field,
which is a universal effect existing in many magnetic systems.
Therefore, our findings warn that more attention should be
paid to abnormal surprises in MR measurements and avoid
excessive attribution to the topological Hall effect.
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