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The planar Hall effect (PHE), which originates from anisotropic magnetoresistance, presents a qualitative and simple
approach to characterize electronic structures of quantum materials by applying an in-plane rotating magnetic field to induce
identical oscillations in both longitudinal and transverse resistances. In this review, we focus on the recent research on the
PHE in various quantum materials, including ferromagnetic materials, topological insulators, Weyl semimetals, and orbital
anisotropic matters. Firstly, we briefly introduce the family of Hall effect and give a basic deduction of PHE formula
with the second-order resistance tensor, showing the mechanism of the characteristic π-period oscillation in trigonometric
function form with a π/4 phase delay between the longitudinal and transverse resistances. Then, we will introduce the four
main mechanisms to realize PHE in quantum materials. After that, the origin of the anomalous planar Hall effect (APHE)
results, of which the curve shapes deviate from that of PHE, will be reviewed and discussed. Finally, the challenges and
prospects for this field of study are discussed.

Keywords: anisotropy, magnetoresistance, planar Hall effect

PACS: 75.47.–m, 73.43.Qt, 85.75.Nn, 75.30.Gw DOI: 10.1088/1674-1056/acb91a

1. Introduction
In condensed matter physics, particles are subjected to

a periodic potential field and specific boundary conditions to
exhibit interesting excitation behaviors, which could be re-
garded as the counterpart of high-energy physics particles
such as Dirac fermions and Weyl fermions.[1–8] The inves-
tigation and modulation of these excitation behaviors are of
particular interest due to their potential applications. Usually,
by applying the external perturbation, the excitation behavior
could be drastically modulated. For example, an out-of-plane
magnetic field would bring transverse velocity to longitudinal
moving electrons in the two-dimensional (2D) electronic sys-
tem, forming the series of discrete bounding states called Lan-
dau level.[9–11] The Landau level evolves into Landau band
with energy dispersion along the magnetic field direction in
the three-dimensional (3D) system due to the extra space free-
dom of electrons. The well-known Landau level and Landau
band are direct manifestations of magnetic field induced elec-
tronic circular motion, generating a number of fascinating Hall
effects with the strong correlation to the underlying physics in
different matters.[12–15]

For the most studied Hall effect measurements, the mag-
netic field is applied perpendicular to the current and the plane
attached by Hall electrodes. The magnetic field leads to the
accumulation of charges along the transverse direction of the
current, where the Hall resistance provides the information on
the charge carrier density and mobility.[16,17] An intrinsic mag-

netic moment in the magnetic materials can give rise to a Hall
signal deviating from linear behavior due to the interplay of the
magnetic moment and external magnetic field, i.e., anomalous
Hall effect.[18–20] Furthermore, the spin–orbit coupling (SOC)
strength plays the crucial role in the (inverse) spin Hall effect,
resulting in the accumulation of spin polarization in the trans-
verse direction.[21–23] For the planar Hall effect (PHE), the di-
rection of the external magnetic field is in the plane attached
by Hall electrodes, which is distinct to the above mentioned
Hall effects. In general, PHE results from the anisotropic
magnetoresistance (AMR) parallel with and perpendicular to
the in-plane rotational magnetic field (B) by the measure-
ments of the longitudinal and transverse resistances (Rxx and
RPHE

yx ). The origin of PHE could be correlated to the intrinsic
magnetism, topological property, and anisotropic Fermi sur-
face, providing an effective method to explore and to identify
the potential physics in different quantum materials.[24,25,46]

There are two specific features for PHE: the first one is the π-
period oscillation with the shape of trigonometric function of
the angle between B and the applied current; the second one
is the 45◦ phase (ϕ) difference between Rxx curve and RPHE

yx

curve. Strikingly, some PHE measurements exhibit distorted
signal from trigonometric function, which may be the reflec-
tion of the correction of weak antilocalization, current jetting
effect, anisotropic orbital magnetoresistance, and other com-
plex magnetisms.[40–46] In this review, we call these distorted
behaviors as anomalous planar Hall effect (APHE). Recent re-
search indicates that APHE measurement could give a rather
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simple method to obtain spin texture information and crystal
symmetry of quantum materials.[40,44–46] Therefore, as a spe-
cial member in Hall family, PHE possesses tremendous poten-
tial applications to identify or to confirm the fascinating prop-
erties in quantum materials.

In this review, we begin with introducing the family of
Hall effect and the origin of PHE in Section 2. In Section 3,
we summarize the experimental progress of PHE in ferromag-
netic materials, which are caused by coupling between mag-
netic moment (M) and B. In Section 4, the PHE originated
from topological nontrivial band structure is discussed. The
spin–momentum locking effect induced backscattering forbid-
den and chiral anomaly between Weyl nodes provide PHE sig-
nal in the surface of topological insulators and Weyl semimet-
als, respectively. In Section 5, we introduce the mechanism of
orbital magnetoresistance which is generated by anisotropic
Fermi surface in the presence of in-plane sweeping magnetic
field. In Section 6, the distorted PHE with possible explana-
tions is discussed. The origins of some kinds of APHE are
still remain mysterious. At the last part, we give a brief sum-
marization of this review and the outlook in this field.

2. Family of Hall effect
Hall effect, as one of most basic measurements of carrier

density and mobility, was firstly proposed in 1879 by Edwin
Hall to describe the transverse voltage difference in a solid
material with an applied longitudinal electric current and an
out-of-plane magnetic field. As shown in Fig. 1(a), the charge
carriers accumulate along the transverse sides by Lorentz force
to provide the electric field force hindering the transverse mo-
tion of the following charge carriers. The ideal Ryx would
show a linear relationship towards the magnetic field, with the
slope k ∝ 1/n, where n is the carrier density, and the sign of
the slope represents the type of dominant carriers.[47–49] In an
ideal 2D system, the discrete Landau level under the magnetic
field emerges to cause perfect quantization resistance plat-
form in Ryx, resulting in the integer or fractional quantum Hall
effect.[14,50] Significantly, the perfect quantization in Ryx im-
plies the discrete feature of quantum mechanism, which sheds
light on studying the topology and geometric phase (Berry
phase) in condensed matter physics. Some ferromagnetic ma-
terials with intrinsic magnetic moment can achieve anoma-
lous Hall effect without applying magnetic field, as shown in
Fig. 1(b). Furthermore, 2D clean system with out-of-plane fer-
romagnetism can achieve zero-field quantized platform, which
is classified as quantum anomalous Hall effect. The first ex-
perimental realization of quantum anomalous Hall effect was
conducted in ultra-high-quality Cr doped topological insulator
thin film, showing perfect quantization without external mag-
netic field at 30 mK.[19] The spin of electrons can also accu-
mulate at edges of samples as shown in Fig. 1(c). The charge

current in a system with strong SOC adds different lateral ve-
locities to carriers depending on their spin orientation due to
the imbalance of spin-up and spin-down electrons, as shown in
Fig. 1(d).[21,23] The electrons residing in 1D spin–momentum
locked states in the topological boundary states of 2D topolog-
ical insulators can be considered as a counterpart of spin Hall
effect in quantum regime (zero net charge current).[2,15]

Fig. 1. (a) Schematic of ordinary Hall effect, where the black and red ar-
rows indicate magnetic field B and current density J. The blue balls and
white balls represent electrons and holes, respectively. (b) Schematic
of anomalous Hall effect, where the orange arrows indicate magnetic
moment M. (c) Schematic of spin Hall effect with the spin-up and spin-
down electrons separated by SOC to accumulate at opposite side, where
the net current perpendicular to J is zero. (d) Schematic of inverse spin
Hall effect with an injected spin current density Js represented by the
green arrow. The net current perpendicular to Js is nonzero because
of the inequality of spin-up and spin-down electrons. (e) Schematic of
thermal Hall effect with a temperature gradient ∇T shown by the yellow
arrow. An out-of-plane magnetic field drifts the electrons perpendicu-
lar to ∇T . (f) Schematic of PHE, with ϕ defined as the angle between
in-plane magnetic field and applied electric field (current density). The
anisotropic scattering of electrons is manifested in both directions par-
allel with and perpendicular to the current density.

In heat transport regime, thermal Hall effect exhibits sim-
ilar behavior as electric Hall effect, as displayed in Fig. 1(e),
where the carriers diffusion is evoked by the temperature gra-
dient instead of bias voltage. More specifically, the tem-
perature gradient induces different electron–phonon coupling
strength along the direction, evoking carriers group velocity
between the hot end and the cold end.[51,52] The trajectory of
electrons is bent under the out-of-plane magnetic field, result-
ing in the accumulation of transverse voltage. If the system
possesses intrinsic ferromagnetism, transverse voltage differ-
ence can be observed at zero external magnetic field, namely,
anomalous Nernst effect.[53,54] Noticing that the electric cur-
rent may induce heat difference by Joule heat which leads to
the Nernst effect, and heat difference may also induce volt-
age difference to generate electric current. Therefore, the ther-
mal Hall effect and electric Hall effect usually coexist with the
variation of intensity.

The schematic of PHE measurement is shown in Fig. 1(f),
where ϕ is defined as the angle between magnetic field and
electric current. The anisotropy of the system gives different
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response of scattering process, causing the variation of resis-
tance towards different directions, i.e., R|| 6= R⊥, where R|| and
R⊥ are the resistances parallel with and perpendicular to the
magnetic field, respectively. For the measurement coordinate
is correlated to the electric current (i.e., the resistances paral-
lel with and perpendicular to electric current, Rxx and RPHE

yx ),
transformation of the coordinate correlated to magnetic field
needs to be conducted. The second-order resistance tensor is
convenient to describe the transformation, a 2D system with
magnetic field along x direction could be described as[24,25,46](

E ′x
E ′y

)
=

(
R‖ 0
0 R⊥

)(
J′x
J′y

)
, (1)

where E ′x and E ′y are the electric fields along x and y directions,
respectively, and the J′x and J′y are the current densities along
x and y directions, respectively. Due to the zero off-diagonal
elements, it is reasonable to convert Eq. (1) into conductance
expression by inversing the resistance matrix (inverse each di-
agonal element)(

J′x
J′y

)
=

(
R‖ 0
0 R⊥

)−1( E ′x
E ′y

)

=

(
R−1
‖ 0
0 R−1

⊥

)(
E ′x
E ′y

)
=

(
G‖ 0
0 G⊥

)(
E ′x
E ′y

)
, (2)

where G‖ and G⊥ represent the conductances along x and y

directions, respectively. Generally, the resistance expression
is used to describe PHE, so here we adopt Eq. (1) for further
discussion. Once the in-plane magnetic field rotates after the
angle ϕ , 2D rotation matrix 𝑇 needs to be introduced,

𝑇

(
E ′x
E ′y

)
= 𝑇

(
R‖ 0
0 R⊥

)
𝑇 †𝑇

(
J′x
J′y

)
, (3)

𝑇 =

(
cosϕ −sinϕ

sinϕ cosϕ

)
, (4)

where 𝑇 transforms the magnetic field relevant coordinate to
the electric current relevant coordinate. After applying this
transformation, Eq. (3) could be written as

(
Ex
Ey

)
=

(
cosϕ −sinϕ

sinϕ cosϕ

)(
R‖ 0
0 R⊥

)(
cosϕ sinϕ

−sinϕ cosϕ

)(
Jx
Jy

)
=

(
R⊥+(R‖−R⊥)cos2ϕ

(
R‖−R⊥

)
sinϕ cosϕ(

R‖−R⊥
)

sinϕ cosϕ R⊥+(R‖−R⊥)sin2ϕ

)
. (5)

If we define the current direction along x axis, Jy = 0 and the
final expression of PHE could be obtained as

Rxx = R⊥+
(
R‖−R⊥

)
cos2

ϕ, (6)

RPHE
yx =

(
R‖−R⊥

)
sinϕ cosϕ. (7)

According to Eqs. (6) and (7), the two key characteristics of
PHE, trigonometric function oscillation and the 45◦ phase dif-
ference, can be clearly implied. The anisotropy of the system
(∆R = R‖−R⊥) under the magnetic field determines the am-
plitude of PHE oscillation. In a perfect isotropic 2D system,
the amplitude equals to zero, leading to the disappearance of
PHE. While in a strong anisotropic 2D system, the amplitude
is large, leading to extensive PHE. It should be noted that the
field-dependent measurement of PHE would provide symmet-
ric signal towards B, contradicting to the ordinary Hall effect
which is antisymmetric towards B. The origin of PHE am-
plitude may be complicated, and different quantum materials
may possess diverse mechanisms to provide the anisotropy.

The misalignment of magnetic field and electrodes can
evoke immense deviation from theoretical predictions. Usu-
ally, the misalignment of magnetic field and electrodes would
generate ordinary Hall effect signal (ROHE

yx ) and the longitudi-
nal AMR signal (Rxx), respectively. Therefore, the measured
transverse resistance can be expressed as

Ryx = RPHE
yx +ROHE

yx +Rxx. (8)

The above three terms have different period or symmetry to-
wards angle ϕ . Firstly, RPHE

yx and ROHE
yx are antisymmetric to-

wards ϕ , but Rxx is symmetric towards ϕ . The overall trans-
verse resistance can be divided into two parts

R′yx = RPHE
yx +ROHE

yx = (Ryx (ϕ)−Ryx (−ϕ))/2, (9)

Rxx = (Ryx (ϕ)+Ryx (−ϕ))/2. (10)

Then, RPHE
yx and ROHE

yx can be separated by the period differ-
ence, where the former is π-period but the latter is 2π-period.
This process can be expressed by

RPHE
yx = (R′yx (ϕ)+R′yx (ϕ +π))/2, (11)

ROHE
yx = (R′yx (ϕ)−R′yx (ϕ +π))/2. (12)

As for the field-dependent measurement, similar process can
be conducted to obtain RPHE

yx (strictly symmetric signal to-
wards B). Thus, the influence of misalignments on the mea-
sured results can be effectively eliminated. After figuring out
the basic mechanisms of PHE measurement, we next discuss
the origin of anisotropy in the quantum materials.

3. PHE in ferromagnetic materials
Theoretically, the thin films made up by 3d ferromag-

netic elements, such as Fe, Co, Ni, are predicted to show PHE
due to their in-plane magnetization.[55–57] In experiments, the
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PHE was firstly observed in ferromagnetic materials, such as
(Ga,Mn)As, Fe3O4, Fe3Si thin films, where the scattering pro-
cess of electrons can be largely influenced by spin orienta-
tions. The PHE signal can be adjusted by both the intrinsic
magnetism and the extrinsic magnetic field.[24–26] In ferro-
magnetic materials, when temperature is lower than the tran-
sition temperature, the spin orientations tend to align unidi-
rectionally. A strong enough external field would alter the di-
rection of spin polarization, inducing an identical PHE behav-
ior as suggested by Eqs. (6) and (7) with an in-plane sweep-
ing magnetic field. When the magnetic field is large enough
to saturate the magnetic moment in a sample, the rotation of
in-plane magnetic field possesses the identical role of the ro-
tation of in-plane magnetic moment, leading to the observa-
tion of ideal PHE (the effective value of B may change due
to the function of magnetic moment). However, when the
magnetic field is relatively small, the interaction among ex-
ternal field, internal magnetic momentum, and scattering pro-
cess of carriers can be complex and remained unclear, re-
sulting in the deviated PHE signal from ideal trigonometric
function.[25] As shown in Fig. 2(a), with the increase of the
magnetic field, the angle-dependent PHE transforms from dis-
torted shape to normal trigonometric function, where the blue
solid lines and red dashed lines indicate positive and nega-
tive sweeping directions of the magnetic field, respectively.
This distortion can be observed even more clearly in field-
dependent PHE measurement, as shown in Figs. 2(b) and 2(c),
where there are two jumps in each sweeping process. The
positions of the first jumps are almost the same but the po-
sitions of the second jumps vary with ϕ , where the two jumps
overlap at ϕ = ±30◦. This peculiar phenomenon has been
attributed to domain reversal with anisotropic magnetocrys-
talline energy surface, but still parts of the observations remain
mysterious.[25,58] Notice that magnetic system usually shows
high conductivity, resulting in the low signal-to-noisy ratio of
PHE measurement. The best signal of PHE in magnetic sys-
tem is reported in ferromagnetic semiconductor (Ga,Mn)As
thin film, where the highly resolved PHE is 4 orders higher
in intensity than the previous PHE results in metallic mag-
netic materials.[59,60] In Fe3O4 thin films, strong PHE signals
have also been observed when temperature is lower than the
Verway transition point, although the clear angle-dependent
PHE evidence is absent.[26] Interestingly, the Berry phase can
also influence PHE in Heusler alloy Fe3+xSi1−x, which is at-
tributed to the magnetic interaction with the reduced crystal
symmetry.[24] The factors in magnetic system , e.g., magnetic
domains and disorder, affect the anisotropy and provide both
opportunities and challenges to understand the complex mech-
anism of magnetic anisotropy. Furthermore, it is proposed that
the PHE in magnetic thin films has the potential to build mag-
netic random-access memory to replace the magnetic tunnel

junction.[61,62]

Fig. 2. (a) Angle-dependent PHE measurement under different magni-
tude of external magnetic field.[25] The blue solid lines and red dashed
lines represent the sweeping of positive and negative magnetic fields, re-
spectively. (b) Field-dependent PHE measurement at different ϕ , where
the blue lines and red dashed lines indicate the left sweeping and right
sweeping processes, respectively.[25] (c) Polar plot with extracted jump-
ing positions in (b), where at ϕ =±30◦ the two jumps overlap.[25]

4. PHE in topological non-trivial materials
As one of the quantum materials, topological non-

trivial materials have evoked tremendous interests in the con-
densed matter physics due to their fascinating mechanisms
and potential application of spintronics. The unique bulk–
boundary correspondence provides novel properties in topo-
logical insulators and Dirac/Weyl semimetals, resulting in the
topological surface states and Fermi arcs with special spin
orientations.[1–8] PHE can be achieved in these materials due
to the anisotropy originated from topological surfaces states
and chiral anomaly between Weyl nods, providing the trans-
port methods to analyze the topological non-trivial character-
istic.

For topological insulators, the strong SOC induces in-
version of energy bands, and opens topological non-trivial
gap with topological surface states residing in it, as shown in
Fig. 3(a). Taking 3D strong topological insulators in Fig. 3(b)
as an example, the topological surface states possess the two-
fold degenerated Dirac points at each surface (namely, the he-
lical surface states). The topological surface states are occu-
pied by the spin–momentum locked carriers, leading to the
prohibition of electrons backscattering.[1,2] The key issue to
retain the spin–momentum locking states is the reservation of
time-reversal symmetry. Generally, a magnetic field perpen-
dicular to spins would break time-reversal symmetry, lifting
the prohibition of electrons backscattering in topological sur-
face states.[27–29] The electrons moving parallel with magnetic
field have the spins perpendicular to the magnetic field, caus-
ing the time-reversal breaking process and finally increasing
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the resistance along this direction. On the contrary, the elec-
trons moving perpendicular to magnetic field may have the
spins parallel with the magnetic field, preserving the time-
reversal symmetry and keeping the prohibition of backscat-
tering. This process contributes to the increase of the resis-
tance parallel with the magnetic field (R‖) and the unchanged
resistance perpendicular to the magnetic field (R⊥) in topo-
logical surface states with the in-plane magnetic field, result-
ing in the anisotropy acquired by PHE (∆R > 0), as shown
in Fig. 3(c).[27] The PHE and AMR results in topological
insulator thin film Bi2−xSbxTe3 are displayed in Figs. 3(d)
and 3(e), respectively, where clear positive amplitude can be
observed.[28] The amplitude of PHE originated from topolog-
ical surface states has different dependence towards the in-
tensity of the magnetic field, which has been identified as
quasi-linear or linear tendency.[27,28] As shown in Fig. 3(f),
the shape of PHE strictly follows trigonometric function and
the amplitude shows a good linear field-dependent behav-

ior at high magnetic field, contradicting with the predicted
parabolic field-dependence originated from chiral anomaly
and orbital magnetoresistance.[27,32] However, there is a low-
field deviation from linear dependence in Fig. 3(f), of which
the origin is still unexplained. In another PHE measurement
in Sn doped topological insulator Bi1.1Sb0.9Te2S, the PHE
amplitude shows better linear relationship towards magnetic
field.[28] For the clear observation of PHE in topological sur-
face states, the depletion of the contribution from bulk carriers
is required. Figure 3(g) shows the PHE amplitude dependence
towards gating voltage to modulate the position of Fermi level
relevant to the surface states. The predominant surface states
guarantee the positive amplitude under a large range of gat-
ing voltage. Notice that the overall PHE amplitude shows two
peaks and a minimum near the Dirac point, which is attributed
to the influence of randomly distributed disorder in topological
insulators.[27]

Fig. 3. (a) Schematic of topological surface states (green and blue lines) with green and blue arrows indicating the spins.[1] (b) Schematic of strong
topological insulators with helical surface states.[3] (c) Schematic of time-reversal symmetry breaking process by in-plane magnetic field, where the
red arrows indicate spins of electrons and the white arrows represent magnetic field.[27] The magnetic field perpendicular to spin direction (left panel)
would break time-reversal symmetry, allowing the backscattering of electrons along magnetic field. The parallel magnetic field to spin direction (right
panel) reserves time-reversal symmetry, forbidding the backscattering of electrons perpendicular to magnetic field. (d) Angle-dependent PHE and AMR
measurement in topological insulator thin film Bi2−xSbxTe3.[27] (f) The amplitude of PHE under different strength of magnetic field, where a linear
tendency is observed at high magnetic field. The inset shows the angle-dependent PHE curves from B = 1 T to 9 T.[27] (g) PHE amplitude (left axis)
under different gating voltage, i.e., the Fermi surface is located at different energy, where the dashed line indicates the location of the Dirac point.[27]

The right axis shows carrier types transition with gating voltage, confirming that the PHE signal originates from topological surface states rather than
bulk states. The inset shows ordinary Hall signal, where the slopes change from positive to negative implies the location of the Dirac point.

On the contrary, if the Fermi surface moves into bulk
states with considerable bulk carriers, the orbital magnetore-
sistance effect may surpass the effect of topological surface
states, altering the PHE amplitude from positive to negative.
Unavoidably, the impurity or disorder in gapped bulk mate-
rials contributes to impurity energy level within the band gap,
which may disturb the intrinsic PHE signal. Once the impurity
dominates the electric transport behavior, the extra carriers in-
duced by disorder may conceal the intrinsic anisotropic band

structure, such as the disorder induced double-peak behavior
near the Dirac points in Bi2−xSbxTe3.[27] One direct method
to deal with this problem is to improve the quality of sample,
where the molecular beam epitaxy technique can effectively
reduce the disorder. Also, gating voltage is useful to amplify
the intrinsic signal by controlling the Fermi level located near
the Dirac or Weyl points.

Weyl semimetals, as the product of breaking time-reversal
symmetry or inversion symmetry in Dirac semimetals, would
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possess even number of Weyl nodes in their gapless bulk band
structure.[4–8] PHE observed in Weyl semimetals originates
from the charge pumping effect between two Weyl nodes un-
der the external magnetic field.[32] A pair of Weyl nodes with
different chirality (+1 or −1) emerges and annihilates simul-
taneously, corresponding to the annihilation and emergence of
a Dirac point, respectively. Each pair Weyl nodes can generate
non-trivial Berry phase from one Weyl node (source of Berry
curvature) to the other Weyl node (sink of Berry curvature),
causing the topologically protected Fermi surface connecting a
pair of Weyl nodes and consequently forming the Fermi arc. In
the presence of magnetic field, the lowest Landau level at Weyl
nodes exhibits opposite linear dispersion with opposite group
velocity according to its chirality, as shown in Fig. 4(a). Ap-
plying an electric field parallel with the magnetic field would
induce the imbalance of chemical potential between two Weyl
nodes, which transfers extra electrons from the high potential
Weyl node to the low potential Weyl node.

Fig. 4. (a) Schematic of charge pumping between Weyl nodes induced by
chiral anomaly, where NL and NR represent left-handed and right-handed
electrons in Weyl nodes.[64] The magnetic field induces chiral linear lowest
Landau level at two Weyl nodes, and the parallel electric field introduces the
imbalance of chemical potential (the blue and red lines). (b) Theoretically
predicted PHE amplitude in the expression of conductivity and the longitu-
dinal magnetoconductivity (inset), where clear parabolic tendency towards
magnetic field is observed.[32] The γ is a tilting parameter, and γ = 0 rep-
resents a type-I Weyl semimetal. (c) Angle-dependent PHE measurement in
elemental semiconductor tellurium under different magnetic field.[35] (d) PHE
amplitude dependency towards magnetic field, where the low-field behav-
ior shows parabolic relationship, while the high-field behavior shows linear
relationship.[35]

Consequently, the applied parallel electric field and mag-
netic field pump additional electrons along this direction, and
the intensity of pumping increases with the increase of the
magnetic field, evoking the negative magnetoresistance effect
by chiral anomaly.[63,64] Comparing with PHE in topological
insulators, the sign of PHE amplitude in Weyl semimetals is
negative due to the reduced resistance along the magnetic field
(∆R < 0). The theoretical prediction of PHE amplitude in
Weyl semimetals as a function of magnetic field is shown in

Fig. 4(b), where the perfect parabolic tendencies in both PHE
amplitude and longitudinal conductivity are expected. In ex-
periments, the elemental semiconductor tellurium possesses a
pair of Weyl nodes separating along ky direction, which is sup-
posed to provide negative magnetoresistance when the mag-
netic field and electric field are both parallel with the crys-
tallographic b axis.[35] Indeed, the PHE results in tellurium
agree well with the prediction as shown in Fig. 4(c), despite
of the slight deviation from the perfect trigonometric function.
The PHE provides an extra manifestation of chiral anomaly
in Weyl physics in addition to negative magnetoresistance.
There are still some phenomena in PHE which need to be fur-
ther studied, such as the distortion from perfect trigonometric
function and the abnormal field-dependent PHE amplitude in
Fig. 4(d).

5. Orbital magnetoresistance and relevant PHE
Besides the above three mechanisms, the most general

one to induce PHE is the orbital magnetoresistance effect,
which is determined by the shape of Fermi surface. Lorentz
force, as the direct effect of magnetic field, gives electrons
transverse velocity. The resistance would be enhanced by
magnetic field due to the increased possibility of scattering
events, namely, orbital magnetoresistance.[65–67] The increase
of resistance is strongly correlated to the magnetic field and
the mobility of electrons (i.e., the shape of Fermi surface), so
an in-plane magnetic field in a system with anisotropic elec-
trons mobility might induce non-zero PHE amplitude, leading
to sine or cosine type oscillation in transverse resistance.[36–43]

Usually, the electrons with higher mobility would exhibit
larger increasement of magnetoresistance. The Fermi surface
in bismuth possesses large anisotropy of Fermi surface with
three high-symmetric axes called bisectrix, trigonal and bi-
nary axes in Brillouin zone of bismuth.[65] Figure 5(a) shows
the Fermi surface perpendicular to the trigonal axis, where
three highly anisotropic Dirac-type electron pockets are sep-
arated around the trigonal axis by an interval angle of 120◦,
and a hole pocket is located along the trigonal axis. The
transverse resistivity as a function of the angle between bi-
nary axis and magnetic field is shown in Fig. 5(b), where the
six-fold oscillation coincides with the 60◦ interval angle be-
tween two nearest long axe of the ellipsoid electron pock-
ets. In some other materials, the symmetry of Fermi surface
may not be perfect three-fold or six-fold, but possess the or-
bital magnetoresistance difference along two orthogonal di-
rections (R‖ and R⊥), which could also evoke the non-zero
PHE amplitude.[36–43] Figures 5(c) and 5(d) show the PHE
and longitudinal resistivity measurement in Weyl semimetal
PdTe2, respectively, where the origin of PHE is a mixture of
orbital magnetoresistance and chiral anomaly.[43] Notice that
the amplitude of PHE induced by orbital magnetoresistance is
negative, similar to that induced by chiral anomaly, hindering
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the identification of the contribution of orbital magnetoresis-
tance from chiral anomaly in Weyl semimetals. The observa-
tion of PHE induced by orbital magnetoresistance depends on
the value of anisotropy and the resolution of electric transport.
In quasi-1D materials, such as high order topological insula-
tor Bi4Br4 and topological superconductor TaSe3, clear PHE
results induced by anisotropic orbital magnetoresistance have
been reported.[40]

Fig. 5. (a) Schematic of the projected Fermi surface perpendicular to the trigo-
nal axis in bismuth, where the three electron pockets are colored by dark blue,
green, light blue, respectively, and the hole pocket is colored by red. The an-
gle between the binary axis and magnetic field is defined as θ .[65] (b) Angle-
dependent transverse orbital magnetoresistance under the configuration of (a),
where the six-fold symmetry coincides with the location of the three electron
pockets.[65] (c) Angle-dependent PHE and (d) longitudinal resistivity in PdTe2
with the form of trigonometric function and negative PHE amplitude.[43]

6. APHE
There are some abnormal PHE results with the curve

shape deviating from perfect sine of cosine type, which are
attributed to APHE. The APHE results have been reported in
various kinds of materials, such as quasi-1D topological insu-
lator Bi4Br4, magnetic topological insulator MnBi2Te4, Weyl
semimetal TaP, the (111) oxide interface between LaAlO3

and SrTiO3, and so on.[40,41,45,46] The interpretations of these
anomalous behavior are correlated to many factors, such as
electronic coherence, orbital magnetic moment, current jet-
ting effect, symmetry information of crystal structure, and
so on. Sufficient understanding of these anomalous distor-
tion may generate inspiration towards underlying interaction
among electrons, spins, and symmetry of band structure, pro-
viding additional means to analyze SOC and anisotropy of
Fermi surface in these quantum materials.

High order topological insulator Bi4Br4 is made up by
the unique quasi-1D molecular chains, which stack along two
directions through van der Waals interaction.[68–70] Recently,
it was reported that the non-trivial Berry phase in the (100)
surface of Bi4Br4 leads to weak antilocalization, acting as a
low-temperature resistance correction by the coherence behav-
ior between trajectories of the electron and its time-reversal

state.[70] Once there is an external magnetic field perpendic-
ular to the trajectory of electrons, the coherent transport van-
ishes, giving rise to a cusp-like magnetoresistance curve. The
highly anisotropic band structure of Bi4Br4 makes the coher-
ence behavior mostly occur along the low-resistance direction
(along the chain). The in-plane rotating magnetic field would
periodically break the weak antilocalization and results in the
enhanced slope, as shown schematic in Figs. 6(a) and 6(b).
Therefore, the weak antilocalization tends to emerge in the
spin-polarized system where the spin orientations are aligned
parallel or antiparallel, which can be detected by the distorted
behavior in low-temperature APHE.

Beside the electronic coherence induced correction on
PHE, the magnetism could induce extra characteristics in low-
temperature and high-field PHE measurement. In magnetic
topological MnBi2Te4, the longitudinal resistivity and PHE
are shown in Figs. 6(c) and 6(d), where the PHE is evolved
to π/2-period oscillation in trigonometric function form under
high magnetic field.[45] The low-field π-period oscillation has
positive amplitude but the high-field π/2-period oscillation
has negative amplitude, originating from the surface states and
the bulk states, respectively. The in-plane rotating magnetic
field generates the parallel orbital magnetic moment and Berry
curvature, leading to the positive-amplitude π-period PHE sig-
nal from the surface states and both the negative-amplitude π-
period and π/2-period signals from the bulk states.[45,71] Due
to the antiferromagnetic ground state of MnBi2Te4, the surface
and bulk PHE currents are antiparallel with each other, cancel-
ing the π-period signals and leaving the π/2-period oscillated
PHE at high field. Thus, this APHE originates from the com-
petition between topological surface states and bulk states in
the magnetic topological insulator, which may provide further
information to judge the origin of dominant carriers.

A classical phenomenon called current jetting effect can
also induce corrections on PHE results as observed in Weyl
semimetals TaP.[41] When the magnetic field is applied par-
allel to the electric field, the Lorentz force would constrain
electrons circulating around the magnetic field, making the
imbalanced current density distribution. The current density
is therefore condensed to the interior space of the sample, giv-
ing rise to the reduced voltage measured by the electrodes at
the edges. Therefore, the overall observation of current jetting
is similar to negative magnetoresistance in Weyl semimetals,
which is inevitable to happen because the real electrodes have
width and can not be perfectly aligned.[64] For the APHE in-
duced by current jetting, it is claimed that the high mobility of
electrons results in strong current jetting effect, inducing the
enhanced slope and double-peaks curves in the APHE results
displayed in Figs. 6(e) and 6(f). However, the theory connect-
ing the current jetting effect and APHE is still missing.

Moreover, the symmetry of crystal structure can also in-
duce APHE, which is similar to the anisotropic orbital magne-
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toresistance evoked multi-fold oscillation. For example, the
(111) oxide interface between LaAlO3 and SrTiO3 exhibits
distorted PHE, as shown in Fig. 6(g).[46] The distortion could
be tuned by gating voltage, indicating that the location of

Fermi surface is crucial in the observation of APHE. There are
two-fold, four-fold and six-fold oscillation signals extracted
from the distorted PHE, corresponding to the symmetry of the
atomic configuration.

Fig. 6. (a) Schematic angle-dependent longitudinal conductance and (b) corresponding APHE in quasi-1D topological insulator Bi4Br4, where
the abnormal kink-like behavior in PHE is explained by the 1D weak antilocalization correction.[40] (c) Angle-dependent longitudinal resistivity
and (d) corresponding APHE in magnetic topological insulator MnBi2Te4 under different magnetic field ranging from 2 T to 14 T, where the
six-fold oscillation is attributed to the orbital magnetic moment.[45] (e) Angle-dependent longitudinal resistivity and (f) corresponding APHE in
Weyl semimetal TaP under different magnetic field from 2 T to 14 T, which is attributed to the influence of current jetting effect.[41] (g) Distorted
in-plane AMR at the (111) oxide interface between LaAlO3 and SrTiO3 under different gating voltage from −20 V to 50 V, which is explained
by the symmetry of crystal structure.[46]

7. Summary and outlook
In this review, we systematically introduce the general

mechanisms of PHE, which is originated from the in-plane
AMR. There are four main origins for PHE, more specifically
the SOC interaction in ferromagnetic materials, time-reversal
symmetry breaking process in topological surface states, chi-
ral anomaly in Weyl semimetals, and anisotropic orbital mag-
netoresistance effect introduced by anisotropic Fermi surface.
According to different mechanisms, the sign and the relation-
ship towards magnetic field of PHE amplitude could be effec-
tively distinguished, which can be used to identify the origin
of PHE and the underlying properties of these quantum ma-
terials. Furthermore, there are many distorted PHE results,
providing additional means to detect the buried information
such as spins, SOC, symmetry of crystal, and so on. In a
spin-polarized system, electronic quantum coherence imposes
a correction on PHE, leading to an enhanced slope at differ-
ent angles. The underlying spin orientation in this system is
elucidated, providing a simple method to distinguish spin tex-
ture. Moreover, the anisotropy is closely related to the crystal
structure (e.g., the quasi-1D structure is likely to exhibit 1D
phenomena like Tomonaga–Luttinger liquid effect), and the

APHE offers the additional information for anisotropic scat-
tering process as well as the correlated crystal structure. From
the analysis of various APHE, there may be a universal prin-
ciple to connect the anomalous features, directly or indirectly
implying the fundamental rule to build an anisotropic system
in high-dimensional system. However, the detailed theoretical
analysis about APHE is still lacking. More investigations are
required to offer new perspectives to understand the movement
of electrons in these complex systems.
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[48] Galeski S, Legg H F, Wawrzyńczak R, Förster T, Zherlitsyn S, Gor-
bunov D, Uhlarz M, Lozano P M, Li Q, Gu G D, Felser C, Wosnitza J,
Meng T and Gooth J 2022 Nat. Commun. 13 7418

[49] Yang S Y, Wang Y, Ortiz B R, Liu D, Gayles J, Derunova E, Gonzalez-
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[58] Cowburn R P, Gray S J, Ferré J, Bland J A C and Miltat J 1995 J. Appl.

Phys. 78 7210
[59] Hong K and Giordano N 1995 Phys. Rev. B 51 9855
[60] Ohno H 1998 Science 281 951
[61] Bason Y, Klein L, Wang H Q, Hoffman J, Hong X, Henrich V E and

Ahn C H 2007 J. Appl. Phys. 101 09J507
[62] Bason Y, Klein L, Yau J B, Hong X and Ahn C H 2004 Appl. Phys.

Lett. 84 2593
[63] Li C Z, Wang L X, Liu H, Wang J, Liao Z M and Yu D P 2015 Nat.

Commun. 6 10137
[64] Liang S, Lin J, Kushwaha S, Xing J, Ni N, Cava R J and Ong N P 2018

Phys. Rev. X 8 031002
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