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An intriguing property of three-dimensional (3D) topological insulator (TI) is the 

existence of surface states with spin-momentum locking, which offers a new frontier 

of exploration in spintronics. Here, we report the observation of a new type of Hall 

effect in a 3D TI Bi2Se3 film. The Hall resistance scales linearly with both the 

applied electric and magnetic fields and exhibits a π/2 angle offset with respect to its 

longitudinal counterpart, in contrast to the usual angle offset of π/4 between the 

linear planar Hall effect and the anisotropic magnetoresistance. This novel 

nonlinear planar Hall effect originates from the conversion of a nonlinear 

transverse spin current to a charge current due to the concerted actions of spin-

momentum locking and time reversal symmetry breaking, which also exists in a 

wide class of non-centrosymmetric materials with a large span of magnitude. It 

provides a new way to characterize and utilize the nonlinear spin-to-charge 

conversion in a variety of topological quantum materials.  
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Three-dimensional (3D) topological insulators (TIs) have attracted broad interests in 

various areas of condensed matter physics, such as spintronics, quantum computing, 

superconductivity etc. [1-5]. A unique feature of this class of novel materials is the 

existence of Dirac surface states protected by band topology. The spins of the carriers in 

these topological surface states (TSS) are locked perpendicularly to their momenta – an 

intriguing phenomenon known as spin-momentum locking [6-9]. Highly efficient 

magnetic switching [10-14] and spin-to-charge conversion [15-20] have been 

demonstrated by taking advantage of the spin-momentum locked TI surface states, which 

hold great promise for applications in future spintronic devices.   

The TI surface states have been shown to be intimately related with a variety of 

peculiar magnetotransport properties including novel linear and nonlinear 

magnetoresistance effects in nonmagnetic TI films [21] and bilayer structures consisting 

of a ferromagnetic layer and a nonmagnetic TI layer [22,23]. Although the 

magnetoresistance effects in TIs have been investigated intensively, only a few studies 

have recently reported on the Hall effect associated with TSS. A linear planar Hall effect 

was discovered in nonmagnetic TI Bi2−xSbxTe3 thin films [24], which was attributed to 

the anisotropic backscattering induced by an in-plane magnetic field and a nonlinear Hall 

effect due to asymmetric magnon scattering was observed in a magnetic-TI/nonmagnetic-

TI bilayer [25].  

In this Letter, we report a new type of nonlinear planar Hall effect in a prototypical 

3D nonmagnetic TI Bi2Se3 film, for which the nonlinear Hall resistance is linearly 

proportional to both the applied electric and magnetic fields, in contrast to other types of 

Hall effects observed previously in TI systems. The nonlinear planar Hall effect arises 
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from the generation of a transverse pure spin current occurring at the second order of the 

electric field due to symmetric distortion of the 2D Fermi contour, which can be 

converted to a nonlinear Hall current by applying an in-plane magnetic field collinear 

with the spin orientation of the transverse nonlinear spin current. In addition, we discuss 

the universality of the nonlinear planar Hall effect in other non-centrosymmetric 

materials including a Weyl semimetal WTe2 and a perovskite oxide SrTiO3 based two 

dimensional electron gas (2DEG). 

In our experiments, high-quality Bi2Se3 films were grown on Al2O3 (0001) 

substrates in a molecular beam epitaxy system with a base pressure < 2×10-9 mbar using 

the two-step deposition procedure [26]. For the transport measurements, a capping layer 

of MgO (2 nm)/Al2O3 (3 nm) was deposited on top of the Bi2Se3 films as a protection 

layer, as shown schematically in Fig. 1a. Hall bar devices with channel length L = 100 

μm and the width W = 20 μm (Fig. 1b,c) were fabricated using the standard 

photolithography and Ar ion milling. Details of the device fabrications of SrTiO3(001) 

and WTe2 can be found in Supplemental Material [27]. To explore the nonlinear Hall 

effect, we performed ac harmonic Hall voltage measurements in a physical property 

measurement system (Quantum Design) with lock-in techniques [43]. Here, we focus on 

the second harmonic Hall voltage generation under an ac current and in-plane magnetic 

field, which is associated with the nonlinear transverse transport in response to the 

second-order electric field [44]. The experimental configuration is different from that of 

conventional thermopower measurements, wherein an ac current is used to induce an in-

plane temperature gradient and the thermoelectric voltage is measured under zero 

magnetic field [45]. 
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Up to the second order in the applied current Ix along the x-direction, the Hall 

voltage can be expressed as (1) (2) 2= +y yx x yx xV R I R I  where both coefficients (1)
yxR  and (2)

yxR  are 

independent of the current. The first term on the right-hand-side is linearly proportional 

to the current Ix (or electric field Ex), which may include the contributions from the 

ordinary Hall effect (OHE) and a linear planar Hall effect [24]; the second term, 

proportional to the second order of Ix, describes the second harmonic Hall voltage 

generation 2 (2) 21= sin(2 / 2)
2

ω ω π−y yxV R I t , when an ac current Iω = I sinωt is applied with 

the amplitude I (see Supplemental Material [27]). The nonlinear planar Hall effect in a 

Bi2Se3 film was detected via the second harmonic Hall voltage with an external magnetic 

field in the film plane forming an angle φ with the longitudinal current, as shown in Fig. 

1c. For a fixed current and magnetic field, the measured second harmonic resistance 

( )2 2 /ω ω≡yx yR V I  exhibits a cosine angular dependence (Fig. 1d). It vanishes when the 

magnetic field and the current are orthogonal (i.e., φ = 90° or 270°), and reaches a 

minimum (maximum) when magnetic field is parallel (antiparallel) to the current 

direction. Note the nonlinear Hall effect previously observed in a magnetic/nonmagnetic-

TI heterostructure [25] required a magnetic layer to provide asymmetric magnon-

mediated scattering. This mechanism is not applicable to our nonmagnetic Bi2Se3 film 

due to the absence of electron-magnon scattering. The nonlinear planar Hall effect in this 

work arises intrinsically from the topological surface band structure, as we discuss below. 

We further measured 2ω
yxR  for different magnitudes of I and H. As shown in Fig. 

1e, for a fixed H = 2 T, the amplitude of the φ-dependent 2ω
yxR  ( 2ωΔ yxR ), exhibits a linear 

dependence on the magnitude of the current I, manifesting the nonlinear nature of 2ω
yxR  
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[46,47]. 2ωΔ yxR  is also found to scale linearly with the magnitude of H, as shown in Fig. 1f. 

The linear H-dependence of 2ω
yxR  is a distinctive feature of our nonlinear planar Hall 

effect in the single layer TI thin film and qualitatively different from that in 

magnetic/nonmagnetic-TI bilayer – the latter decreases with increasing H for a saturated 

magnetic layer due to the suppression of magnon scattering [25]. The observed nonlinear 

Hall effect (Fig.1d-f) in Bi2Se3 films takes the form of 2ω
yxR  ~ E·H, where E is the applied 

electric field and H is the magnetic field applied in the plane of the films.  

In addition to the second harmonic transverse resistance 2ω
yxR , we have measured 

its longitudinal counterpart 2ω
xxR  (Fig. 2a) for the same sample – the recently observed 

BMER effect [21,48], which linearly scales with both the electric and magnetic fields as 

well. A comparison of the angular dependences of the two nonlinear resistances shown in 

Fig. 2b reveals a 90° angle offset, in contrast to the usual 45° angle difference which 

exists between the linear transverse planar Hall effect and the longitudinal anisotropic 

magnetoresistance in TI thin films [24] as well as polycrystalline ferromagnetic metal 

thin films [49] with the external magnetic field or magnetization rotated in the film plane. 

The 90° angle difference is rooted in different responses of electrons occupying the TSS 

to the applied electric and magnetic fields. While the distortion of electron distribution 

(or the Fermi contour) in response to the second order of the electric field is symmetric in 

k-space [21,50], it becomes asymmetric when a magnetic field is applied. More 

specifically, when the magnetic field H is applied in the x-direction, the Fermi contour is 

distorted asymmetrically along the y-direction (orthogonal to H), due to the combined 

actions of spin-momentum locking and the hexagonal warping effect [21] as illustrated 
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schematically in Fig. 2c,d. Such an asymmetric distortion of the Fermi contour, as we 

will examine in the following theoretical calculations, is reflected in the nonlinear 

transport, i.e, the nonlinear planar Hall and the BMER effects occurring in the transverse 

and longitudinal directions, respectively.  

The nonlinear planar Hall effect originates from the conversion of a transverse 

nonlinear spin current to a nonlinear charge Hall current by applying an in-plane 

magnetic field. To see this, we analyze the spin and charge transport in the TSS described 

by the model Hamiltonian [51,52], H்ூ ൌ ԰మ௞మଶ௠כ ൅ ௫݇௬ߪ஽԰൫ߙ െ ௬݇௫൯ߪ ൅ ଵଶ ାଷ݇)ߣ ൅݇ଷି ௭ߪ( ൅ gµ஻۶ · ો, where the first term generates particle-hole asymmetry with effective 

mass ݉ߙ ,כ஽ is the Dirac velocity, σ  denote the Pauli spin matrices, the term cubic in k 

describes the hexagonal warping effect with a parameter [51] ߣ, and kേ ൌ ݇௫ േ ݅݇௬. In 

the presence of E, the nonequilibrium electron distributions in the second order of E may 

be expressed as δf(ܓ)~ డమ௙బడ௞೔మ  is the equilibrium Fermi-Dirac distribution (ܓߝ)௜ଶ, where ଴݂ܧ

with ࢑ߝ ൌ ԰మ௞మଶ௠כ ൅ ට(ߙ஽԰݇)ଶ ൅ ൫݇௫ଷߣൣ െ 3݇௫݇௬ଶ൯൧ଶ
 for the upper band, which is in general 

even in k, i.e., δf(െܓ) ൌ δf(ܓ), as schematically shown in Figs. 3a,b; in other words, the 

nonequilibrium surface states with opposite wavevectors and opposite spins (due to the 

spin-momentum locking) are equally populated, which leads to a nonlinear spin current ܳ௔௕~۳ଶ, where the superscript b and the subscript a denote the direction of spin flow and 

the direction of the spin, respectively. Using the Boltzmann transport formulation in the 

relaxation time approximation (see Supplemental Material [27]), we find the nonzero 

transverse nonlinear spin current components, ܳ௬௫ ൌ ఌಷ(௘ఛாೣ)మ଺ସగఈವ԰ ቀଷఒమఌಷయఈವర ԰ల ൅ ଵ௠כቁ , when the 

electric field is applied in the x-direction (Fig. 3b), which are related to the hexagonal 
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warping and the particle-hole asymmetry, respectively. By applying an in-plane magnetic 

field collinear with the spin direction of the spin current, one creates an imbalance 

between the two spin fluxes of the spin current and partially converts it into the nonlinear 

planar Hall current (Fig. 3d). Here, we emphasize that such spin-to-charge 

interconversion would not take place in the absence of hexagonal warping and particle-

hole asymmetry. Physically this point may be understood as follows:  For TSS with 

purely linear dispersion, an in-plane magnetic field is equivalent to a shift of the origin of 

momentum space, which would not alter the current, provided the system has 

translational symmetry in the x-y plane.  

          With the same formulation, the second harmonic Hall resistivity can be expressed 

as ߩ௬௫ଶఠ ൌ െ ቀଵଷ ߯ᇱ ൅ ߯ᇱᇱቁ where ߯Ԣ ,߮ݏ݋ܿܪܧ ൌ ଷ଺஠୥µಳఒమகಷ௘ఈವఱ ԰ర  and ߯ᇱᇱ ൌ ୥µಳ԰మ௘஠ఈವ௠כகಷమ . From the 

ordinary Hall measurement (Supplemental Material [27]), we obtained the carrier 

concentration n ~7×1013 cm-2 and the Fermi energy εி ~ 400 meV for which a hexagonal 

warping effect was observed to be profound [53-55]. Using parameters of ߙ஽ �=�5�×�105�m·s−1 [56,57], λ = 50–128 eV·Å3 [53,54,58], g = 2, Hx�=�2�T, 

Ex�=�300�V·cm-1, and ݉כ ൌ 0.07݉௘[59] (me is the free electron mass), the second 

harmonic resistance is estimated to be ܴ௬௫ଶఠ ൌ 0.9 െ 2.4 ݉Ω. It is in agreement with the 

measured value of ܴ௬௫ଶఠ ൌ 1.1 ݉Ω at T = 5 K. We note that for the above materials 

parameters, the contributions related to hexagonal warping and particle-hole asymmetry 

are of the same order of magnitude.  

 In addition to the TSS, a two-dimensional electron gas (2DEG) with Rashba 

splitting is known to be present at the surface due to the surface band bending, which 

may also contribute to the nonlinear planar Hall effect. However, the conventional 



8 
 

Rashba 2DEG does not contribute to the nonlinear planar Hall effect, due to an exact 

cancellation of two subbands with opposite spin chirality (see Supplemental Material 

[27]). This is a remarkable feature of the nonlinear transport for which only the TSS 

comes into play – for most linear response effects in TIs both TSS and Rashba 2DEG 

contribute although usually the TSS is found to play a dominant role [55,60,61]. It turns 

out that the sign of the observed effect in Fig. 2b follows directly from the spin-

momentum locking and the associated nonlinear spin-to-charge-current conversion in the 

top TSS, as illustrated in Figs. 2 and 3. To obtain a full quantitative understanding, the 

nondegenerate top and bottom topological surfaces need to be taken into account. The 

film-thickness dependence with a sign reversal of the nonlinear planar Hall effect 

indicates that it is indeed a surface effect rather than a bulk effect (see Supplemental 

Material [27]). 

             Furthermore, the angle-relation between the nonlinear transverse and longitudinal 

resistances shown in Fig. 2b is also expected theoretically. The longitudinal second 

harmonic resistivity with an in-plane magnetic field was derived as ߩ௫௫ଶఠ ൌ ߯Ԣܢො ·(۳ ൈ ۶) ൌ ߯Ԣ߮݊݅ݏܪܧ by assuming the hexagonal warping in the nonlinear transport [21]. 

Comparing with ߩ௬௫ଶఠ one can identify an angle difference of 2/ߨ. In addition, we note 

that, given the magnitudes of the electric and magnetic field, the peak-values of ߩ௬௫ଶఠ and ߩ௫௫ଶఠ  in the in-plane field scan differ by a factor of 1/3 which arises from hexagonal 

warping due to the C3v symmetry of the TI about the trigonal z-axis [51]. The factor of 

1/3 may play an important role in distinguishing the nonlinear planar Hall from the 

Nernst effect due a possible thermal gradient ܶ׏  perpendicular to the TI layer. The 

Nernst effect, if present, would produce a voltage proportional to (ࡴ ൈ  which has ,(ܶ׏



9 
 

the same angular dependence as observed for the second harmonic resistances. The 

contribution of the possible Nernst effect to the nonlinear resistivity, however, does not 

depend on the direction of the electric field, and hence should be isotropic in the in-plane 

magnetic field scan. In other words, the Nernst effect should give rise to the same 

nonlinear resistivity in the transverse and longitudinal directions [46,62], i.e., ߩ௬௫ଶఠ ൌ  .௫௫ଶఠߩ

For a direct comparison, we convert the measured resistance to resistivity and obtain 

ఘ೤ೣమഘఘೣೣమഘ ൌ ோ೤ೣమഘோೣೣమഘ · ௅ௐ , where L and W are the length and width of the current channel, 

respectively in Fig. 1c. We find the measured ߩ௬௫ଶఠ/ߩ௫௫ଶఠ is about 0.22, which is much less 

than unity but close to our theoretical value 1/3. This indicates that the Nernst effect is 

not the dominant mechanism for the measured nonlinear resistances in our TI samples.  

           In addition to the nonlinear planar Hall effect, we have detected a nonlinear Hall 

signal in the out-of-plane field scan. However, the measured second harmonic Hall 

resistance does not exhibit a regular sinusoidal angular dependence nor a linear 

dependence on the magnetic field [27], in contrast to the theoretical out-of-plane 

nonlinear Hall originating from the conversion of the nonlinear spin current with out-of-

plane spin component [27]. One possible reason for this unexpected behavior is the 

contribution from the classical Lorentz force (i.e., െ ௖ୣ ܞ ൈ ۶) which is inoperative for 

planar Hall effect [27].  

As a final point, we expect a similar nonlinear planar Hall effect to exist in a 

broad range of noncentrosymmetric materials with strong spin orbit coupling, whereby 

the spin polarized bands would give rise to a nonlinear transverse spin current in 

nonequilibrium conditions [63] which may be converted to nonlinear charge Hall currents 

by breaking the time reversal symmetry. For example, we have found the nonlinear 
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planar Hall effect in the 2DEG on the surface of a perovskite oxide SrTiO3(001) [64] and 

in the transition metal dichalcogenide WTe2 [65] with a peculiar spin texture [66] (see 

Supplemental Material [27]). In Table I, the nonlinear Hall resistivity (conductivity) per 

unit electric and magnetic fields 2 / ( )ωρyx x yE H  [ 2 / ( )ωσ yx x yE H ] for different materials, is 

summarized for comparison. The low crystal symmetry in WTe2 and the high carrier 

mobility in SrTiO3 2DEG are favorable factors for generating a larger nonlinear planar 

Hall effect. Note the 2DEG on SrTiO3 (001) surface differs from the conventional Rashba 

2DEG, as the cubic Rashba effect and multiorbital effects of d electron play important 

roles. Its nonlinear planar Hall effect shows a sign change with temperature, while 

BMER shows no sign change (see Supplemental Material [27]). This indicates that 

different contributions to the nonlinear planar Hall effect need to be identified, distinct 

from those of the BMER. Our observations of the nonlinear planar Hall effect may 

stimulate future studies of nonlinear transports in a wide variety of materials with 

nontrivial spin textures. Its potential applications in rectification and second harmonic 

generations can be further extended to the gigahertz and terahertz ranges. 

 In conclusion, we have observed a nonlinear planar Hall effect in nonmagnetic TI 

Bi2Se3 films with two distinctive features: a linear dependence on both the applied 

electric and magnetic fields, and a 2/ߨ angle offset relative to its longitudinal counterpart 

(BMER). Physically, this nonlinear planar Hall effect arises from the conversion of a 

nonlinear transverse spin to charge current in the presence of a magnetic field collinear 

with spins, due to the spin-momentum locking. The nonlinear planar Hall effect also 

occurs in a broad range of noncentrosymmetric materials with strong spin-orbit coupling 
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and nontrivial spin textures. Therefore, we envision our findings pave a new route to the 

emerging field of nonlinear spintronics. 

References 

[1] O. V. Yazyev, J. E. Moore, and S. G. Louie, Phys. Rev. Lett. 105, 266806 (2010). 
[2] A. A. Burkov and D. G. Hawthorn, Phys. Rev. Lett. 105, 066802 (2010). 
[3] J. E. Moore, Nature 464, 194 (2010). 
[4] Y. S. Hor et al., Phys. Rev. Lett. 104, 057001 (2010). 
[5] D. Flötotto et al., Sci. Adv. 4 (2018). 
[6] D. Hsieh et al., Science 323, 919 (2009). 
[7] D. Hsieh et al., Nature 460, 1101 (2009). 
[8] Y. L. Chen et al., Science 325, 178 (2009). 
[9] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010). 
[10] J. Han, A. Richardella, S. A. Siddiqui, J. Finley, N. Samarth, and L. Liu, Phys. Rev. Lett. 119, 
077702 (2017). 
[11] Y. Wang et al., Nat. Commun. 8, 1364 (2017). 
[12] N. H. D. Khang, Y. Ueda, and P. N. Hai, Nat. Mater. 17, 808 (2018). 
[13] M. Dc et al., Nat. Mater. 17, 800 (2018). 
[14] C.-F. Pai, Nat. Mater. 17, 755 (2018). 
[15] Y. Shiomi, K. Nomura, Y. Kajiwara, K. Eto, M. Novak, K. Segawa, Y. Ando, and E. Saitoh, 
Phys. Rev. Lett. 113, 196601 (2014). 
[16] P. Deorani, J. Son, K. Banerjee, N. Koirala, M. Brahlek, S. Oh, and H. Yang, Phys. Rev. B 90, 
094403 (2014). 
[17] M. Jamali et al., Nano Lett. 15, 7126 (2015). 
[18] Z. Jiang, C.-Z. Chang, M. R. Masir, C. Tang, Y. Xu, J. S. Moodera, A. H. MacDonald, and J. 
Shi, Nat. Commun. 7, 11458 (2016). 
[19] H. Wang et al., Phys. Rev. Lett. 117, 076601 (2016). 
[20] J. C. Rojas-Sánchez et al., Phys. Rev. Lett. 116, 096602 (2016). 
[21] P. He, S. S. L. Zhang, D. Zhu, Y. Liu, Y. Wang, J. Yu, G. Vignale, and H. Yang, Nature Phys. 
14, 495 (2018). 
[22] K. Yasuda, A. Tsukazaki, R. Yoshimi, K. S. Takahashi, M. Kawasaki, and Y. Tokura, Phys. 
Rev. Lett. 117, 127202 (2016). 
[23] Y. Lv, J. Kally, D. Zhang, J. S. Lee, M. Jamali, N. Samarth, and J.-P. Wang, Nat. Commun. 9, 
111 (2018). 
[24] A. A. Taskin, H. F. Legg, F. Yang, S. Sasaki, Y. Kanai, K. Matsumoto, A. Rosch, and Y. Ando, 
Nature Commun. 8, 1340 (2017). 
[25] K. Yasuda, A. Tsukazaki, R. Yoshimi, K. Kondou, K. S. Takahashi, Y. Otani, M. Kawasaki, 
and Y. Tokura, Phys. Rev. Lett. 119, 137204 (2017). 
[26] H. D. Li et al., New J.  Phys. 12, 103038 (2010). 
[27] See Supplemental Material at [url], for sample details, electrical measurements, 
theoretical calculations, and nonlinear planar Hall effect in SrTiO3 2DEG, WTe2 and control 
samples, which includes Refs. [28-42]. 
[28] E. H. Hall, Am. J. Math. 2, 287 (1879). 
[29] J. Chen et al., Phys. Rev. Lett. 105, 176602 (2010). 
[30] Y. Xu et al., Nature Phys. 10, 956 (2014). 
[31] N. Bansal, Y. S. Kim, M. Brahlek, E. Edrey, and S. Oh, Phys. Rev. Lett. 109, 116804 (2012). 



12 
 

[32] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A. Duine, Nature Mater. 14, 871 
(2015). 
[33] A. F. Santander-Syro et al., Nature 469, 189 (2011). 
[34] W. Meevasana, P. D. C. King, R. H. He, S. K. Mo, M. Hashimoto, A. Tamai, P. 
Songsiriritthigul, F. Baumberger, and Z. X. Shen, Nature Mater. 10, 114 (2011). 
[35] M. Altmeyer et al., Phys. Rev. Lett. 116, 157203 (2016). 
[36] G. Khalsa, B. Lee, and A. H. MacDonald, Phys. Rev. B 88, 041302 (2013). 
[37] W. Zhang, Q. Wang, B. Peng, H. Zeng, W. T. Soh, C. K. Ong, and W. Zhang, Appl. Phys. 
Lett. 109, 262402 (2016). 
[38] H. Nakamura, T. Koga, and T. Kimura, Phys. Rev. Lett. 108, 206601 (2012). 
[39] K. V. Shanavas, Phys. Rev. B 93, 045108 (2016). 
[40] P. K. Das et al., Nature Commun. 7, 10847 (2016). 
[41] J. Jiang et al., Phys. Rev. Lett. 115, 166601 (2015). 
[42] C. O. Avci, K. Garello, A. Ghosh, M. Gabureac, S. F. Alvarado, and P. Gambardella, Nature 
Phys. 11, 570 (2015). 
[43] P. He, X. Qiu, V. L. Zhang, Y. Wu, M. H. Kuok, and H. Yang, Adv. Electron. Mater. 2, 
1600210 (2016). 
[44] I. Sodemann and L. Fu, Phys. Rev. Lett. 115, 216806 (2015). 
[45] A. Mokashi, S. Li, B. Wen, S. V. Kravchenko, A. A. Shashkin, V. T. Dolgopolov, and M. P. 
Sarachik, Phys. Rev. Lett. 109, 096405 (2012). 
[46] C. O. Avci, K. Garello, A. Ghosh, M. Gabureac, S. F. Alvarado, and P. Gambardella, Nat. 
Phys. 11, 570 (2015). 
[47] K. Olejník, V. Novák, J. Wunderlich, and T. Jungwirth, Phys. Rev. B 91, 180402 (2015). 
[48] P. He et al., Phys. Rev. Lett. 120, 266802 (2018). 
[49] K. M. Seemann, F. Freimuth, H. Zhang, S. Blügel, Y. Mokrousov, D. E. Bürgler, and C. M. 
Schneider, Phys. Rev. Lett. 107, 086603 (2011). 
[50] S. S.-L. Zhang and G. Vignale, Proc. SPIE 10732, 1073215 (2018). 
[51] L. Fu, Phys. Rev. Lett. 103, 266801 (2009). 
[52] C.-X. Liu, X.-L. Qi, H. Zhang, X. Dai, Z. Fang, and S.-C. Zhang, Phys. Rev. B 82, 045122 
(2010). 
[53] K. Kuroda et al., Phys. Rev. Lett. 105, 076802 (2010). 
[54] Y. H. Wang, D. Hsieh, D. Pilon, L. Fu, D. R. Gardner, Y. S. Lee, and N. Gedik, Phys. Rev. 
Lett. 107, 207602 (2011). 
[55] Y. Wang, P. Deorani, K. Banerjee, N. Koirala, M. Brahlek, S. Oh, and H. Yang, Phys. Rev. 
Lett. 114, 257202 (2015). 
[56] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C. Zhang, Nature Phys. 5, 438 (2009). 
[57] Y. Xia et al., Nat. Phys. 5, 398 (2009). 
[58] M. Nomura, S. Souma, A. Takayama, T. Sato, T. Takahashi, K. Eto, K. Segawa, and Y. Ando, 
Phys. Rev. B 89, 045134 (2014). 
[59] L. He et al., Nano Lett. 12, 1486 (2012). 
[60] A. R. Mellnik et al., Nature 511, 449 (2014). 
[61] A. Dankert, J. Geurs, M. V. Kamalakar, S. Charpentier, and S. P. Dash, Nano Lett. 15, 7976 
(2015). 
[62] J. M. Ziman, Electrons and phonons: the theory of transport phenomena in solids (Oxford 
university press, 2001). 
[63] K. Hamamoto, M. Ezawa, K. W. Kim, T. Morimoto, and N. Nagaosa, Phys. Rev. B 95, 
224430 (2017). 



13 
 

[64] A. F. Santander-Syro, F. Fortuna, C. Bareille, T. C. Rödel, G. Landolt, N. C. Plumb, J. H. Dil, 
and M. Radović, Nature Mater. 13, 1085 (2014). 
[65] M. N. Ali et al., Nature 514, 205 (2014). 
[66] B. Feng et al., Phys. Rev. B 94, 195134 (2016). 
[67] D. Kan et al., Nature Mater. 4, 816 (2005). 
[68] L. Miao, R. Du, Y. Yin, and Q. Li, Appl. Phys. Lett. 109, 261604 (2016). 



14 
 

 

FIG. 1. (a) Schematic illustration of the sample structure. (b) Optical image of a Hall bar. 

(c) Schematic of the nonlinear planar Hall effect measurements. A sinusoidal current Iω 

with a frequency of 21 Hz was applied to the Hall bar device, and the out-of-phase (-90°) 

second harmonic transverse voltage 2ω
yxV  was measured under the presence of an in-plane 

(xy) magnetic field H. (d) Angle (φ)-dependence of the nonlinear Hall resistance 2ω
yxR  

while rotating H with respect to the current direction in a 20 quintuple layer (QL, 1 QL 

≈ 1 nm) Bi2Se3 film. A vertical offset was subtracted for clarity. The solid line is a sinφ 

fit to the data. A linear dependence of the sinusoidal amplitude 2ωΔ yxR  on the current I (e) 

and magnetic field H (f). The solid lines are linear fits. 
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FIG. 2. (a) Schematic illustration of the simultaneous measurements of nonlinear planar 

Hall effect ( 2ω
yxV ) and nonlinear magnetoresistance ( 2

xxV ω ). (b) Comparison of the angular 

dependence of 2ω
yxR  and 2ω

xxR  while rotating H in-plane in a 20 QL Bi2Se3 film. (c) When 

H is aligned in the x-direction, an asymmetric distortion of the Fermi contour is induced 

along the y-direction. (d) When H is aligned in the y-direction, an asymmetric distortion 

of the Fermi contour occurs along the x-direction. The blue (yellow) curves show the 

schematic Fermi contours of the surface band under a zero (nonzero) external magnetic 

field. The black arrows indicate the spin directions of the four typical TSS. 
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FIG. 3. When an electric field E is applied to the 3D TI, a nonlinear spin current ܳ௔௕ at the 

second order of E is generated simultaneously at both the longitudinal ܳ௫௬  (a) and 

transverse ܳ௬௫ (b) directions, due to the perpendicularly spin-momentum locked surface 

states. (c) When an external magnetic field H is applied perpendicular to E, the 

longitudinal nonlinear spin current is partially converted into a charge current ۸௫(۳ଶ), 

giving rise to the nonlinear magnetoresistance. (d) When an external magnetic field H is 

applied parallel to E, the transverse nonlinear spin current is partially converted into a 

charge current ۸௬(۳ଶ), giving rise to the nonlinear Hall effect. The gray arrows indicate 

the k directions and the black arrows indicate the spin directions of TI surface state. 
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TABLE I. Comparison of the nonlinear planar Hall effect for various materials with 

nontrivial spin textures. Note that the data for WTe2 are obtained when the current is 

applied along the a and b axis. The thickness of 2DEG on SrTiO3(001) surface were 

taken from references[67,68].  

 

 

 

Materials T
(K)

 xx࣋

(µΩ·cm)
W/L 

(μm/μm)
t

(nm)
૛࣓࢞࢞ࡾ/૛࣓࢞࢟ࡾ ૛࣓࢞࢞࣋/૛࣓࢞࢟࣋ ૛࣓/(ExHy)࢞࢟࣋

(mΩ· V-1·µm2·T-1)
૛࣓/(ExHy)࢞࢟࣌

(mΩ-1· V-1·T-1)

Bi2Se3 5  433 20/100 19 0.044 0.22 0.02 0.001

SrTiO3 2 280 20/115 ~20 0.018 0.1 13.8 1.76

WTe2 (b) 2 147 3/3 13.4 0.5 0.5 4.02 1.85

WTe2 (a) 2 43 3/3 13.4 1.9 1.9 2.84 15.4


