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Abstract 

The physics related to Berry curvature is now a central research topic in condensed matter physics. 

The Berry curvature dipole (BCD) is a significant and intriguing condensed matter phenomenon 

that involves inversion symmetry breaking. However, the creation and controllability of BCDs 

have so far been limited to far below room temperature (RT) and non-volatile (i.e., ferroic) BCDs 

have not yet been discovered, hindering further progress in topological physics. In this work, we 
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demonstrate a switchable and non-volatile BCD effect at RT in a topological crystalline insulator, 

Pb1-xSnxTe (PST), which is attributed to ferroic distortion. Surprisingly, the magnitude of the 

ferroic BCD is several orders of magnitude greater than that of the non-ferroic BCDs that appear, 

for example, in transition metal dichalcogenides. The discovery of this ferroic and extraordinarily 

large BCD in PST could pave the way for further progress in topological material science and the 

engineering of novel topological devices. 

 

Berry curvature plays a central role in modern condensed matter physics. It is defined in 

reciprocal space and provides the effect of a fictitious but emergent magnetic field in real space. 

As a consequence, non-zero Berry curvature endows a number of condensed matter materials with 

novel topological phenomena that could lead to a new era of quantum topological material science 

focusing on areas including topological insulators (TIs), topological crystalline insulators (TCIs), 

and Weyl semimetals. In particular, the Berry curvature dipole (BCD), which is the first-order 

moment of Berry curvature, has attracted a great deal of attention because of its production of 

nonlinear transport. A good example of such nonlinear transport is the nonlinear Hall effect 

(NLHE), the second-order Hall response, which appears in material systems with inversion 

symmetry breaking, such as Td phase transition metal dichalcogenides (TMDs)1–4, strained TMD5, 

Moiré systems6,7, and monolayer ferroelectric materials8,9. The BCD along an arbitrary in-plane 𝛼 

direction, 𝐷 , in a two-dimensional system is expressed as follows: 

𝐷 =  ∫
𝒌

( )
𝛺(𝒌), (1)

where 𝒌 is a wave vector, 𝑘  is a wave vector along 𝛼, f0 is the Fermi distribution function, and 

𝛺(𝒌)  is the Berry curvature. Under the time-reversal symmetric condition, 𝐷  is zero in 
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centrosymmetric materials. Meanwhile, 𝐷  is nonzero when the system has broken inversion 

symmetry along the 𝛽 direction (𝛼 ⊥ 𝛽), where the breaking is attributed to a crystalline structure, 

distortion, or displacement of specific constituent atoms. The direction and amplitude of 𝐷  can 

be monitored via the NLHE10, and in fact, reasonably large values of 𝐷  have been reported6. 

However, there are two complications that hamper further progress in BCD physics. One is that 

detection of the NLHE due to a BCD is limited at low temperatures. This is mainly because a small 

BCD invokes a weak NLHE, because the NLHE is a second-order effect. The other is the difficulty 

involved in the non-volatile modulation of a BCD. Since a BCD is a built-in property in 

conventional materials, only external fields such as from an electrical gating or mechanical strain 

can tune and switch a BCD, but a BCD cannot otherwise keep its state statically. 

TCIs are a class of topological quantum materials whose topological surface states are protected 

by mirror symmetry, unlike TIs, in which time-reversal symmetry protects their states. The 

topological surface state in a TCI allows an abundant physical nature as in TIs, and this nature can 

be controlled by mechanical strain, structural distortion, impurity doping, and temperature11–13. 

However, progress in the quest for the above-mentioned intriguing physical nature in TCIs has 

lagged behind that of TIs, and indeed, pioneering research on TCIs has been mainly limited to 

photoelectron spectroscopy14–21 and scanning tunnelling microscopy21–23. The rock-salt structure 

IV-VI materials, Pb1-xSnxTe (PST), are a family of TCIs12,16,24 (see Fig. 1a) and host massive or 

massless four Dirac cones on their (001) surfaces that reflect ferroelectric displacements of atoms 

at the surfaces15,22,23. In line with the physics of the BCD, it is envisaged that the ferroelectric 

structural transition of PST gives rise to structural distortion that renders the BCD tuneable and 

switchable for the following reason. Under the ferroelectric distortion, the mirror symmetry in PST 

breaks, resulting in opening gaps of the Dirac cones located perpendicular to the direction of 
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ferroelectric distortion (Figs. 1b and 1c). Dirac fermions are massive by the gap opening and 

acquire finite Berry curvature (Fig. 1d). Because the Berry curvatures of the massive Dirac 

fermions at each of the gapped Dirac states have opposite signs due to time-reversal symmetry, 

the BCD arises perpendicularly to the ferroelectric distortion, yielding a nonzero NLHE10. More 

importantly, the magnitude and polarity of the BCD, which are dependent on the extent of the 

band-gap opening and the concomitant generation of massive Dirac fermions by the ferroelectric 

distortion of PST, are controllable if the ferroelectric distortion is switched by an external electric 

field, and furthermore, the BCD in PST is non-volatile because the extent of the ferroelectric 

distortion governs the creation of the BCD. Hence, utilization of the ferroelectric nature of PST 

allows for the pioneering of a novel and undiscovered physical phenomenon—a tuneable, 

switchable, and non-volatile BCD, specifically a ferroic BCD, detected via modulation of the 

NLHE by an external electric field. In addition, the discovery of this novel effect enables the 

acceleration of studies on TCIs, for which research progress has been slower than for other 

topological quantum materials. 
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Figure 1 Crystal structure, ferroelectric distortion and sample structure of Pb1-xSnxTe (PST). (a) 

The rock-salt crystal structure of PST. Sn, Pb cations and Te anions are coloured green and yellow, 

respectively. (b) The undistorted (001) surface of the PST where two mirror planes denoted as 𝑀  

and 𝑀  are both protected (indicated by black solid lines). In this paper, the 𝑥 and 𝑦 axes are 

defined in the [110] and [110]  lattice orientation, respectively. (c) The distorted (001) surface of 

the PST, where the ferroelectric displacement of atoms takes place along the x direction. Owing to 

the distortion, a mirror plane Mxz (indicated by a black dashed line) is broken and a finite BCD is 

present. (d) A schematic of the surface band structure in the first Brillouin zone when the system 

is under ferroelectric distortion along the 𝑥 direction. PST has four Dirac cones near each X point. 

Breaking of one mirror plane (here, 𝑀  is broken) opens gaps only in two Dirac cones along 𝑘  

(coloured orange) while the other two (coloured grey) remain gapless. The gapped Dirac cones 

gain finite Berry curvature with opposite signs to one another due to time-reversal symmetry. As 
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a result of their segregation in momentum space, a finite BCD arises along 𝑘 . (e) A sample stack 

structure and {110} cross-sectional TEM image of the PST. The white scale bar in the TEM image 

indicates 2 nm. The PST (001) layer is epitaxially grown on a CdTe / ZnTe buffer layer on a GaAs 

substrate. (f) The temperature dependence of the resistivity of the PST, showing semiconductive 

behaviour in which the resistivity increases with decreasing temperature.  

 

An Sb-doped PST single crystal was grown on insulative CdTe/ZnTe buffer layers on a 

GaAs(001) substrate by molecular beam epitaxy. Energy dispersive x-ray spectrometry (EDX) 

from tunnelling electron microscopy (TEM) revealed that the composition of x was 52%, i.e., 

Pb0.48Sn0.52Te.. From x-ray diffraction measurements, the crystal orientation was determined to be 

(001)[110]PST // (001)[110]GaAs (see S.I. No. I). Figure 1f shows the temperature-dependence of the 

resistivity of the Pb0.48Sn0.52Te, where a typical TI-like dependence is found. Indeed, the resistivity 

monotonically increases with decreasing temperature down to 50 K and saturates below 50 K, and 

this is attributed to the fact that the bulk conduction is suppressed and carrier transport in the 

topological surface state is dominant. Such a semiconducting bulk conduction is realized by Sb 

doping that compensates for Sn vacancy sites, resulting in surface dominant transport at low 

temperature. A similar characteristic temperature dependence of the resistivity is widely observed 

in many TIs, such as (Bi,Sb)2(Te,Se)3 and Tl1-xBi1+xSe2
25,26. Furthermore, the composition of the 

Sn was identified to be 52%, allowing for the TCI character27. Thus, it is concluded from the results 

that the PST used in this study is TCI, a topologically non-trivial material. 

As mentioned previously, the ferroelectric character of PST allows observation of the NLHE. 

We measured the nonlinear Hall (NLH) voltage 𝑉  using the a.c. lock-in technique (see Fig. 

2a). 𝑏  and 𝑎  denote the in-plane directions, along which a sinusoidal electric current 𝐼 =



 7

|𝐼 | sin(𝜔𝑡)  was applied and a second harmonic voltage measurement was implemented, 

respectively. The NLH voltage, which arises as the second harmonic transverse voltage along 𝑎, 

is given by 𝑉 ∝ 𝐷 ∙ 𝐼 , where 𝐷  is the BCD along 𝑏. The |𝐼 | dependence of 𝑉  is 

shown in Fig. 2b (see also Fig. 2a for the definition of the x and y coordinates). A noticeable 

quadratic dependence on |𝐼 |, which is a manifestation of the NLHE, is measured in the PST (the 

second harmonic longitudinal voltage, 𝑉 , is considerably smaller than 𝑉 , which supports 

the successful detection of the NLHE2,4 (see S.I. No. IV)), and more surprisingly, the NLHE is 

substantial up to 300 K. The NLHE is monotonically enhanced at lower temperatures, which can 

be explained by the suppression of the parallel conduction of the bulk and topological surface 

states of the PST. Therefore, the significant enhancement of 𝑉  at low temperatures 

demonstrates that the NLH voltage along 𝑥 in the PST is attributed to the topological surface state 

of the PST, where the BCD is created along 𝑦 due to inversion symmetry breaking along 𝑥 (note 

that the ferroelectric lattice distortion along 𝑥 creates massive Dirac fermions in a pair of Dirac 

cones along 𝑘 , resulting in the BCD along 𝑦). As a control experiment, we selected PbTe (PT), a 

topologically trivial material, and conducted the same measurement. As shown in Fig. 2c, the 

NLHE is not observed in the PT even at a low temperature (S.I. No. IV), which is compelling 

evidence that the topological nature of the surface state of the PST is the key to the appearance of 

the NLHE. From fitting results using the quadratic function 𝑉 = 𝜒 𝐼 , we extracted 𝜒, an 

index of the strength of the NLH response, for the PST and the PT, and the results are summarized 

in Fig. 2d. The coefficient 𝜒 of the PST at 5 K is 35 times greater than that at 300 K. As discussed 

above, the NLHE nature is ascribed to the topological surface state of PST. Hence, we deduce that 
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further enhancement of the NLHE can be realized by decreasing the thickness of the PST to 

suppress the bulk contribution to the carrier transport. 

 

Figure 2 Nonlinear Hall effect in PST and a comparison with PT. (a) A schematic of the 

experimental setup for the NLHE measurement. (b) The second harmonic transverse voltage 𝑉  

of the a.c. current along 𝑦 at 300 K. The results are coloured red and blue for PST and PT, 

respectively. (c) The temperature dependence of the 𝑉 − 𝐼  characteristics in PST. In all of 

the measured range, 5 – 300 K, a quadratic dependence is observed. (d) The strength of the NLHE 

summarized as a function of temperature. The PT does not exhibit NLHE.  
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To further investigate the relevance of the successful detection of the NLHE by ferroelectric 

distortion in the PST, we performed NLH voltage measurements after applying the pulsed electric 

field to control the ferroelectric distortion and its direction. A pulsed electric field of 15 V/cm, that 

is more than ten times greater than that of the input sinusoidal electric field of the NLH voltage 

measurements, was applied for 1 s along ±x and ±y (𝐸±  and 𝐸± ) at 300 K, resulting in 

ferroelectric lattice distortion along the ±x and ±y directions. Since (1) the BCD is created by lattice 

inversion symmetry breaking due to the ferroelectric distortion and (2) the direction of the 

ferroelectric distortion is controlled by a polarity of the pulse electric field, the BCD can be 

modulated by the repeated application of a pulse electric field and the polarity of the BCD is 

controllable. Hence, the absolute value of the NLH voltage 𝑉  can increase quadratically as a 

function of 𝐼  because 𝑉 ∝ 𝐷 ∙ 𝐼 , and its polarity can be changed by the 𝐸± . As can 

be seen in Fig. 3a, the NLH voltage 𝑉  depends quadratically on 𝐼  and the polarity reversal 

of 𝑉  under the application of 𝐸  and 𝐸  is successfully detected. These results can be 

understood from the picture of ferroic BCD creation, where the lattice distortion of the PST breaks 

a mirror plane (110) and creates a BCD along the y direction (see Figs. 3b and 3c, and also S.I. 

No. II for the detail of the symmetry analyses). For comparison, we also performed the same 

measurements by applying the pulsed electric field along the ±y direction and confirmed that the 

𝑉  is negligibly small (Fig. 3d). The missing 𝑉  is rationalized as follows: As shown in Figs. 

3e and 3f, the BCD is created along the ±x directions under the application of the pulsed electric 

field along the ±y direction. Because the NLH voltage is detected along the y direction, the BCD-

induced NLHE that appears along the x direction is not detectable in this setup. These findings 
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sufficiently coincide with the physical picture that the creation of BCD by the ferroelectric 

distortion attributes to the NLHE, i.e., the directions of the distortion and the BCD are 

perpendicular and the NLH voltage is detected perpendicularly to the BCD. 

To confirm that the ferroelectric distortion definitely produces the NLHE, we measured 𝑉  

with a sweeping 𝐸  upwards and downwards. The observation of a hysteretic loop of 𝑉  is 

expected, because the BCD can be modulated via ferroelectric distortion. As expected, clear 

hysteresis of 𝑉  as a function of 𝐸  was measured (fig. 3g). Here, 𝑉 ∝ 𝐷 𝐼 , so the 

observed 𝑉  simply depends on the projection of the BCD along the y direction, which is 

controlled by the change in the ferroelectric distortion by the 𝐸 . The observed multilevel states 

remain non-volatile without an external electric field, and hence, the successful observation of the 

hysteresis of the NLH voltages underscores the validity of our assertion for the underlying physics, 

i.e., the BCD in PST is the key to the generation of the NLHE at room temperature and is 

electrically controllable through the ferroelectric distortion. The absence of hysteresis saturation 

within the measured electric field range indicates that the ferroelectric distortion forms multiple 

domains and that a higher electric field is required for the hysteresis saturation to occur. We also 

explored the hysteresis characteristics of NLHE at low temperature (see SI No. V). 
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Figure 3 Nonlinear Hall effect in PST with mirror symmetry control. (a) 𝑉 − 𝐼  

characteristics after application of a pulsed electric field of 15 V/cm from +𝑥 (red) and −𝑥 (cyan). 

The inset is a schematic of the measurement setup. (b,c) Schematics showing the correlation 

between directions of the ferroelectric distortion 𝑑  and BCD with the (001) surface of PST that 

describes the result of (a). Due to the ferroelectric distortion +𝑑 , a BCD along the 𝑦 direction is 

present (b). Under the injection of current 𝐼  parallel to the BCD, the NLHE generates a finite 

voltage 𝑉  in the 𝑥 direction. When the ferroelectric distortion is reversed to −𝑑 , the direction 

of the BCD flips and the resulting 𝑉  is generated in the opposite direction (c). (d) 𝑉 − 𝐼  

characteristics after application of a pulsed electric field of 15 V/cm from +𝑦 (green) and −𝑦 

(blue). (e,f) Schematics when the ferroelectric distortion is in the 𝑦 direction in accordance with 

(b) and (c), respectively. Here BCD is oriented in the 𝑥  direction, so the injected current is 

orthogonal to the BCD. Therefore, the BCD-induced NLHE vanishes. (g) 𝑉  measured with a 

sweeping pulsed electric field, exhibiting clear hysteresis behaviour and sign reversal. Red (blue) 

circles show the down sweep (up sweep). 𝐼 = 500 μA. 

 

Evaluation of the magnitude of the BCD and comparison with those of other materials systems 

where a non-ferroic BCD allows the NLHE is significant. Since the PST has parallel conduction 

of the bulk and topological surface states, quantitative estimation of the magnitude of the BCD is 

somewhat complicated at room temperature due to the contribution of the bulk state. However, at 

low temperatures, the bulk conduction is suppressed and the surface transport of carriers is 

dominant. Therefore, we focus only on the estimation of the BCD at 5 K by postulating the 

complete suppression of the bulk transport. The nonlinear Hall current at low frequency is given 
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by 𝐽 =
ℏ

𝐷(𝐸 )  where 𝑒 is the elementary charge, 𝜏 is the scattering time, ℏ is the Dirac 

constant, D is the BCD, and 𝐸  is the electric field2,10. Using 𝜒 =
ℏ

𝐷, this formula can be 

transformed into a fitting formula for the experimental result, 𝑉 = 𝜒(𝐼 ) , where 𝑤 is the 

width of the sample and 𝜎 is the conductivity. At 5 K, from the experimental result shown in Fig. 

2c (the ferroelectric distortion is oriented along the x direction by the pulsed electric field), 𝜒 =

𝑉 /(𝐼 )  was found to be 8.29×105 V/A2 in the PST. Using 𝜏 = 6 ps28 and the conductivity 

measured by the van der Pauw method (Fig. 1f), the BCD of the PST was estimated to be 150 nm. 

It is notable that this estimation provides a lower limit because the bulk conduction is not 

completely suppressed in the actual experiments. This estimated BCD (150 nm) is more than one 

order of magnitude greater than that of non-ferroic BCD materials such as TMD (5 nm2). It is also 

noted that the magnitude is two orders of magnitude larger than the theoretically predicted value 

for SnTe10. However, we emphasize that similar unprecedentedly large BCDs have been frequently 

reported in previous studies using twisted double bilayer graphene6 and twisted bilayer WSe2
6,7. 

One possible origin of such discrepancies stems from extrinsic mechanisms, such as skew 

scattering and side-jumps29–33. However, it should be emphasized that the contribution of skew 

scattering to nonlinear transversal voltage generation reported in Refs. 32,33 can be neglected in 

our system because it is observed in a symmetry-protected system that enables suppression of the 

BCD and is considered to be independent of the switching of ferroelectric distortion. Regarding 

the other extrinsic contributions, although the scaling law has been proposed as a potential 

approach to distinguish the physical origins of the NLHE29, there is a subtlety about whether the 

scaling law is obtained in the PST because the control of conductivity or disorders of PST is not 

easy without changing its ferroelectric nature and lattice inversion symmetry. Consequently, these 

extrinsic contributions, which are challenging to isolate, can be deemed as one of the factors 



 14

accounting for the discrepancy between the BCD values calculated theoretically and 

experimentally. 

As mentioned previously, the experimental results unambiguously substantiate the existence of 

a ferroic BCD in PST resulting in the observation of the NLHE at room temperature. In this 

paragraph, opportunities to create innovative electric devices using ferroic characteristics are 

discussed. Given that the effect can manifest itself at room temperature, a possible application is 

non-volatile BCD memory, which can be simply achieved using a single ferroic BCD material 

with a Hall bar structure (see also SI No. VI). Because the direction of the external electric field 

and the reading direction are orthogonal, a single strip allows for multiple-bit storage. The large 

BCD in PST discovered in this study has the great advantage of allowing for downsizing of the 

device. Furthermore, because PST is a nonmagnetic ferroelectric metal, in which an external 

electric field can be screened by surface carriers, the proposed BCD memory is expected to retain 

information firmly against disturbances such as magnetic fields and electric fields. In BCD 

memory, the fabrication of three-dimensionally integrated memory is also possible only by 

fabricating heterostructures of BCD and non-BCD materials such as PST and PT. In this system, 

only the topological surface state with BCD characteristics is conductive and data can be stored in 

two surface states in each PST layer. 

To conclude, a ferroic BCD has been successfully detected at RT using a TCI, Sb-doped PST. 

The ferroic BCD is tuneable, switchable, and non-volatile at RT, and the magnitude of the BCD 

greatly surpasses that of a material with a non-ferroic nature. An interplay between the topological 

surface state protected by inversion symmetry and ferroic atom distortion in PST at RT renders 

the ferroic BCD resilient against thermal perturbations. Although the progress of research on TCIs 

has lagged behind that of the other topological quantum materials since the advent of TCIs, this 



 15

newly discovered ferroic BCD in PST should enable the acceleration of research on topological 

physics targeting TCIs. 
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