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OUTLINE

➢ Polar semiconductors

• Bulk photovoltaic effect

➢ Polar semiconductors/metals

• Nonreciprocal transport (2nd harmonic resistance)

• Nonlinear Hall effect           

➢ Noncentrosymmetric superconductors

• Nonreciprocal transport/Nonlinear Hall effect

• Superconducting diode effect 

➢ Discussions on nonreciprocity in longitudinal response



Ta As

Weyl semimetal (TaAs)

L. X. Yang, Nat. Phys (2015)  

Osterhoudt, Nat. Mater (2019)  

Perovskites (BaTiO3, etc)

A. Zenkevich, et al., PRB (2014)  

Y. Yun, Sci. Adv. (2021)  

Organic crystal (TTF-CA)

M. Nakamura,., 
Nat. Commun. (2017)  
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Photovoltaic effect Photoconductivity Bulk photovoltaic Effect (BPVE)

1. Bulk photovoltaic effect in polar semiconductors



BPVE in TMD nanotubes

Centrosymmetric Non-centrosymmetric Non-centrosymmetric

➢ Valleytronics

➢ Piezoelectric

+ tubular+chiral

+ polar

Top view
Bulk, bilayer

(D6h) 

Monolayer 
(D3h) 

1D nanotube   
(C3 x C2) 
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Bulk photovoltaic effects in WS2 nanotubes
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Dark
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4 mm
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Inner diameter: 107nm
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Zig-zag type

Chiral type



Laser position dependence of Isc
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Bulk? or Schottky?
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Photovoltaic effect due to Schottky barriers

WS2-NTWS2-monolayerWS2-bilayer

Bulk photovoltaic effect

Y. J. Zhang et al. Nature 570, 349 (2019).



A shift current theory

𝒓𝑛 = 𝑖
𝜕

𝜕𝒌
+ 𝒂𝑛 𝒌

𝒂𝑛 = −𝑖 𝑢𝑛𝒌 𝜵𝒌 𝑢𝑛𝒌

1

2

𝒓1 ≠ 𝒓2 𝑗shift ∝ න𝑑𝒌 ሶ𝑓12
𝜕𝜑12
𝜕𝒌

+ 𝒂1 − 𝒂2

ሶ𝑓12 ∝
𝑬 2

𝐴 𝑬 2 + 𝐵

Morimoto et al., Sci. Adv. 2 e1501524 (2016)

Shift current ∝ E2 → E
Berry connection

Valence 

Band

Conduction 

Band

K-space real-space

2nd order of E 

(electric field of light)

𝜒(2)(0;𝜔,−𝜔) 𝜒(2)(2𝜔;𝜔, 𝜔)Shift current cf) SHG



Laser power dependence

C. Zhang et al., APL 100 243101 (2012)

Photovoltaic effect at

WS2-NT/metal Schottky barrier

Bulk photovoltaic effect in

WS2-NT

633 nm

785 nm

Linear up to 6×103 W/cm2Crossover from linear to √ of P at 10 W/cm2

Shift current mechanism is likely

I ∝ P 1 → I ∝ P 0.5

I∝ E2 → E



In-plane polar vdW heterostructures

Nonplolar (WSe2) + Nonpolar (BP) ⇒ Polar

m

WSe2（C3 rotational symmetry）

BP（ C2 rotational symmetry ）

WSe2/BP

P

Rotational symmetry broken In-plane 

polarization
One mirror plane remains

Heterostructure of different crystal symmetry



Photocurrent in van der Waals heterostructures

1L- WSe2 Black Phosphorus WSe2 / Black Phosphorus

Anomalous photovoltaic effect in WSe2 / Black Phosphorus interface

5μm 5μm 5μm

T. Akamatsu, T. Ideue et al. Science 372, 68 (2021).



Method for applying strain to 3R MoS2

By adjusting the height of bottom electrode, the strain intensity can be 

controlled.

Step one

Transfer the flake to the 

electrode (suspended)

Strained

Step two

Push the flake down to the bottom 

(stretched) 



Strain induced photocurrent 

3 μm

Isc (nA)

Armchair

Strained 3R-MoS2



BPV coefficient

WS2 NT

3R MoS2 (strained)

below this

LiNbO3:Fe

LiNbO3:Fe (10MPa)

BiFeO3:Mn

BiFeO3

BaTiO3

SBC222

SBC252

SBC555

WSe2/BP

3R MoS2 

(unstrained)

TaAs

Y. Dong, M. Yang et al. Nat Nano 18, 36 (2023) 



2. Nonreciprocal resistance in polar conductors

◼Diode (broken inversion and translational symmetry)

𝐼 = 𝐺 1 𝑉 + 𝐺 2 𝑉2 +⋯

𝑉 = 𝑅 1 𝐼 + 𝑅 2 𝐼2 +⋯

I

V

∝ V2

∝ V



◼Second harmonic resistance

Detection of rectification/ratchet motions
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Nonreciprocal electric transport in polar & chiral systems

◼ Chiral systems

●n-channel Si FET

・ ΔR ∝ B・I

・ Chirality ⇔ Sign of nonreciprocity
・ ΔR ∝ I・(E×B)

・Polarity ⇔ Sign of nonreciprocity

◼ Polar systems

+I-I

P

B

●Carbon 

nanotube

B

+I

-I

G. L. J. A. Rikken et al. ,  

Phys. Rev. Lett. 94, 

016601 (2005).

●Bi helix

G. L. J. A. Rikken et al. 

Phys. Rev. Lett. 87, 

236602 (2001). F. Pop et al.  

Nat. Commun. 5, 

3757 (2014).

●Organic 

materials

Krstić, V. et al.

J. Chem. Phys. 

117, 11315 

(2002).



Polar semiconductor BiTeBr

Bi

X
Te

■ BiTeX (X = I, Br)

kx

ky

𝜀

●Rashba-type spin splitting w/o B

● ABCABC・・・（natural tricolor stacking）
Polar structure

↓

Rashba –type spin-orbit coupling

K. Ishizaka et al., Nat. Mater., 10, 521 (2011)

)(FSOI yxxy kkvH  −= 



Device fabrication in BiTeBr

■Exfoliation and Electron Beam Lithography 

■Basic transport

5 μm

Metallic down to low T due to the electron doping

thickness～100nm or less



Nonreciprocal transport in BiTeBr

■B dependence ■Angle dependence

Selection rules characteristic of polar materials

𝑅2𝜔 ≡
𝑉2𝜔

𝐼𝜔
∝ 𝐼 ∙ 𝑃 × 𝐵

θ = 0°

( I  ⊥ B )

θ = 90°

( I  ∥ B ) I

B

Pz

θ
Bx

Ix

Pz

By
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Comparison with theory

●Carrier density dependence at 2 K ●Temperature dependence for    

n = 3.2 x 1018 cm-3 

n = 7.8 x 1018 cm-3

Independent from sample size or scattering time

Theoretical calculation from Boltzmann equation without fitting parameters 

assuming the simple Rashba band

Rashba splitting can be estimated from nonreciprocal  transport



Band-driven nonlinear Hall transport

赤矢印いらん

1) Polar system  Td-WTe2

Berry curvature dipole

Q. Ma et al., Nature 565, 337 (2019) 

K. Kang et al., Nat. Mater. 18, 324 

(2019).

2) AFM interface: even layer even 

layered MnBi2Te4/Black 

phosphorous interface

Quantum Metric

A. Gao et al., Science 381, 181 (2023)

𝑉𝑦 𝐼𝑥 = 𝑅𝑦𝑥
2
𝐼𝑥
2

Berry 

curvature 

dipole 

Bi-/few-layer WTe2

Nonlinear Hall effect at B = 0 (under Time Reversal Symmetry)



Real space picture of NHE

赤矢印いらん

M

cf) Anomalous Hall effect

(AHE)

Nonlinear (anomalous) Hall effect

Q. Ma et al., Nature 565, 337 (2019).

K. Kang et al., Nat. Mater. 18, 324 (2019).

Electron trajectory is bent by polarization P

5. Nonlinear transport in trigonal superconductor PbTaSe2



3. Superconducting rectifiers

J. E. Villegas et al. Science (2003).

Device architecture

𝑩

I

𝑩

I

Chiral SC F. Qin et al. Nat Comm (2017).

Trigonal  SC
Wakatsuki/Saito et al. 

Sci. Adv (2017).  

Crystal structure (Intrinsic)

I

Mo

S

F. Ando et al., Nature 584, 373 (2020)

Diode effect (𝐼𝑐+ ≠ 𝐼𝑐−)
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Rectification in noncentrosymmetric superconductors

Centrosymmetric Noncentrosymmetric

Nonreciprocal 

transport
Superconducting diode 

effect (SDE)

𝐼𝑐+ ≠ 𝐼𝑐−

T. Ono group., Nature (2020)
Extrinsic

J. E. Villegas et al. Science (2003).

Intrinsic

Iwasa group, Nat Comm (2017)

Sci. Adv (2017)



Nonreciprocal superconducting transport

Trigonal RashbaChiral

WS2 nanotube MoS2 SrTiO3

F. Qin et al., 

Nat Comm. 8, 14465 (2017).

B

I
I

R. Wakatsuki et al., 

Sci. Adv. 3, e1602390 (2017).

Y. M. Itahashi et al., 

Sci. Adv.6, eaay9120 

(2020).

B



Second harmonic resistance R2ω

𝛾 ≡
2𝑅2𝜔

𝐼𝐵𝑅𝜔
~ 1000 T-1A-1 below Tc

𝑇𝑐

𝐼DS = 17 μA

Superconductivi

ty

Normal state

R. Wakatsuki, Y. Saito, et al.  Sci. Adv. 3: e1602390 (2017).

H

Effect of vortices



Gate-indued superconductivity in WS2 nanotube

2 μm
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F. Qin et al., Nat Comm. 8, 14465 (2017).

Nonreciprocal Little-Parks oscillation



F. Ando, et al., Nature 584, 373 (2020).

B. Pal et al., Nat. Phys. 18, 1228 (2022).

Y. Y. Lyu et al., Nat. Commun. 12, 2703 (2021).

K. R. Jeon et al. Nat. Mater. 21, 1008 (2022).

A. Mizuno et al., IEEE Trans. Appl. Supercond.

32, 6601005 (2022).

H. Narita et al., Nat. Nanotechnol. 17, 823 (2022).

L. Bauriedl et al., Nat. Commun. 13, 4266 (2022).

R. Kealhofer et al., PRL 107, L100504 (2023).

Superconducting diode effects (SDE)

Broken time reversal symmetry (TRS)

etc...

Without explicit TRS breaking

at  B ≠ 0  or with ferromagnet at B = 0

H. Wu et al., Nature 604, 653 (2022)

J.-X. Lin et al.: Nat. Phys. 18, 1221 (2022)

Frank Zhao et al.; Science 382, 1422 (2023)

T. Le et al., Nature 630, 64 (2024)

Z. Wan, Nature 632, 69 (2024)



Purpose of this research

➢ Experimental difficulty of zero-field SDE

: to distinguish from extrinsic effect

➢ Experimentally, broken time reversal symmetry 

(TRS) seems to be required for zero-field 

superconducting diode effect (SDE). 

To observe “intrinsic” 2nd harmonic transport and SDE 

with TRS

• Twisted Graphene: J.-X. Lin et al. Nat. Phys. 18, 1221 (2022)

• Twisted BISCCO; Frank Zhao et al., Science 382, 1422 (2023)

• Kagome: T. Le et al., Nature 630, 64 (2024)

• Chiral Molecule/TaS2:Z. Wan, Nature 632, 69 (2024)

+I

-I

Following papers claim that SDE occurs because TRS is 

broken in superconducting states



PbTaSe2

・ Noncentrosymmetric structure (D3h) 

・ Trigonal superconductor 

(Tc ~ 3.8 K)

• s-wave is highly likely

・ 1H-TaSe2 + intercalated Pb

M. N. Ali et al., PRB 89, 020505 (2014). S.-Y. Guan et al., Sci. Adv. 2, e1600894 (2016).



Nonlinear Transport in Trigonal PbTaSe2

B

B ≠ 0

𝑉2ω// mirror

𝑅𝑖𝑥
2ω =

𝑉𝑖
2ω

𝐼𝑥
∝ 𝐼𝑥 (𝑖 = 𝑥, 𝑦)

B = 0

mirror

mirror

90o rotated

T. Ideue eta l., 

PRR 2, 042046 (2020).

Y. M. Itahashi et al., 

Nat Comm 13, 1659 (2022)

Scattering induces 

nonreciprocity under 

TRS predicted by
H. Isobe and L. Fu

Sci. Adv. 6, eaay2497 (2020).



Normal state (B=0) : Rxx
2ω and Ryx

2ω

・ Nonlinear response reflecting trigonal symmetry



Superconducting state (B=0) : Rxx
2ω and Ryx

2ω

・ Peak structure consistent with trigonal symmetry

𝑉2ω// mirror

Y. M. Itahashi et al., Nat Comm 13, 1659 (2022)
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Tc = 3.8 K

B = 0, PbTaSe2, 

nonlinear Hall effect 

Enhancement of nonlinear Hall effect in SC state

Y. M. Itahashi et al., Nat Comm 13, 1659 (2022)



SDE under TRS was not observed in trigonal lattice

m

B-odd diode effectZero magnetic field 

(B-even) diode effect

Current 

direction

Unstrained

→ Reduce symmetry by 

application of strain

No appreciable diode effect???



Application of strain and its detection by SHG

Thickness 

~ 100 nm

200 nm 

height

Y. Dong et al., Nat. Nanotechnol. 18, 36 (2023).

Armchair

Strain magnitude
~ 0.2 %



Current & strain along zigzag direction

Unstrained 

Strained 



Current & strain along armchair direction

Unstrained 

Strained 



Magnetic Field Dependence in Strained Devices

B-even in armchair and B-odd in zigzag configuration 

→ Diode effect originating from crystal symmetry

I // armchair I // zigzag

Ic+

Ic-

Ic+

Ic-

BB

F. Liu, Y. M. Itahashi et al., Sci Adv, 10, eado1502 (2024)



Discussion on longitudinal nonreciprocity

Materials Phenomena Band theory Experiment

PN junction Nonrecirocal

transport

allowed

Conductor

(BiTeBr)

Nonrecirocal

transport

forbidden Observed with B

Semiconductor

(TMD nanotube,

vdW hetero, Strain)

Bulk photovoltaic 

effect (shift current)

allowed Observed w/o B

Superconductor

(PbTaTe2)

Nonrecirocal

transport

Superconducting 

diode effect

forbidden Observed w/o B

(e-e interaction)

Nonlinear response of longitudinal transport σxx under TRS 



Single band model in polar conductor

Noncentrosymmetric crystals

✕ Spatial inversion symmetry

 Translational symmetry

Scattering or electron correlation

→  (k, σ) =  (-k, -σ) under TRS

Thus nonreciprocity is not allowed.
Scattering or electron correlation

E
n
e
rg

y

𝐵 = 0

𝑘𝑥

E
n
e
rg

y

𝐵 ≠ 0

𝑘𝑥

Break TRS by magnetic field, and

→  (k, σ) ≠  (-k, -σ)

Then reciprocity is allowed within band 

scheme

クリックすると新しいウィンドウで開きます

https://ord.yahoo.co.jp/o/image/RV=1/RE=1511924795/RH=b3JkLnlhaG9vLmNvLmpw/RB=/RU=aHR0cHM6Ly9hcnMuZWxzLWNkbi5jb20vY29udGVudC9pbWFnZS8xLXMyLjAtUzAzNjgyMDQ4MTQwMDE2ODYtZ3IxLmpwZw--/RS=%5eADBSz0Q0dh264Lp5ATM9cDzp7z_DbY-;_ylc=X3IDMgRmc3QDMARpZHgDMARvaWQDQU5kOUdjUmx3QkFZYVZndTU4QjJFNmVOYXdQS0JPanlaS0U2eWthYjNCNzJ3bkZialF5ME1ob3pHNDVrZlpRBHADY21GemFHSmhJSE53YkdsMGRHbHVady0tBHBvcwMyMARzZWMDc2h3BHNsawNyaQ--


➢ In PN junction, nonreciprocity is allowed because of the 
lack of translational symmetry. 

➢ BPVE from shift current model  is a 2 band phenomenon, 
and the band picture allows nonreciprocity within the 2 
band model.

➢ Rxx
2ω is allowed by breaking TRS (finite B).

➢ Nonlinear Hall effect is allowed within a single band 
model even under TRS.

➢ Nonreciprocity under TRS is allowed when 

one takes electron correlation or scattering into account. 

Discussion



Discussion on SDE under TRS

Nonreciprocal transport under TRS becomes allowed by electron correlation

Interaction between electric polarization and current

T. Morimoto & N. Nagaosa, Sci. Rep. 8, 2973 (2018).

Under TRS, Ic+ and Ic- are equivalent → Diode effect under TRS is not allowed



Discussion

Materials Phenomena Band theory Experiment

PN junction Nonreciprocal 

transport

allowed

Conductor

(BiTeI)

Nonreciprocal 

transport

forbidden Observed with B

Semiconductor

(TMD nanotube,

vdW hetero, Strain)

Bulk photovoltaic 

effect (shift current)

allowed Observed w/o B

Superconductor

(PbTaTe2)

Nonreciprocal 

transport

Superconducting 

diode effect

forbidden Observed w/o B

(e-e interaction)

Nonlinear response of longitudinal transport σxx

(scattering, e-e 

interactions)

(e-e interactions)

(Interband)



Comparison between w/o and w TRS

Narita, Ono et al., Nat. Nano. 17, 823 (2022).

SC/FM Multilayers by Ono group

(Broken TRS)
Strained PbTaSe2 (TRS)

Twisted trilayer Graphene: Nat. Phys. 18, 1221 (2022)

Twisted BISCCO; Science 382, 1422 (2023)

Kagome CsV3Sb5, Nature 630, 64 (2024)

Chiral molecule/TaS2, Nature 632, 69 (2024)

J // armchair

Liu, Itahashi et al., Scie. Adv., accepted

B-odd with hysteresis

Purely B-even

Probe for broken TRS in superconductors



Summary

➢ Polar semiconductors

• Bulk photovoltaic effect

➢ Polar semiconductors/metals

• Nonreciprocal transport (2nd harmonic resistance)

• Nonlinear Hall effect           

➢ Noncentrosymmetric superconductors

• Nonreciprocal transport/Nonlinear Hall effect

• Superconducting diode effect 

“It is only slightly overstating the case to say that 

physics is the study of symmetry”

P. W. Anderson, “More is different” Science 177, 393 (1972)
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