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Supplemental Material 

I. Tight-binding model of 1D chain 

The simple 1D model has two ions in a unit cell. The formal charges of them are ±Z, and at the equilibrium structure, 

their interatomic bond distances are denoted as 𝑅1 and 𝑅2, giving lattice constant of 𝐿 = 𝑅1 + 𝑅2. To simulate their 

ionic interactions, we adopt spring-like potential, described by spring stiffness coefficients 𝑘1 and 𝑘2, respectively. 

Equal separation structure is considered as the referenced structure with zero polarization. Under a nonzero distance 

mismatch 𝜂 = 𝑅2 − 𝑅1, net polarization occurs, which is contributed from ionic and electronic parts separately. In the 

following, we breakdown their contributions and estimate their effects on the sign of piezoelectric coefficient 𝑑 =
𝛿𝑃

𝛿𝜀
. 

Here, 𝜀 represents a uniaxial strain along the chain, defined as 𝜀 =
𝐿′−𝐿

𝐿
, where L' and L are the lattice constants in the 

strained and equilibrium states. The ionic part contribution can be written as 

𝑃ion =
1

𝐿
(−𝑍 × −

𝜂

2
) =

𝑍𝜂

2𝐿
(S1) 

Under a strain, the new lattice constant 𝐿′ = 𝑅1
′ + 𝑅2

′  . At such a new equilibrium structure, it is clearly that 

𝑅1
′ −𝑅1

𝑅2
′ −𝑅2

=
𝑘2

𝑘1
. Hence, we can estimate the piezoelectric constant as 

𝑑ion =
𝛿𝑃ion

𝛿𝜀
= 𝑍

𝜂′

2𝐿′ −
𝜂

2𝐿
𝐿′ − 𝐿

𝐿 =
𝑍𝐿

2(𝐿′ − 𝐿)

(𝐿′ − 𝐿) (−𝜂 +
𝑘1 − 𝑘2

𝑘1 + 𝑘2
𝐿)

𝐿𝐿′

 

               =
𝑍

2𝐿′

[−𝜂(𝑘1 + 𝑘2) + 𝐿(𝑘1 − 𝑘2)]

𝑘1 + 𝑘2

=
𝑍

2𝐿′

[−𝜂(𝑘1 + 𝑘2) + 𝐿(𝑘1 − 𝑘2)]

𝑘1 + 𝑘2

 

=
𝑍

(𝑘1 + 𝑘2)𝐿′
(𝑅1𝑘1 − 𝑅2𝑘2)                                                                                  (S2) 

Therefore, the sign of 
𝛿𝑃ion

𝛿𝜀
 is determined by two factors, the formal charge 𝑍 and the relative magnitude between 

equilibrium distance 
𝑅2

𝑅1
 and stiffness 

𝑘1

𝑘2
. 

Next, we discuss the electronic polarization 𝑃el. As described in the main text, we adopt a two-orbital spinless 

tight-binding model 

𝐻 = −
𝑡

2
∑(𝑐𝑛

†𝑐𝑛+1 + 𝑐𝑛−1
† 𝑐𝑛)

𝑛

+
Δ

2
∑(−1)𝑖𝑐𝑛

†𝑐𝑛

𝑛

(S3) 

Here, 𝑡 is the hopping integral between nearest neighbor ions, and ±
Δ

2
 is their on-site energies. Giving 𝛽 = |

𝑡

Δ
| ≪ 1, 

the eigenenergies take the form of 
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𝐸±(𝑘) = ±
Δ

2
√1 + 16𝛽2 cos2

𝑘𝐿

2
≃ ±

Δ

2
(1 + 8𝛽2 cos2

𝑘𝐿

2
) (S4) 

It opens a direct band gap (𝐸𝑔 = Δ) at the X point. Through (𝐻(𝑘) − 𝐸(𝑘)𝐼)𝜓(𝑘) = 0, the conduction band Bloch 

wave function are derived as: 

|𝑢+(𝑘)⟩ =
1

√𝑁+(𝑘)
(

−𝛽𝑔(𝑘)Δ
Δ

2
(1 − √1 + 4𝛽2|𝑔(𝑘)|2)

) (𝑆5) 

And the valence band Bloch wave function is: 

|𝑢−(𝑘)⟩ =
1

√𝑁−(𝑘)
(

−𝛽𝑔(𝑘)Δ
Δ

2
(1 + √1 + 4𝛽2|𝑔(𝑘)|2)

) (𝑆6) 

where 𝑔(𝑘) = 𝑒−𝑖𝑅1𝑘 + 𝑒𝑖𝑅2𝑘 = 2𝑒𝑖
𝜂

2
𝑘 cos

𝐿𝑘

2
, and √𝑁±(𝑘) is the normalization factor.  

Perform a Taylor expansion about 𝛽: |𝑢−(𝑘)⟩ ≃ (
−𝛽𝑔(𝑘) + 𝑂(𝛽3)

1 + 𝑂(𝛽2)
) ≃ (

−𝛽𝑔(𝑘)
1

). 

This gives 

𝑖 ⟨𝑢−(𝑘) |
𝑑

𝑑𝑘
| 𝑢−(𝑘)⟩ = 𝑖𝛽2𝑔∗(𝑘)

𝑑𝑔(𝑘)

𝑑𝑘
(𝑆7) 

Here, 

𝑔∗(𝑘) = 2𝑒−𝑖
𝜂
2

𝑘 cos
𝐿𝑘

2
(𝑆8) 

𝑑𝑔(𝑘)

𝑑𝑘
= 𝑒𝑖

𝜂
2

𝑘𝑥 (𝑖𝜂cos (
𝐿𝑘𝑥

2
) − 𝐿𝑠𝑖𝑛 (

𝐿𝑘𝑥

2
)) (𝑆9) 

|𝑔(𝑘)|2 = 4𝑐𝑜𝑠2
𝐿𝑘

2
(𝑆10) 

                                                     
𝑑

𝑑𝑘
|𝑔(𝑘)|2 = −4𝐿cos (

𝐿𝑘𝑥

2
) 𝑠𝑖𝑛 (

𝐿𝑘𝑥

2
)                                             (𝑆11)  

Then, we can obtain 

                               𝑖𝑔∗(𝑘)𝑔′(𝑘) = −2𝜂𝑐𝑜𝑠2
𝐿𝑘

2
− 2𝑖𝐿cos (

𝐿𝑘𝑥

2
) 𝑠𝑖𝑛 (

𝐿𝑘𝑥

2
)                                    (𝑆12) 

                     𝑃el =
𝑖𝑒

2𝜋
∫ ⟨𝑢−(𝑘) |

𝑑

𝑑𝑘
| 𝑢−(𝑘)⟩ 𝑑𝑘

𝜋
𝐿

−
𝜋
𝐿

=
𝑖𝑒

2𝜋
∫ 𝛽2𝑔∗(𝑘)𝑔′(𝑘)𝑑𝑘

𝜋
𝐿

−
𝜋
𝐿

= −
𝑒𝛽2𝜂

4𝜋
∫ |𝑔(𝑘)|2

𝜋
𝐿

−
𝜋
𝐿

𝑑𝑘 +
𝑒𝛿2

2𝜋

𝑖

2
∫

𝑑

𝑑𝑘
|𝑔(𝑘)|2

𝜋
𝐿

−
𝜋
𝐿

𝑑𝑘

= −𝛽2
𝑒𝜂

𝐿
+ 𝑂(𝛽3)                                                                                                             (𝑆13) 

Here, we expand the expression according to the power of unit-less parameter 𝛽. One sees that the polarization is zero 

when the two sites are equally separated (𝜂 = 0 ), consistent with previous assumption. Since 𝑃el ∝
1

𝐿
 , the tensile 

(compressive) strain could reduce (enhance) the magnitude of |𝑃el|. Performing derivative, we have 
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                    𝑑el =
𝛿𝑃el

𝛿𝜀
= −𝛽2𝑒

𝜂′
𝐿′ −

𝜂
𝐿

𝐿′ − 𝐿
𝐿 =

−𝛽2𝑒𝐿

𝐿′ − 𝐿

(𝐿′ − 𝐿) (−𝜂 +
𝑘1 − 𝑘2

𝑘1 + 𝑘2
𝐿)

𝐿𝐿′
=

−𝛽2𝑒

𝐿′

[−𝜂(𝑘1 + 𝑘2) + 𝐿(𝑘1 − 𝑘2)]

𝑘1 + 𝑘2

=
−2𝛽2𝑒

(𝑘1 + 𝑘2)𝐿′
(𝑅1𝑘1 − 𝑅2𝑘2)                    (𝑆14) 

Therefore, the sign of 
𝛿𝑃el

𝛿𝜀
 is also determined by the relative magnitude between equilibrium distance 

𝑅2

𝑅1
 and stiffness 

𝑘1

𝑘2
. Note that we assume a constant hopping integral 𝑡 in the model, which is only approximately correct under small 

strain. Nevertheless, as 𝑃el ∝ 𝛽2, the electron contributed polarization (and the piezoelectric coefficient) is order of 

magnitude smaller than the ion contributions 𝑃ion. 

We assume 𝑍 > 0, under the condition of 
𝑘1

𝑘2
<

𝑅2

𝑅1
, this model exhibits a negative piezoelectric response. Then, we 

assume specific TB parameters to realize the negative piezoelectricity. Building upon reported negative piezoelectric 

materials [S1, S2] with negative longitudinal piezoelectric coefficients, we choose suitable atomic distances (R1 = 1.5 Å 

and R2 = 2.2 Å). The relationship between "stiff" k1 and "soft" k2 should satisfy 𝑘1
𝑅1

𝑅2
< 𝑘2. In addition, to maintain a 

clear distinction between the “stiff” and “soft” regions, we consider 𝑘2<𝑘1. These two criteria are sufficient conditions 

for the negative piezoelectricity in the 1D chain model. Here, we take a representative value of 𝑘1 = 1.2𝑘2 to perform 

our analysis. Note that this specific choice would not affect the main physical conclusion of this work. 𝑡0 is the hopping 

constant between the nearest neighbor, which is set to be 0.2 eV. Collectively, these parameters conform to the 

requirement 
𝛿𝑃

𝛿𝜀
< 0 and successfully demonstrate negative piezoelectricity, as shown in Table S1. Note that to capture 

the strain-dependent evolution of nonlinear optical response, a decay length 𝑟0 of 1.433 Å was incorporated for the 

hopping parameter when shift current is calculated. Here, the hopping parameter are evaluated by 𝑡𝑖(𝑅𝑖) =

𝑡0 exp (−
𝑅𝑖−𝑅0

𝑟0
). 

TABLE S1. The strain (𝜀 = (𝐿′ − 𝐿)/L), the lattice parameters (𝐿′), the distance mismatch (𝜂), the polarization 

magnitude 𝑃𝑖𝑜𝑛, 𝑃𝑒, and 𝑃𝑡𝑜𝑡, band gap, and the largest peak value of 𝜎𝑥𝑥𝑥 of 1D chain under strain in the negative 

piezoelectric regime. 

𝜀 𝐿′(Å) 𝜂(Å) 
𝑃𝑖𝑜𝑛 

(10
－2 e/Å) 

𝑃𝑒 

(10
－3 e/Å) 

𝑃𝑡𝑜𝑡 

(e/Å) 
Band gap (eV) 𝜎𝑥𝑥𝑥 (µA/V2) 

–2% 3.626 0.694 9.55 7.65 0.1033 1.0123 16.675 

–1 % 3.663 0.697 9.50 7.60 0.1027 1.0121 16.564 

0% 3.700 0.700 9.45 7.57 0.1021 1.0119 16.438 

1% 3.737 0.703 9.41 7.53 0.1016 1.0117 16.296 

2% 3.774 0.706 9.36 7.49 0.1011 1.0115 16.139 

Furthermore, based on the above derivation, the condition for realizing a positive piezoelectric response can be 

correspondingly obtained as 𝑘1 >
𝑅2

𝑅1
𝑘2. Within the same parameter framework, stiffness coefficients satisfying this 

condition are adopted to model the shift current response in positive piezoelectric materials. As a representative case, 

we choose 𝑘2 = 0.5 𝑘1 to investigate the behavior. One sees that tensile strain concurrently increases polarization and 

shift vector, yielding an enhanced shift current component. 

TABLE S2. The strain (𝜀 = (𝐿′ − 𝐿)/L), the lattice parameters (𝐿′), the distance mismatch (𝜂), the polarization 

magnitude 𝑃𝑖𝑜𝑛, 𝑃𝑒, and 𝑃𝑡𝑜𝑡, band gap, and the largest peak value of 𝜎𝑥𝑥𝑥 of 1D chain under strain in the positive 

piezoelectric regime. 
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𝜀 𝐿′(Å) 𝜂(Å) 
𝑃𝑖𝑜𝑛 

(10-2 e/Å) 

𝑃𝑒 

(10-3 e/Å) 

𝑃𝑡𝑜𝑡 

(e/Å) 
Band gap (eV) 𝜎𝑥𝑥𝑥 (µA/V2) 

–2% 3.626 0.694 9.27 7.41 0.1000 1.0115 16.210 

–1 % 3.663 0.697 9.36 7.49 0.1011 1.0117 16.334 

0% 3.700 0.700 9.46 7.57 0.1021 1.0119 16.441 

1% 3.737 0.703 9.55 7.64 0.1032 1.0121 16.533 

2% 3.774 0.706 9.65 7.77 0.1042 1.0122 16.608 

 

Figure S1 (a) Shift current photoconductance, (b) polarization and (c) shift vector at X points of the 1D chain TB model 

under strain (𝜀 = –2% ~ 2%) in the positive piezoelectric regime. 

TABLE S3. Comparison of electric polarization P, BPVE response evolution for positive and negative 

piezoelectrics under compressive strain. The symbols ↑ (↓) denote increase (decrease) trends under strain, respectively. 

 materials 
Compressive strain 

P  BPVE response 

negative piezoelectrics 

r-GeX ↑ ↑ 

group-V monolayers[S3] ↑ ↑ 

positive piezoelectrics 
2H-MoS2[S4] ↓ ↓ 

3R-MoS2[S5] ↓ ↓ 

 

II. Electronic structure of r-GeTe 
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Figure S2. Calculated band structure without spin-orbit coupling (SOC) of r-GeTe. 

III. The resolved shift current of r-GeTe 

 

Figure S3. The k-resolved shift current conductance 𝜎𝑦𝑦𝑦, 𝜎𝑧𝑦𝑦, and 𝜎𝑧𝑧𝑧 in the first Brillouin zone (BZ) of the bulk 

r-GeTe at kz = 0×π/c, kz = 0.5×π/c. 
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Figure S4. The calculated σzyy photoconductivity on the Ge atomic layer and Te atomic layer. 
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IV. k-resolved shift vector and rmn of r-GeTe under strain 

 

Figure S5. k-resolved shift vector of 𝜎𝑧𝑦𝑦 and 𝜎𝑧𝑧𝑧 in the first BZ between the valence band maximum (VBM) and 

the conduction band minimum (CBM), CB-2 of r-GeTe under out-of-plane strain (ε = −3%, 3%) at kz = 0.5×π/c. The 

typical values around L and L'points (0.5, 0, 0.5) for all cases are marked in each panel, which are (a) 47.19 Å, (b) 21.85 

Å, (c) −20.06 Å, −22.63 Å, (d) −12.89 Å, −11.47 Å, respectively. One sees that the shift vector exhibits a larger 

magnitude under compressive strain compared to tensile strain. 
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Figure S6 The interband Berry connection 𝑟𝑣𝑐
𝑦

 and 𝑟𝑣𝑐
𝑧  of r-GeTe in the BZ between the top valence band and bottom 

conduction band under ±3% strain, at kz = 0.5×π/c. The typical values of 𝑟𝑣𝑐
𝑦

 around the L' point (0.5, 0, 0.5) for the 

cases are (a) 2.15 Å, (b) 5.23 Å, and that of 𝑟𝑣𝑐
𝑧  around the L point (0, 0.5, 0.5) for the cases are (c) 1.76 Å, (d) 4.66 Å, 

respectively. One sees that the interband Berry connection 𝑟𝑣𝑐
𝑦

 and 𝑟𝑣𝑐
𝑧  exhibit a larger magnitude under compressive 

strain compared to the tensile strain. 

TABLE S4 The s-, p-orbital weight of Ge and Te atoms in VBM and CBM. 

 Band Ge-s Ge-py Ge-pz Ge-px Te-s Te-py Te-pz Te-px 

-3% 

VBM 0.112 0.012 0.107 0.012 0.024 0.080   0.114 0.025 

CBM 0.018 0.104 0.073 0.104 0.031 0.043 0.059 0.044 

+3% 
VBM 0.169 0.005 0.071 0.005 0.073 0.008 0.203 0.008 

CBM 0.002 0.170 0.020 0.170 0.005 0.036 0.008 0.036 

 

V. The shift current of r-GeTe under strain 
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Figure S7. Shift current conductance 𝜎𝑦𝑦𝑦 of the bulk r-GeTe under out-of-plane strain. 

 

Figure S8. Shift current conductance (a) 𝜎𝑦𝑦𝑦, (b) 𝜎𝑧𝑦𝑦, and (c) 𝜎𝑧𝑧𝑧 of the bulk r-GeTe under in-plane biaxial 

strain. 

VI. The shift current of r-GeX (X=S, Se) 

 

Figure S9. Shift current conductance of the bulk rhombohedral (a) GeS and (b) GeSe. 
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