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Peculiar band geometry induced giant shift current in
ferroelectric SnTe monolayer
Gan Jin1,2 and Lixin He 1,2,3✉

The bulk photovoltaic effect (BPVE) occurs when homogeneous noncentrosymmetric materials generate photocurrent or
photovoltage under illumination. The intrinsic contribution to this effect is known as the shift current effect. We calculate the shift
current conductivities of the ferroelectric SnTe monolayer using first-principles methods. Our results reveal a giant shift-current
conductivity near the valley points in the SnTe monolayer. More remarkably, the linear optical absorption coefficient at this energy
is very small, resulting in an enormous Glass coefficient that is four orders of magnitude larger than that of BaTiO3. To understand
these giant shift-current effects, we employ a three-band model and find that they arise from the nontrivial energy band
geometries near the valley points, where the shift-vector diverges. This serves as a prominent example highlighting the crucial role
of band geometry in determining the fundamental properties of solids.
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INTRODUCTION
The study of bulk photovoltaic effect (BPVE) has a long history1–3,
and recently it has attracted great renewed interest because it
potentially allows the energy conversion efficiency to surpass the
Shockley-Queisser limit4,5. The shift-current effects are believed to
be the primary intrinsic contribution to the BPVE3,6. They offer an
alternative to the photocurrent generated by traditional semi-
conductor p-n junctions7,8. It has been demonstrated that the
photovoltage generated by shift-current effects can far exceed the
band gap9–12.
The high priority of current studies in the field is to discover

materials that have high shift-current conductivities. Cook et al.
proposed principles for designing shift current materials using an
effective two-dimensional model and successfully applied them to
the monochalcogenide GeS8. In addition to conventional ferro-
electric materials13,14, special attention has been given to Weyl
semimetals because of the special topological nature of their band
structures15,16. Ahn et al.17 theoretically studied the low-frequency
properties of BPVEs in topological semi-metals and revealed the
relationship between the shift current, injection current, and the
quantum geometry of the material near the Weyl point. Recent
studies18–20 indicate a significant potential for substantial non-
linear optical responses in layered two-dimensional materials,
including BPVE and second harmonic generation.
In this work, we investigate the nonlinear optical properties of

the two-dimensional ferroelectric material SnTe monolayer21

using first-principles methods. We find that it has giant shift
current conductivities near the valley points. More remarkably, the
linear optical absorption coefficient at this energy is very small,
which leads to an enormous Glass coefficient of four orders of
magnitude larger than that of bulk BaTiO3

1,5,22. We develop a
minimal three-band model to analyze the mechanism of the giant
shift-current effect in the SnTe monolayer. We find that the giant
shift-current effects are induced by the nontrivial band structure
geometry, where the shift-vector diverges at the valley point. We
further show that the giant shift-current is related to the
derivatives of the imaginary part of the quantum geometric

tensor near the point. The mechanism is different from the
previous works on the Weyl semimetals17, and therefore opens a
play ground for the fascinating physical properties that are
determined by the band structure geometries.

RESULTS
Crystal structure
In 2016, Chang et al.21 reported that the SnTe monolayer exhibits
robust in-plane ferroelectricity with a Curie temperature of up to
270 K, which is significantly higher than its bulk counterpart at 98
K. The SnTe monolayer has a hinge-like structure similar to that of
phosphorene, as shown in Fig. 1, and belongs to the Pmn21 space
group with mirror (Mxz) and glide mirror (G) symmetries. The in-
plane ferroelectricity of the SnTe monolayer is oriented along the
x-axis23–26. Due to its lack of inversion symmetry, the SnTe
monolayer is expected to exhibit shift-current effects.

Band structure and shift current conductivities
We perform first-principles calculations to investigate the shift-
current effects in the SnTe monolayer. Details of the calculations
are presented in the METHODS section.
The band structures of SnTe monolayer with and without spin-

orbit coupling (SOC) are shown in Supplementary Fig. 1. There are
four valley points of the band structure in the first Brillouin zone.
Two valley points, k0= (0.416, 0.0), k1= (0.0, 0.415), are situated
on the Γ− X line and Γ− Y line, respectively, in direct coordinates.
The other two valley points are obtained by the time inversion
symmetry of the aforementioned two k-points, namely k0 ¼ �k0

and k1 ¼ �k1, as displayed in Fig. 1d. The band gaps at points k0 (
k0) and k1 (k1) are 1.21 eV and 1.45 eV, respectively. The positions
of the valley points are only slightly altered upon the introduction
of SOC, as shown in Supplementary Fig. 1.
The lack of inversion symmetry in the SnTe monolayer results in

a shift current, which is a nonlinear dc photocurrent induced by
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illumination1–3,

Ja ¼ 2σabcð0;ω;�ωÞEbðωÞEcð�ωÞ; (1)

where σabc(0;ω,− ω) is the shift-current conductivity tensor, and a
(b, c)= x, y, z are the crystal axes. As the SnTe monolayer is a 2D
material, we do not consider the current in the z-direction, nor do
we consider the electric field applied in the z-direction. Because of
the mirror symmetry Mxz of the SnTe monolayer, only σxxx, σxyy,
and σyxy= σyyx are nonzero.
The first-principles calculated shift-current conductivities3,27–29

are consistent with the above symmetry analysis. The 3D-like
conductivities are obtained assuming an active single-layer
thickness of 3.12Å28,30. Although the results with and without
SOC show some quantitative differences, the inclusion of SOC
does not affect the main conclusions of this study (see
Supplementary Fig. 3). Therefore, we only discuss the results
without SOC here, and the analysis can be equally applied to the
results with SOC.
Figure 2a shows the largest component of the shift-current

conductivity tensor, σyxy, and the results for σxxx and σxyy are
displayed in Supplementary Figs. 4 and 5, respectively. σyxy

exhibits the highest peak at ℏω0= 1.21 eV, with σyxy
3D = 284 μA V−2.

This value is significantly larger than the shift-current conductivity
of the known high BPVE material GeS, which is of the order of 150
μA V−2, and the values of 250 μA V−2 reported in state-of-the-art
Si-based solar cells28,30,31.
It has been suggested that a large joint density of states (JDOS)

is necessary to have a large shift current7,8,28. However, surpris-
ingly, we find that the JDOS at ℏω0= 1.21 eV is extremely small, as
shown in Supplementary Fig. 2. Consequently, the absorption
coefficient α[110] is also very small around ℏω0= 1.21 eV, as shown
in Fig. 2b. It is noteworthy that the absorption coefficient αyy is
zero at this energy, which is strongly counterintuitive given that
σyxy is enormous.
The above results have significant physical implications. We

compute the Glass coefficient1,7,9,27gabc= α−1σabc, and the calcu-
lated gyxy is shown in Fig. 2c. At ℏω0= 1.21 eV, gyxy has a sharp
peak due to the giant σyxy and small α[110]. The calculated Glass
coefficient gyxy of the SnTe monolayer is 1.8 × 10−5 cm V−1 (ref. 30)
at this energy, which is four orders of magnitude higher than

g31= 3 × 10−9 cm V−1 of the bulk (001)-oriented BaTiO3 crys-
tal1,5,22. The Glass coefficient g plays essential roles in the shift
current related physical properties. For example, the photovoltaic

Fig. 1 Crystal structure and band gap of SnTe monolayer. a Top view, (b) side view along the x direction and (c) side view along the y
direction of the crystal structure of the SnTe monolayer. The unit cell is indicated by the dashed rectangle in a. d The band gap between the
lowest conduction band and the highest valence band in the Brillouin zone, where k0, k0 k1 and k1 are the valley points.

Fig. 2 Shift current spectra, absorption, and Glass coefficient of
SnTe monolayer. a Shift current conductivity σyxy3D of the SnTe
monolayer. There are three peaks at 1.21, 1.59, and 2.73 eV,
respectively. b The absorption coefficient α[110] and (c) the Glass
coefficient of the SnTe monolayer, respectively.
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field generated by the shift current1,5 can be estimated as,

Epv � g
ϕðμτÞpv

_ω

e
; (2)

where ϕ is the quantum yield, ℏω is the incident photon energy
and μ and τ are the mobility and lifetime of the carriers
responsible for photoconductivity. A large value of the Glass
coefficient g can result in a significant increase in the photovoltaic
field Epv because, in such cases, the shift current dominates over
the “leaking current” caused by photoconductivity. The photo-
voltaic power conversion efficiency is also closely related to the
Glass coefficient1, where the maximum efficiency is ηmax ¼ gEpv=4.
To experimentally explore this giant shift current effect, we

could apply light with an electric field polarized along the [110]
direction, and measure the resulting shift current along the y
direction, which gives,

Jy ¼ 2σyxyExðωÞEyð�ωÞ: (3)

It has been shown that strong excitonic effects may further
enhance the shift-current effects in 2D materials32,33. To enable
the unambiguous detection of the shift-vector-induced effects
while minimizing potential interference from other effects (e.g.,
the exciton effect), one may use laser energy that matches the
band-to-band transition energy, which is typically much higher
than the exciton absorption energy. Investigating how many-body
effects change the shift-current in SnTe will be an interesting topic
for future investigation.

DISCUSSION
It is particularly interesting and important to explore the under-
lying mechanism of the giant shift-current conductivity and Glass
coefficient in the SnTe monolayer. The shift-current tensor is given
by3,

σabcð0;ω;�ωÞ ¼ πe3

_2

Z
dk
8π3

X
n;m

f nmIm Iabcmn þ Iacbmn

� �
δ ωmn � ωð Þ ;

(4)

where fnm= fn− fm and ℏωnm= En− Em are differences between
Fermi occupation factors and band energies, respectively.
Iabcmn ¼ rbmnr

c
nm;a , where ranm is the inter-band dipole matrix, and

rbnm;a is the generalized derivative of the dipole matrix, i.e.,

ranm ¼ ð1� δnmÞAanm; (5)

ranm;b ¼ ∂br
a
nm � i Ab

nn � Ab
mm

� �
ranm: (6)

Here, Aanm is the non-Abelian Berry connection. Although ranm and
rbnm;a are gauge dependent, their norm jranmj and jrbnm;aj, as well as
Iabcmn are gauge invariant28. Note that ranm and rbnm;a and Iabcmn are all k
dependent, but we drop the k index here for simplicity.
We calculate

P
n;mf nmIm Iyxymn þ Iyyxmn

� �
δ ωmn � ω0ð Þ in the first BZ

at ℏω0= 1.21 eV. We find that the contribution only arises from
the transition between the highest valence (v) band and the
lowest conduction (c) band near the valley points k0 and k0 as
shown in Supplementary Fig. 6a.
Because only the valley points contribute to the optical

transitions at ℏω0, the corresponding JDOS and linear absorption
coefficient is very small. Furthermore, as shown in Supplementary
Fig. 6b, Ivc ¼ Im Iyxyvc þ Iyyxvc

� �
, has a bright spot at k0, which gives rise

to the giant shift-current conductivity.
Figure 3a shows the norm of rxvc and ryvc along ky passing

through k0, represented by the red and blue solid lines,
respectively. We observe that jrxvcj reaches a maximum at ky= 0,
whereas jryvcj= 0 at k0 due to the mirror symmetry Mxz. However,
as seen from Fig. 3a, jryvcj changes rapidly along ky around k0. One
may speculate that ryvc may have a large partial derivative in Eq. (6)
along ky at the valley point. Indeed, as shown in Fig. 3b, jrycv;yj

exhibits a peak at k0. We plot Ivc in Fig. 3c. Interestingly, we find
that Ivc � jrxvcjjrycv;y j around k0. Both rxvc and rycv;y reach their
maximum values at k0, leading to the giant Ivc.
To gain a deeper insight into the physics involved, we construct

a minimal three-band model around the valley point k0,

HðkÞ ¼ H0 þAδkx þBδky þCδk2x þDδkxδky þEδk2y ; (7)

up to the quadratic terms of δk, where δk= k− k0. More
specifically, δkx= kx− 0.416, δky= ky. We therefore do not
distinguish ky and δky below. In the model, the 1st band is the
highest valence band, whereas the 2nd band and 3rd band
correspond to the lowest two conduction bands in the DFT
calculations. We fit the Hamiltonian matrix H(k) and velocity
matrix vmn(k) from DFT calculations around k0. The fitted
parameters of the model are given in Supplementary Information.
We first (numerically) calculate jrx12j, jry12;y j, and I12 of the three-

band model, and the results are compared with those from DFT
calculations in Fig. 3a–c, respectively. The three-band model can
reproduce the results of the DFT calculations semi-quantitatively,
and the discrepancies can be attributed to the omission of other
bands in the model.
Around k0, the three-band model can be analytically solved

using second order perturbation theory, and consequently ranm
and ranm;b can also be calculated analytically. Especially, at k0 we
have vxnmðk0Þ ¼ Anm and vynmðk0Þ ¼ Bnm, therefore by using Eq.

Fig. 3 DFT and model analysis of dipole matrix, its generalized
derivatives, and shift current contribution along ky. a The norm of
dipole matrix rxvc and ryvc along ky, where v and c are highest
valence band and lowest conduction band, respectively. b The
norm of the generalized derivative of dipole matrix, rycv;y , along ky.
c The Ivc ¼ Im Iyxyvc þ Iyyxvc

� �
along ky. The results obtained from DFT

and model calculations are shown in solid and dashed lines,
respectively.
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(18) in METHOD section, we have

rxnmðk0Þ ¼ Anm

iωnm
; rynmðk0Þ ¼ Bnm

iωnm
: (8)

Because A12≠0, and B12 ¼ 0, which is actually imposed by the
mirror symmetry, we have rx12ðk0Þ≠0, but ry12ðk0Þ ¼ 0. This means
that the linear (or direct) optical transition between the 1st and
2nd bands along ky is forbidden. Similarly we calculate the rbnm;a of
the valley point k0, and we have,

ry21;yðk0Þ ¼
i

ω21
B23B31

1
ω31

þ 1
ω32

� �
� 2E21

� 	
: (9)

In the model, the value of ry21;y (and therefore Iyxy12 ) depends mainly
on the virtual transitions B23B31, which corresponding to the last
term of Eq. (19) in METHOD section. The first term of Eq. (19)
vanishes, because B12 = 0. This is remarkable that the linear
(direct) optical transition between the 1st band and the 2nd band
in the y direction is forbidden, but the nonlinear transition may
occur because both the 1st band and 2nd band have strong
coupling with the 3rd-band, which leads to the giant shift-current
effect. This effect is quite different from that of the two-band
models for Weyl semimetals17.
The giant shift-current effects in SnTe have even more profound

origins. An alternative expression for the shift-current conductivity
is written as17,

σyxy ¼ � πe3

_2
R
k

P
n;m

f nm Rymn;y � Rxnm;y


 �
rxnmr

y
mn

δ ωmn � ωð Þ ;
(10)

where,

Rbmn;a ¼ i∂a ln r
b
mn þ Aa

mm � Aa
nn; (11)

is known as the shift vector, which characterizes the displacement
of electrons in real space during the inter-band transition1,34,35.
The shift vector is a gauge invariant quantity and can be viewed as
a quantum geometric potential36. According to the perturbation
theory, near k0, ry12ðkÞ ¼ f 4 ky þ f 5 δkxky , where f4 and f5 are
constants. In the model, Aa

11ðk0Þ ¼ 0 and Aa
22ðk0Þ ¼ 0 at k0, and

both are small around k0. We can therefore neglect them in the
following calculations. As k approaches k0 along ky, i.e., δkx= 0,
we have,

Ry12;y ¼ i∂y ln f 4 ky
� � ¼ i

ky
; (12)

i.e., Ry12;y is purely imaginary and goes to infinity. Therefore, k0 is a
singular point for the shift vector Ry12;y , which is a monopole in k-

space. When ky is approaching zero, ry12 is also approaching zero as
discussed in previous sections, and Rx21;yr

x
21r

y
12 vanishes, but

Ry12;yr
x
21r

y
12 is still finite (actually very large) and purely real (Fig.

3). The introduction of SOC will not break the mirror symmetry,
and therefore the above analyses remain valid. The shift vector
would diverge at the valley points, as evidenced by Supplemen-
tary Fig. 3. Even after the introduction of SOC, the Glass coefficient
at the valley points remains significantly large.
The shift vectors also play important roles in second harmonic

generation17,37,38. It is therefore expected that the SnTe monolayer
would have non-trivial second harmonic responses. The diver-
gence of the shift vector at the so-called “optical zero” was
discussed in ref. 39. However, the relation between the giant shift
current and the divergent shift vector has not been revealed.
Very recently, nonlinear optical transitions have been related

to the Riemannian geometry of the energy bands17,40. We may
define the quantum geometric tensor between two bands m
and n,

Qmn
ba ¼ rbnmr

a
mn � gmn

ba � i
2
Fmn
ba ; a; b ¼ x; y; z (13)

where gmn
ba is the band-resolved quantum metric, Fmn

ba is the band-
resolved Berry curvature, and the two geometric quantities are
related to U(1) quantum metric and Berry curvature as gnba ¼P

m≠ng
mn
ba and Ωn

c ¼
P

m≠nϵcbaF
mn
ba =2

41,42.
In our case, we consider the transition between the 1st band

and the 2nd band, and the quantum geometric tensor of the two
bands is given by Q12

xy ¼ rx12r
y
21. We have Q12

xy ðk0Þ ¼ 0 because
ry21ðk0Þ ¼ 0. However, we show that the partial derivative of the
imaginary part of Q12

xy is related to Iyxy12 , i.e.,

Im Iyxy12 ðk0Þ
� � ¼ ∂y Im Q12

xy

h i���
k¼k0

¼ � 1
2
∂yF

12
xy

���
k¼k0

: (14)

Fig. 4a illustrates the distribution of Im½Q12
xy � near k0 and its

derivative with respect to ky is shown in Fig. 4b. Im½Q12
xy � has a

maximum (minimum) at δky= 0.05 (δky=−0.05) and δkx= 0,
which is very similar to the Berry curvature distribution in Fig. 2a of
ref. 26. Furthermore, Im½Q12

xy � changes rapidly around δky= 0, and
as a consequence, Im Iyxy12 ðk0Þ

� �
has a maximum at k0, which is

consistent with that from direct calculations.
We have demonstrated that the giant shift-current and Glass

coefficient are directly induced by the divergent shift-vector near
the valley points. Our three-band model has revealed several crucial
requirements for achieving these effects. Firstly, the band structure
should possess valley points located on a k-line with mirror
symmetry, ensuring the divergence of the shift vector. Additionally,

Fig. 4 Quantum geometric tensor near valley point k0. The distributions of (a) Im Q12
xy

h i
and (b) ∂y Im Q12

xy

h i
around the valley point k0.
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the structure should break the inversion symmetry within the mirror
plane to have non-zero rxnm. Notably, there are numerous materials
that meet these conditions, such as the MX family, including GeS,
GeSe, GeTe, SnS, SnSe30,43, which exhibit similar properties.
In summary, our study unveils a significant shift current effect and

an extremely large Glass coefficient in the ferroelectric SnTe
monolayer. These effects stem from the divergence of the shift-
vector near valley points, highlighting the influence of band
geometry on nonlinear optical transitions. These findings present
remarkable evidence of measurable physical effects arising from
shift-vector divergence in semiconductors. They also offer valuable
guidance in the search for materials with significant shift current
effects, holding promise for their application in photoelectric devices.

METHODS
Self-consistent calculations
The first-principles calculations are carried out with the Atomic
orbital Based Ab-initio Computation at UStc (ABACUS) code44,45. The
Heyd-Scuseria-Ernzerhof (HSE) exchange-correlation functional46 is
used. The ABACUS code is developed to perform large-scale density
functional theory calculations based on numerical atomic orbitals
(NAO)44,47 and supports for large-scale HSE calculations48–50. The
optimized norm-conserving Vanderbilt (ONCV)51 fully relativistic
pseudopotentials52 from the PseudoDojo library53 are used. The
valence electrons for Sn, Te are 4d105s25p2, and 4d105s25p4, and the
NAO bases for Sn and Te are 2s2p2d1f and 2s2p2d1f, respectively47.
In the self-consistent and band structure calculations, the

energy cut-off for the wave functions is set to 150 Ry. The Brillouin
zone is sampled using a Γ-centered 16 × 16 × 1k-point mesh. The
structure is fully optimized until all forces are less than 1 meVÅ−1.

Shift-current conductivity
After the self-consistent calculations, the tight-binding Hamilto-
nian,

HμνðRÞ ¼ h0μjHjRνi; (15)

the overlap matrices,

SμνðRÞ ¼ h0μjRνi; (16)

and the dipole matrices (between the NAOs),

rμνðRÞ ¼ h0μjrjRνi; (17)

in the NAO bases are generated, where Rνj i ¼ ϕν r� τν � Rð Þ is
the ν-th NAO in the R-th cell, and τν is the center of the ν-th NAO
in the unit cell.
The dipole matrix ranm and its generalized derivative ranm;b in the

shift current Eqs. (5)–(6) are calculated as follows3,8,28 (here we
drop the k index for simplicity),

ranm ¼ vanm
iωnm

ðm≠ nÞ; (18)

and

ranm;b ¼ i
ωnm

½ vanmΔb
nmþvbnmΔ

a
nm

ωnm
� wab

nm

þ P
p≠n;m

vanpv
b
pm

ωpm
� vbnpv

a
pm

ωnp


 �
� ðm≠nÞ; (19)

where,

vanm ¼ 1
_ unk ∂aHðkÞj jumkh i;

ωnm ¼ En � Em;

Δa
nm ¼ ∂aωnm ¼ vann � vamm;

wab
nm ¼ 1

_ unk ∂2abHðkÞ
�� ��umk

 �
:

(20)

The velocity matrix elements vanm are calculated by the ab initio
tight-binding Hamiltonian Eqs. (15)–(17)54,55. The calculated shift-

current conductivities and Glass coefficients are converted to
effective 3D values, following refs. 28,30. More details can be found
in Supplementary Information.
The band structures and the optical properties, such as the shift

current are calculated using the tight-binding Hamiltonian
implemented in the PY-ATB code56.

DATA AVAILABILITY
All data generated and/or analyzed during this study are included in this article.

CODE AVAILABILITY
The ABACUS code is an open source DFT code under the GPL 3.0 licence, which is
available from http://abacus.ustc.edu.cn. The Py-ATB code, also under the GPL 3.0
licence, can be downloaded from https://github.com/pyatb.
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