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Transition metal dichalcogenide (TMD) moiré superlattices provide an emerging
platform to explore various light-induced phenomena. Recently, the discoveries of novel
moiré excitons have attracted great interest. The nonlinear optical responses of these
systems are however still underexplored. Here, we report investigation of light-induced
shift currents (a second-order response generating DC current from optical illumi-
nation) in the WSe,/WS, moiré superlattice. We identify a striking phenomenon of
the formation of shift current vortex crystals—i.e., two-dimensional periodic arrays of
moiré-scale current vortices and associated magnetic fields with remarkable intensity
under laboratory laser setup. Furthermore, we demonstrate high optical tunability of
these current vortices—their location, shape, chirality, and magnitude can be tuned by
the frequency, polarization, and intensity of the incident light. Electron-hole interactions
(excitonic effects) are found to play a crucial role in the generation and nature of the
shift current intensity and distribution. Our findings provide a promising all-optical
control route to manipulate nanoscale shift current density distributions and magnetic
field patterns, as well as shed light on nonlinear optical responses in moiré quantum
matter and their possible applications.

shift current | moiré heterobilayers | vortex crystals | time-dependent GW

The bulk photovoltaic effect (BPVE) is a general term that refers to the DC electric current
generation in noncentrosymmetric materials under illumination of optical light (1-4).
Unlike conventional photovoltaic devices, BPVE does not require a p-n junction or exter-
nal bias to separate the photoexcited electrons and holes for a DC current, providing a
fundamentally new route for high-efficiency photovoltaics (5-13). Shift current, which
is an intrinsic mechanism for BPVE, is a second-order optical response and could con-
ceptually be interpreted as the “shift” of the intracell coordinates of the excited electrons
(14-22). In contrast to drift current, light-induced shift current is of a pure quantum
nature which originates from the spatial evolution of electronic wavepackets from pho-
toexcitations. Previous studies (1-22) have shown that shift current has deep connections
with the topological properties of the electronic states and exhibits various useful fea-
tures—such as low dissipation and robustness against scattering. In low-dimensional
materials, a recent study moreover showed that electron-hole interaction (excitonic) effects
play a key role in enhancing and modifying shift currents (22).

Moiré superlattices created by vertically stacking of van der Waals two-dimensional
(2D) materials with small lattice mismatches and/or layers with different orientations offer
a powerful platform for exploring novel physical phenomena, including topological phases
(23, 24), ferromagnetism (25-28), unconventional superconductors (29), and correlated
insulators (30, 31). At the same time, due to strong light-matter interactions, transition
metal dichalcogenide (TMD) moiré superlattices have opened up opportunities for a
variety of light-induced excitonic phenomena (32-39). In particular, novel moiré excitons
with distinct spatial characters (32—-34) have been discovered. Moiré modulation effects
on photoexcitation physics lie in the heart of both the fundamental understanding of
moiré exciton states and the possible applications of these systems in optoelectronics.
Despite impressive progress on the linear optical response of TMD moiré superlattices
(32-34) (e.g., absorbance), so far, their nonlinear optical responses remain underexplored
both theoretically and experimentally.

Here, we report ab initio investigations of light-induced shift currents and their micro-
scopic real-space distributions in rotationally aligned WSe,/WS, moiré superlattices. To
capture accurately many-body excitonic effects from first principles, we employ a
time-dependent adiabatic GW (TD-aGW) approach with real-time propagation of the
density matrix in the presence of the external light field (22). Our findings show that
electron-hole interaction effects play a crucial role in the character and magnitude of the
shift current. The current density arising from illumination of light with different
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frequency (corresponding to transitions to different moiré exciton
resonances) and polarization exhibit distinct real-space distribu-
tions. Importantly, we identify a striking phenomenon of the
formation of 2D periodic arrays of shift current vortices and their
induced magnetic field nanopatterns. Under illumination fre-
quency corresponding to transitions to the intralayer charge-transfer
excitons (32), current vortices of opposite circulation chirality are
created within each moiré unit cell forming a well-defined vortex
crystal. Linearly and circularly polarized light create distinct types
of vortex crystals, which exhibit antiferromagnetism and ferrim-
agnetism, respectively. We further demonstrate that the frequency,
polarization, and intensity of the incident light can efficiently tune
the location, shape, chirality, and magnitude of these photoin-
duced current vortices, suggesting a promising all-optical control
to photocurrent density distribution and associated magnetism in
TMD moiré superlattices.

For rotationally aligned WSe,/WS, bilayer, the lattice constant
mismatch between the two layers is about 4%, giving rise to a
hexagonal moiré supercell with periodicity about 8.3 nm (Fig. 1A4).
To minimize the total energy, the superlattice reconstructs to
increase the areas of the lower energy Bernal B%Y and BYS)
stacking regions while decrease the higher energy areas (AA stacking
regions) (32, 40, 41). This leads to a remarkable moiré structural
reconstruction with strain as shown in Fig. 1B: local compression

in the Bernal stacking regions and local expansion in the AA regions
in the WSe, layer. Previous experimental and theoretical studies
have revealed that this system has a type II band alignment and its
low-energy optical properties for normal incident light are domi-
nated by the WSe, intralayer excitons because the interlayer exci-
tons have very small oscillator strengths and the WS, intralayer
exciton excitations (with high energies) are well separated from the
WSe, resonances (32-34). The large-scale inhomogeneous strain
field of the WSe, layer (Fig. 1B) strongly modifies its band structure
(leading to flat bands) and modulates the wavefunction of the qua-
siparticle moiré states in real space (32), resulting in the formation
of novel moiré excitons.

In contrast to a single low-energy peak (A-exciton) of the pristine
WSe, monolayer (42, 43) in the energy range shown in Fig. 1C,
there are three moiré excitation peaks in the computed absorbance
spectra of the moiré superlattice which match well with recent optical
measuments (32-34). We note that the absorbance can not be cap-
tured even qualitatively by the independent particle approximation
(IP, black line). Also, the identical absorbances obtained by our
TD-aGW approach (red line) and the standard GW plus Bethe—
Salpeter equation (GW-BSE) method (blue dots) validate the accu-
racy of the excitonic effects included in the TD-aGW calculations
for large-scale TMD moiré systems. The formalism and computa-

tional details on the GW (44), GW-BSE (45, 46), and TD-aGW
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Moiré excitons of the WSe,/WS, heterobilayer. (A) Atomic structure of rotationally aligned WSe,/WS, moiré superlattice. The black outline denotes the

hexagonal moiré supercell with lattice constant of 8.3 nm. The positions of three high-symmetry local stackings (AA, B>, B"”) are labeled, and the X axis and

Y axis are aligned to armchair (ac) and zigzag (zz) directions, respectively. AA-W (Se) atoms of WSe, are on the top of W(S) atoms of WS,, B%M_W (Se) atoms
of WSe, are on the hollow sites (top of W atoms) of WS,, and B"/>-Se (W) atoms of WSe, are on the hollow sites (top of S atoms) of WS.. (B) Real-space strain
distribution of the WSe, layer which originate from the moiré structural reconstruction. (C) Computed absorbance of the WSe,/WS, moiré superlattice: with
electron-hole interactions (red solid line and blue dots from TD-aGW and GW-BSE approaches, respectively) and without electron-hole interactions (IP, black
solid line). The positions of three moiré exciton resonance peaks (I, Il, and Ill) are marked. A typical experimental spectral broadening (32) of 10 meV is used.
(D) Real-space distributions of the electron densities p, (re ) and hole densities p, (ry, ) of exciton states forming peaks | and Ill, respectively, which are defined

aspe (re) = Hls (. )|2drhand pn(rn) = j|;(5 (. )|2dre where s is the wavefunctions of exciton with quantum index S and electron and hole coordinates

reand r,. The integrals are taken over the whole crystal.
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(22) methods can be found in the Methods. As shown in ref. 32 and
Fig. 1, the intralayer moiré excitons (peaks I, II, and III) of this
system possess distinct microscopic character (Fig. 1D): The moiré
exciton of peak I (lower energy, 1.67 €V) has the Wannier-type
character where the correlated electron and hole densities coincide
in space and are located around the AA stacking region, while the
moiré exciton of peak III (higher energy, 1.87 V) exhibits an intra-
layer charge-transfer character where the correlated electron and hole
densities are spatially separated and are located at the AA and B>V
stacking regions, respectively. Peak II (middle energy, 1.75 eV), on
the other hand, has a mixed character.

In the following, we present our results on the quantity of
central interest of this work—the real-space distributions of
light-induced microscopic shift current density. The local current
density J(r,¢) in a time-dependent driving field for a quantum
system is generally obtained from the expectation value of the
current density operator j(r) = %[ |#) (7|2 + 0l |#) (r|]where
e is the charge of the electron, and  is the velocity operator. This
may be achieved using the density matrix p(#) through
J(r,t)= tr[p(t)j(r)]. We compute the interacting p() using
the ab initio TD-aGW approach (see Methods). In the Bloch-state
single-particle orbital basis, the optically induced local current
density is then given by

Jort) ==
2Nk nml b

where y,, () is a Bloch state orbital with band index 7 and
wavevector k, and IV, is the number of % points in the Brillouin
zone sampled. Using Fourier transformation, responses at different
frequencies can be computed through J (r,7) = £ J (v, )e®*
and the shift current density at position # is given by the DC
component JP4r) =] (r,=0). In some previous studies, the
terms in Eq. 1 involving the diagonal (7 = m) and off-diagonal
(n # m) elements of the density matrix were separated and treated
differently, and given different terminologies (3, 4). Such separa-
tion for the density matrix of an interacting many-particle system
is conceptually unnecessary and basis dependent. In our calcula-
tions, the full density matrix is directly used to compute the com-
plete real-space density distribution of the DC photocurrent to
second order in the optical field (which we refer to as the shift
current). In experiments of 2D systems, the 2D current density
is a well-defined measurable quantity which describes the charge
flow in the layer per unit length. Therefore, we integrate the com-
puted 3D current density over the length of the supercell in the
normal direction (z) in our simulation to obtain a 2D current
density in the x—y plane. Throughout the rest of the paper, for the
sake of simplicity, we will refer to the 2D DC photocurrent (shift
current) density distribution as J(») with » = (x, y )

In the literature, to our knowledge, only the shift current den-
sity averaged over the unit cell J = é f J(#)dr was studied for
crystals, where Q is the unit cell volume (or area in 2D). It is
traditionally expressed, from integrating Eq. 1, in the form (22):

J.=20,.00;0, —@)E,(0)E (- ), [2]

where E is the electric field of the incident light (assumed to be
uniform over the sample) and 4, 4, ¢ are Cartesian components.

We shall call J the macroscopic current density. However, as
shown below, it gives limited information compared to J(r). The
different components of the second-order macroscopic conduc-
tivity tensors (6 ) are intrinsically connected by the global crystal
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symmetry of the system (47). Fig. 2 A and B show the spectra of
0, and o, with Cartesian coordinates as defined in Fig. 14,
which hold the relation: 6, = — 0,,,, governed by the C;, sym-
metry of the rotationally aligned WSe,/WS, moiré supercell (47)
(i.e., threefold axis with mirror symmetry planes along armchair
directions). In general, 6, as a tensor in 2D has eight compo-

abe
nents; however, for our system with C;, symmetry,
Opex = — Oy = — 0y = — 0, with all other components

equal to zero (47). With inclusion of electron-hole interaction
effects (red line) in the calculation, one can explicitly identify three
prominent peaks (I, II, and III) in the computed shift current
conductivity spectra (Fig. 2 A and B), corresponding to the three
moiré exciton peaks in the absorbance (Fig. 1C). On the other
hand, the results computed within the independent particle
approximation (black line) are dramatically different and fail to
capture these dominant moiré exciton features even qualitatively.

We find that the real-space distributions of the microscopic
shift current density J(r) exhibit significantly more complex
characters and richer physics that are hidden from the macro-
scopic current density analysis. They are shown in Fig. 2 C-F for
different linearly polarized light at frequencies corresponding to
transitions to excitons I and III. First, as opposed to having a
vanishing y component for the cell-averaged macroscopic current

D Pumd OV LW 1) + 0,00 407, (W, 4 (), ]

density J (i.e., with O = 0y = 0), the current density J () has
remarkably large y component at different positions 7 within the
moiré cell, yielding large local current density along the y direc-
tion. Second, when changing the light linearly polarized from
along the x direction to the y direction (or vice versa), although
the macroscopic photocurrent conductivity only has a trivial
sign-flipping (0., = — 0,,,), the local current density J(r) flows
in prominently different pathways (comparing Fig. 2C with
Fig. 2F or Fig. 2D with Fig. 2F). Third, with light polarized along
the y direction and an intensity of 1.0 X 101 W/m? exciting exci-
ton peaks I (1.67 ¢V) and III (1.87 eV), the cell-averaged mac-
roscopic current density J is 0.09 A/m and 0.007 A/m,
respectively—showing an order-of-magnitude difference in the
current generated by exciting the two excitons. However, their
maximum local current densities turn out to be very close: The
computed maximum J(7) for exciton I (Fig. 2E) and exciton III
(Fig. 2F) are 0.16 A/m and 0.13 A/m, respectively. This reveals
that the local shift current response for exciton III is as strong as
that for exciton I. Exciton III’s much smaller cell-averaged value
(J) originates from the formation of current vortex structures as
seen in Fig. 2 D and F.

Our ab initio TD-aG W results predict that with light frequency
in resonance with moiré exciton peak III, two current vortices are
generated in each moiré supercell (in the WSe, layer). For in-plane
linear polarizations, the two vortices have the same magnitude but
opposite circulation chirality, residing on two sides (Upper and
Lower in Fig. 2 D and F) separated by the mirror line (y = 0).
With light polarization direction switching from along the x direc-
tion (Fig. 2D) to along the y direction (Fig. 2F), the chirality of
the current vortices flips: The vortex located at the upper (lower)
side changes from clockwise (counterclockwise) to counterclock-
wise (clockwise), revealing a high optical tunability of the shift
current flow. Additionally, it is found that changing the polariza-
tion direction of the linearly polarized light also significantly mod-
ulates the location and shape of the current vortices. More details

https://doi.org/10.1073/pnas.2314775120 3 of 7
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Fig. 2. Shift currents of the WSe,/WS, moiré superlattice. (A and B) Spectra of macroscopic shift current conductivity tensor components o,,, and o,,, that give
rise to the x component of the macroscopic shift current density (J,) with linear-polarized light field (E) along the x- and y-direction, respectively, as defined in
Eq. 2. Electron-hole interactions are included in the TD-aGW (red line) and excluded in the TD-IP (black line) calculations. (C-F) Microscopic shift current density
J(r) corresponding to incident light frequency at resonance with exciton peaks | and Il with linearly polarization along the x direction (C and D) and y direction
(E and F). The direction and amplitude of J(r) are represented by the orientation and length of the arrows.

of light-polarization-direction dependence of the shift current
vortices are given in SI Appendix. For in-plane circular polariza-
tions, the two vortices in the moiré supercell are still of opposite
chirality but now have very different amplitude (Fig. 3 Cand D),
leading to a net chiral current within a moiré cell, which changes
sign upon changing from left to right circular polarization (or vice
versa). This phenomenon of having vortex pairs of opposite chi-
rality can be understood generally from differential topology since
the microscopic current density generated by uniform light illu-
mination in a 2D periodic crystal can be mapped to a tangential
vector fleld on a compact 2D surface. The Poincaré—Hopf theorem
stipulates that the sum of the Poincaré indices at critical points
(the winding numbers of vortices in our case) is equal to zero for
a 2D torus. A moderate-size moiré superlattice that supports a
charge-transfer exciton with appreciable oscillator strength would
be optimal for observing shift current vortices. This is because very
small-size superlattices might not host in-plane charge-transfer
excitons (34), while excessively large-size ones may lead to negli-
gible oscillator strength of such excitons.

The formation of a periodic array of photocurrent vortex pairs
induced by optical transitions results in a distinctive moiré-scale
vortex crystal with fascinating magnetic properties. As discussed
above, for in-plane linearly polarized light with frequency exciting
exciton I1I, two vortices reside on two sides of the moiré cell (Upper
and Lower in Fig. 2 D and F) separated by the y = 0 mirror line.
They produce a 2D array of nanoscale antiparallel magnetic fields
in the moiré superlattice, as shown in Fig. 3 A and B. Since the two
current vortices have the same shape, magnitude but opposite cir-
culation chirality, they yield a vanishing net magnetic flux and
well-defined antiferromagnetism on the moiré supercell scale. On
the other hand, upon illumination by circularly polarized light
(Fig. 3 Cand D), two distinct sets of current vortices arewgenerated
in the moiré superlattices residing on the AA and B*'Y stacking

40of 7 https://doi.org/10.1073/pnas.2314775120

regions, respectively. These two vortices possess very different mag-
nitude, shape, size, and circulation chirality, giving rise to a net finite
magnetic flux to each moiré supercell and thus ferrimagnetism. By
combining the WSe,/WS, moiré heterobilayer with a similarly sized
honeycomb superlattice (such as twisted bilayer graphene), the
antiferromagnetic/ferrimagnetic patterns from shift current vortices
could provide the needed staggered magnetic fields through prox-
imity effects to generate optically controlled topological phases
based on concepts such as those from the Haldane model (48).
The intrinsic properties (field intensity, shape, and orientation)
of these moiré-scale magnetic nanopatterns could be efficiently
controlled by the frequency, strength, and polarization of the inci-
dent light. For the linearly polarized light, along the real-space
path AA-M-AA shown in Fig. 3E, the position for the positive
and negative peaks of the induced B, appears alternatively with
adistance about 4 nm, and the sign of the B, peaks may be flipped
upon changing the light polarization from the x- to the y-direction
(or vice versa). For the circularly polarized light, the left-handed
circular polarization (LCP) and right-handed circular polarization
(RCP) are related by time-reversal symmetry. As shown in Fig. 3
C, D, and F, upon changing the incident light from LCP to RCP
(vice versa), the circulation chirality of the current vortices and
the sign of induced magnetic field flip, but the magnetic field
magnitude remains the same. It is worth noting that distinguished
from common orbital magnetism which is at the atomic scale
(with spatial extent of a few A), the photocurrent vortices and
induced magnetic nanopatterns here have the size of the moiré
scale (several nm), providing much higher possibilities of being
detected and manipulated in real experiments and applications.
Spin-polarized scanning tunneling microscope (SP-STM) is a
powerful experimental tool that can spatially resolve complex
magnetic structures with an angstrom-level resolution (49-51),
offering great potential to observe the real-space distributions of

pnas.org
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Fig. 3. Moiré shift current vortices and induced magnetic field from exciton peak Ill. (A-D) Real-space plot of the microscopic shift current density J(r) (black
arrows) and the current-induced out-of-plane magnetic field B,(r) evaluated on the top of the Se atomic plane (color coding), produced by light field E with
frequency of the exciton peak Il (1.87 eV), with linear light polarization along the x direction (A) and y direction (B), and circular light polarization of left-handed
helicity (C) and right-handed helicity (D). The upper (Lower) color-scale bar is for upper (Lower) two panels. (E) Induced magnetic field along the real-space path
(along y): AA-M-AA (see marks in A) with different linear polarizations. (F) Induced magnetic field along the real-space path: AA-B*W_BV/S_AA (see marks in €) with
different circular polarizations. In A-F, results are for a light intensity of 1.0 x 10" W/m?. (G and H) Maximum microscopic photocurrent density (G) and induced
magnetic field (H) as a function of incident light intensity for different linear and circular polarizations.

the predicted nanoscale magnetic patterns. Moreover, for the fer-
rimagnetic patterns (Fig. 3 C and D) which exhibit net finite
magnetic field, other magnetic detection techniques, such as
superconducting quantum interference device (SQUID) (26),
could also be employed to measure the averaged field over an
extensive surface area of the moiré heterobilayer.

With a moderate incident light intensity of 1.0 X 1010 W/m?,
the maximum calculated 2D photocurrent density J(r) and
induced local magnetic field B, () (evaluated on the top of the Se
atomic plane) for the WSe,/WS, heterobilayer can reach 0.48 (0.13)
A/m and 360 (70) nT for circularly (linearly) polarized light. As
shown in Fig. 3 G and H, the strength of J(r) and B, () can be

PNAS 2023 Vol.120 No.51 e2314775120

tuned by the light intensity (defined as ce| £]|?/2 where ¢ and €,
are the light speed and permittivity of vacuum, respectively). The
linear relationship between J(r) or B, (r) with light intensity orig-
inates from the second-order nature (Eq. 2) of the DC photocurrent
response: B, (r) « J(r) o E2. With the light intensity increases to
10" W/m” in Fig. 3 G and H, the local current density rises to
several A/m and the induced magnetic field is up to the order of
magnitude of pT. In experiments (52), laboratory laser intensity
can typically reach to 1013 W/m?, which is expected to give rise to
an induced magnetic field as large as hundreds of pT or even higher,
comparable to the Earth’s magnetic field strength (about 50 pT).

https://doi.org/10.1073/pnas.2314775120 50of7



Our results thus provide a promising all-optical control route to
generate and manipulate DC microscopic shift current flows in
TMD moiré superlattices. For the orientation-aligned (or small
angle misalignment) WSe,/WS, moiré superlattice, setting the
frequency of the incident light to excite the moiré charge-transfer
excitons (peak III), a 2D shift current vortex crystal and induced
magnetic field occur. We demonstrate that the location, shape, and
circulation chirality as well as magnitude of the shift current vor-
tices and hence those of the induced magnet fields can be effectively
tuned by the frequency, polarization, and strength of the incident
light. This is expected to be a general phenomenon for moiré super-
lattices with nanoscale excitons. Our results provide further under-
standing to nonlinear light-mater interaction in moiré quantum
matter and reveals rich moiré exciton physics of shift currents.

Methods

Moiré Structural Relaxation and Ground-State Electronic Structure
Calculations. The structural relaxation of the rotationally aligned WSe,/WS,
moiré superlattice is performed using force fields with the LAMMPS package
(53) with the help of the TWISTER code (54). The moiré supercell contains 25 x
25 WSe, and 26 x 26 WS, unit cells with pristine cell lattice constants of 3.32
and 3.19 A, respectively, yielding a moiré period of about 8.3 nm. To simulate
the experimental setups (32), we encapsulate the moiré bilayer by a layer of
hexagonal boron nitride (hBN) for the structural relaxation. The Stillinger-Weber
potential (55) and Kolmogorov-Crespi potential (56, 57) are used for describing
the intralayer and interlayer atomic interactions for the TMD materials, respec-
tively. In our calculations, atthe reconstructed geometry, the tolerance of the force
at each atom is taken as 10~ eV/A.

The ground-state electronic properties (mean-field orbital energies, wave-
functions, etc.) are obtained by density functional theory (DFT) with the Quantum
Espresso package (58). We use Optimized Norm-Conserving Vanderbilt (ONCV)
pseudopotential (59, 60) and an exchange-correlation functional in the gener-
alized gradient approximation (GGA) (61) in the DFT calculations. A planewave
basis with an energy cutoff of 40 Ry is used for calculating and expanding the
orbital wavefunctions.

Excited-States and Linear Optical Response Calculations. The calculations
of quasiparticle states based on the GIW method (44) and of excitons and linear
optical properties (45, 46) based on the GW plus Bethe-Salpeter equation (GW-
BSE) approach are performed using the BerkeleyGW package (62). The BSE is an
eigenvalue equation for two-particle exciton states:

(Ek = Eope JA i + Z(vc kiK|v'c k’)AS =Qif . (3]

v k'

where £, and £, , are quasiparticle energies of conduction and valence states,
K is the electron-hole interaction kernel, Qs is the exciton eigenvalue, and AS -k
is the exciton eigenvector (in basis of k-space interband transitions) with exciton
index S. After solving the BSE, the real-space moiré exciton wavefunctions are
expressed as

’elrh ZAV(chk ( ) [4]
ve.k
where y_, (w, ) are Bloch wavefunctions of conduction (valence) bands, and

r,(ry) are electron (hole) coordinates. In Fig. 1D, the real-space distributions
of the electron densities p, (r, ) and hole densities p, (ry ) forming the excitons

2 2
= j|;(5(re,r,,)| dryand p, (ry) = ”;(S(re, r,,)| dr,
where the integrals are taken over the whole crystal. p, (r, ) (o4 (1 )) corresponds
to the density of the excited electron (hole) given that the hole (electron) is
anywhere within the crystal.

The low-energy optical absorbance for the WSe,/WS, bilayer with in-plane
light polarization is dominated by the WSe, intralayer excitons, because the
interlayer excitations have negligible oscillator strength and the WS, intralayer
excitations have high energies which are well separated from the WSe, exciton

are defined as p, (r,)
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resonances (32-34). Therefore, the low-energy photoexcitation properties of
the WSe,/WS, moiré bilayers could be well approximated by those of moiré-
reconstructed WSe, monolayer. The accuracy of such approximation has been
verified in previous studies (32, 33).

Photoexcited Shift Current Calculations. The photoexcited shift current coef-
ficients and the real-space distributions of the microscopic shift current density
are computed by the ab initio TD-aGW approach, with real-time propagation
of the density matrix in the presence of the external light field (22). In this the-
oretical framework, the time-dependent interacting density matrix is given by

ih— pnmk(t) = [H"(t), p(t)] (5]

dt
where n and m are band indices, and p,,,(t) is the interacting density
matrix in the Bloch-state basis which is the key quantity to compute light-

induced phenomena. H"’GW(t) is the TD-aGW Hamiltonian defined as
HaGW O =hp e+ Uex'k(t) +AV? (), whereh,, , isthe equilibrium quasi-

partlcle energies which includes all the interactions at equilibrium (before appli-
cation of an external optical field) at the GW level. The external field partis given
by U"’X'k(t) which denotes the light-matter interaction and is equal to
—eE(t) - d,, , where E(t) is the optical electric field, and d,,,  is the dipole
matrix (i.e., matrix element of the electron position operator r) which is computed
using Berry connections, with particular treatments of the intraband parts(n = m)
performed with a local smooth gauge method (22). In our calculations, a dephas-
ing factor of 10 meV is used (added to Eq. 5) to simulate typical experimental
spectral broadening (32).

Importantly, excitonic (electron-hole interaction) effects within the TD-aGW
approach are accurately captured by the photon-field driven time variations in the

electron-electron interaction term AV (t) = AV/ (1) + AZCOWH () where

the first term is the change in the Hartree potential and the second term is the
change in the electron self-energy which is taken to be the nonlocal Coulomb hole
plus screened-exchange (COHSEX) G self-energy in the static limit. The accu-
racy of the electron-hole interactions in TD-aGW is shown to be at the standard
GW-BSE level, which is validated by the identical linear absorbances computed
with the two methods as shown in Fig. 1C.Time evolution simulations excluding
the electron-electron interaction AV (t) term yield results corresponding to
making the time- dependentmdependent particle (TD-IP) approximation. More
information on the formalism and computational details of the TD-aGIW method
can be found in ref. 22 and S/ Appendix.

Calculating the electron-hole interaction kernel with the ab initio GW-BSE and
TD-aGW methods through brute force would be computationally intractable for
large-area moiré systems since there are thousands of atoms in the moiré cell.To
overcome this challenge, we use the pristine unit-cell matrix projection (PUMP)
method (32, 33). Employing the PUMP method, we express the moiré electronic
band (quasiparticle) states as a linear combination of pristine unit-cell states,
and we use the resulting expansion coefficients to rewrite the moiré electron-
hole kernel matrix elements as coherent linear combinations of pristine unit-cell
kernel matrix elements. The resulting ab initio BSE and TD-aGW calculations are
performed using 12 moiré valence bands, 12 moiré conduction bands, and a
6 x 6 x 1 k-point sampling of the moiré BZ.

In calculating the shift current response at a particular frequency e, a mono-
chromatic lightfield E(t) = Egsin(w,t)is employed and the photocurrent density
is calculated from the expectation value of the velocity operator using the resulting
time-dependent density matrix. The microscopic current density J(r, t)is obtained

by evaluating Eq. 1 above, once we have obtained p,,,, (). The macroscopic current
density J(t)(cell averaging ofJ(r t))is given by refs. 22 and 63

0= 575 2 poms OV [6]

nmk

nmk'

The macroscopic shift current density can be obtained by taking its DC compo-

nentd” = J,,_oafter performing Fourier analysis. The macroscopic shift current
conductivity tensor o, at w, are then computed from Eq. 2 above once we
obtained J.

The photocurrent-induced magnetic field is obtained from the 3D microscopic
current density through the Biot-Savart law:

abc
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B(r) =

L ony, -

ar) w-ry

where  is the permeability of vacuum. The integral is performed over the whole
space. In Fig. 3, the B(r) is evaluated on the top of Se atomic plane for the WSe,
layer.

Data, Materials, and Software Availability. All Study dataareincluded in the
article and/or S/ Appendix.

ACKNOWLEDGMENTS. This work was supported by the Center for Computational
Study of Excited-State Phenomena in Energy Materials (C2SEPEM) at LBNL,
funded by the US Department of Energy, Office of Science, Basic Energy Sciences,
Materials Sciences and Engineering Division under Contract No. DE-AC02-
05CH11231, as part of the Computational Materials Sciences Program which
provided advanced codes for GW, GW-BSE, and TD-aGW and real-time simula-
tions, and supported by the Theory of Materials Program (KC2301) funded by

1. W.Kraut, R. von Baltz, Anomalous bulk photovoltaic effect in ferroelectrics: A quadratic response
theory. Phys. Rev. B19, 1548 (1979).

2. R.von Baltz, W. Kraut, Theory of the bulk photovoltaic effect in pure crystals. Phys. Rev. B 23,5590
(1981).

3. Z.Dai,A. M. Rappe, Recent progress in the theory of bulk photovoltaic effect. Chem. Phys. Rev. 4,
011303 (2023).

4. LZTanetal, Shift current bulk photovoltaic effect in polar materials-hybrid and oxide perovskites
and beyond. NPJ Comput. Mater. 2, 16026 (2016).

5. Y.J.Zhang etal., Enhanced intrinsic photovoltaic effect in tungsten disulfide nanotubes.
Nature 570, 349 (2019).

6. T.Akamatsu etal., Avan der Waals interface that creates in-plane polarization and a spontaneous
photovoltaic effect. Science 372, 68 (2021).

7. J.E.Spanieret al., Power conversion efficiency exceeding the Shockley-Queisser limitin a
ferroelectric insulator. Nat. Photon. 10,611(2016).

8. H.Hatada et al., Defect tolerant zero-bias topological photocurrent in a ferroelectric semiconductor.
Proc. Natl. Acad. Sci. U.S.A. 117, 20411 (2020).

9. M.Nakamura et al., Shift current photovoltaic effect in a ferroelectric charge-transfer complex.
Nat. Commun. 8,281(2017).

10. C.Maetal, Intelligent infrared sensing enabled by tunable moiré quantum geometry. Nature 604,
266-272(2022).

11, S.Y.Yang et al., Above-bandgap voltages from ferroelectric photovoltaic devices. Nat. Nanotechnol.
5,143(2010).

12. Z.Xiao et al., Giant switchable photovoltaic effect in organometal trihalide perovskite devices.
Nat. Mater. 14,193 (2015).

13. A.M.Burger etal., Direct observation of shift and ballistic photovoltaic currents. Sci. Adv. 5,
€aau5588(2019).

14. S.M.Young, A. M. Rappe, First principles calculation of the shift current photovoltaic effect in
ferroelectrics. Phys. Rev. Lett. 109, 116601 (2012).

15. S.M.Young, F. Zheng, A. M. Rappe, First-principles calculation of the bulk photovoltaic effect in
bismuth ferrite. Phys. Rev. Lett. 109, 236601 (2012).

16. S.M.Young, F.Zheng, A. M. Rappe, Prediction of a linear spin bulk photovoltaic effect in
antiferromagnets. Phys. Rev. Lett. 110,057201(2013).

17. L.Z.Tan,A. M. Rappe, Enhancement of the bulk photovoltaic effect in topological insulators.
Phys. Rev. Lett. 116, 237402 (2016).

18. F.Wang, S.M.Young, F. Zheng, . Grinberg, A. M. Rappe, Substantial bulk photovoltaic effect
enhancement via nanolayering. Nat. Commun. 7,10419 (2016).

19. T.Rangel etal., Large bulk photovoltaic effect and spontaneous polarization of single-layer
monochalcogenides. Phys. Rev. Lett. 119, 067402 (2017).

20. A.M. Cooketal., Design principles for shift current photovoltaics. Nat. Commun. 8,14176(2017).

21. T.Morimoto, N. Nagaosa, Topological nature of nonlinear optical effects in solids. Sci. Adv. 2,
€1501524(2016).

22. Y.-H.Chan, D.Y.Qiu, F.H. da Jornada, S. G. Louie, Giant exciton-enhanced shift currents and direct
current conduction with subbandgap photo excitations produced by many-electron interactions.
Proc. Natl. Acad. Sci. U.S.A. 118, 1906938118 (2021).

23. Q.Tong etal., Topological mosaics in moire superlattices of van der Waals heterobilayers. Nat. Phys.
13,356(2017).

24. C.Hu, V. Michaud-Rioux, W. Yao, H. Guo, Moiré valleytronics: Realizing dense arrays of topological
helical channels. Phys. Rev. Lett. 121, 186403 (2018).

25. J.Liu, X. Dai, Orbital magnetic states in moiré graphene systems. Nat. Rev. Phys. 3, 367-382 (2021).

26. C.LTschirhart et al., Imaging orbital ferromagnetism in a moiré Chern insulator. Science 372,
1323-1327(2021).

27. J.Liu,Z.Ma, J. Gao, X. Dai, Quantum valley Hall effect, orbital magnetism, and anomalous Hall
effectin twisted multilayer graphene systems. Phys. Rev. X 9,031021(2019).

28. X.Wang et al, Light-induced ferromagnetism in moiré superlattices. Nature 604, 468-473(2022).

29. Y.Cao et al., Unconventional superconductivity in magic-angle graphene superlattices. Nature 556,
43-50(2018).

30. Y.Caoetal, Correlated insulator behaviour at half-filling in magic-angle graphene superlattices.
Nature 556, 80-84 (2018).

31. E.C.Regan etal., Mott and generalized Wigner crystal states in WSe,/WS, moiré superlattices.
Nature 579, 359-363 (2020).

32. M.H.Naiketal., Intralayer charge-transfer moiré excitons in van der Waals superlattices. Nature
609, 52-57 (2022).

PNAS 2023 Vol.120 No.51 e2314775120

the US Department of Energy, Office of Science, Basic Energy Sciences, Materials
Sciences and Engineering Division under Contract No. DE-AC02-05CH11231
which provided development of the microscopic shift current density formal-
ism and magnetism analysis. Y.-H.C. is supported by the National Science
and Technology Council of Taiwan under Grant No. 112-2112-M-001-048.
Computational resources were provided by National Energy Research Scientific
Computing Center (NERSC), which is supported by the Office of Science of the US
Department of Energy under Contract No. DE-AC02-05CH11231, Stampede? at
the Texas Advanced Computing Center (TACC), The University of Texas at Austin
through Extreme Science and Engineering Discovery Environment (XSEDE),
which is supported by NSF under Grant No. ACI-1053575 and Frontera at TACC,
which is supported by the NSF under Grant No. OAC-1818253.

Author affiliations: °Department of Physics, University of California at Berkeley, Berkeley,
CA 94720; "Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley,
CA 94720; and “Institute of Atomic and Molecular Sciences, Academia Sinica, and Physics
Division, National Center for Theoretical Sciences, Taipei 10617, Taiwan

33. S.Susarla etal., Hyperspectral imaging of exciton confinement within a moiré unit cell with a
subnanometer electron probe. Science 378, 1235-1239 (2022).

34. C.Jinetal, Observation of moiré excitons in WSe,/WS, heterostructure superlattices. Nature 567,
76-80(2019).

35. K.Tran etal., Evidence for moiré excitons in van der Waals heterostructures. Nature 567,71-75(2019).

36. K. L Seyleretal., Signatures of moiré-trapped valley excitons in MoSe,/WSe, heterobilayers. Nature
567,66-70(2019).

37. E.M.Alexeev et al., Resonantly hybridized excitons in moiré superlattices in van der Waals
heterostructures. Nature 567, 81-86 (2019).

38. Y.Tang etal., Simulation of Hubbard model physics in WSe,/WS, moiré superlattices. Nature 579,
353-358(2020).

39. Y.Xuetal, Correlated insulating states at fractional fillings of moiré superlattices. Nature 587,
214-218(2020).

40. H.Lietal., Imaging moiré flat bands in three-dimensional reconstructed WSe,/WS, superlattices.
Nat. Mater. 20, 945-950 (2021).

41. M. H. Naik, M. Jain, Ultraflatbands and shear solitons in moiré patterns of twisted bilayer transition
metal dichalcogenides. Phys. Rev. Lett. 121, 266401 (2018).

42. K.F.Mak, C. Lee, J. Hone, J. Shan, T. F. Heinz, Atomically thin MoS,: A new direct-gap semiconductor.
Phys. Rev. Lett. 105, 136805 (2010).

43. D.Y.Qiu, F.H.daJornada, S. G. Louie, Optical spectrum of MoS,: Many-body effects and diversity of
exciton states. Phys. Rev. Lett. 111,216805 (2013).

44. M. S.Hybertsen, S. G. Louie, Electron correlation in semiconductors and insulators: Band gaps and
quasiparticle energies. Phys. Rev. B. 34,5390-5413 (1986).

45. M. Rohlfing, S. G. Louie, Electron-hole excitations in semiconductors and insulators. Phys. Rev. Lett.
81,2312(1998).

46. M. Rohlfing, S. G. Louie, Electron-hole excitations and optical spectra from first principles. Phys. Rev.
B. 62,4927-4944 (2000).

47. R.W.Boyd, Nonlinear Optics (Academic, Cambridge, 2003).

48. F.D.M.Haldane, Model for a quantum Hall effect without Landau levels: Condensed-matter
realization of the "Parity Anomaly". Phys. Rev. Lett. 61,2015 (1988).

49. H.Oka et al., Spin-polarized quantum confinement in nanostructures: Scanning tunneling
microscopy. Rev. Mod. Phys. 86, 1127 (2014).

50. S.Heinze etal., Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions. Nat. Phys.
7,713(2011).

51. H.Zhao et al., Atomic-scale fragmentation and collapse of antiferromagnetic order in a doped Mott
insulator. Nat. Phys. 15,1267 (2019).

52. J.Kim etal,, Ultrafast generation of pseudo-magnetic field for valley excitons in WSe, monolayers.
Science 346,1205-1208 (2014).

53. S.Plimpton, Computational limits of classical molecular dynamics simulations. Comput. Mater. Sci.
4,361-364(1995).

54. S.Naik, M. H. Naik, I. Maity, M. Jain, Twister: Construction and structural relaxation of
commensurate moiré superlattices. Comput. Phys. Commun. 271,108184 (2021).

55. F.H.Stillinger, T.A. Weber, Computer simulation of local order in condensed phases of silicon. Phys.
Rev.B31,5262-5271(1985).

56. M. H.Naik, I. Maity, P. K. Maiti, M. Jain, Kolmogorov-Crespi potential For multilayer transition-metal
dichalcogenides: Capturing structural transformations in moiré superlattices. J. Phys. Chem. C 123,
9770-9778(2019).

57. A.N.Kolmogorov, V.. H. Crespi, Registry-dependent interlayer potential for graphitic systems. Phys.
Rev.B71,235415(2005).

58. P.Giannozzi et al.,, QUANTUM ESPRESSO: A modular and open-source software project for quantum
simulations of materials. J. Phys. Condens. Matter 21, 395502 (2009).

59. D.R.Hamann, Optimized norm-conserving Vanderbilt pseudopotentials. Phys. Rev. B 88, 085117
(2013).

60. M. Schlipf, F. Gygi, Optimization algorithm for the generation of ONCV pseudopotentials.

Comput. Phys. Commun. 196, 36-44(2015).

61. J.P.Perdew, K. Burke, M. Emzerhof, Generalized gradient approximation made simple. Phys. Rev.
Lett. 77, 3865-3868 (1996).

62. J.Deslippe et al., BerkeleyGW: A massively parallel computer package for the calculation of the
quasiparticle and optical properties of materials and nanostructures. Comput. Phys. Commun. 183,
1269-1289 (2012).

63. T.G.Pedersen, Intraband effects in excitonic second-harmonic generation. Phys. Rev. B 92, 235432
(2015).

https://doi.org/10.1073/pnas.2314775120 7 of 7


http://www.pnas.org/lookup/doi/10.1073/pnas.2314775120#supplementary-materials

	Light-induced shift current vortex crystals in moiré heterobilayers
	Significance
	Methods
	Moiré Structural Relaxation and Ground-State Electronic Structure Calculations.
	Excited-States and Linear Optical Response Calculations.
	Photoexcited Shift Current Calculations.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 15





