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Layer photovoltaic effect in van der Waals heterostructures
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We argue that the layer electric polarization of noncentrosymmetric layered heterostructures can
be generically controlled by light yielding a layer photovoltaic effect (LPE). The LPE possesses a
rich phenomenology and can arise from myriad distinct mechanisms displaying strong sensitivity to
symmetry (e.g., point group and time-reversal) as well as the presence/absence of a Fermi surface.
We systematically classify these and unveil how LPE manifests for a range of light polarizations and
even for unpolarized light. These unusual layer photoresponses can be realized in a range of layered
heterostructures such as bilayer graphene aligned on hexagonal Boron Nitride and manifest sizeable
layer polarization susceptibilities in the terahertz frequency range that can be used as novel means

of bulk photodetection.

Mechanical stacks of atomically thin van der Waals
(vdW) materials enable to build quantum phases from
the bottom-up with properties that go beyond that of
its individual constituent components [1l 2]. A particu-
larly striking example is the emergence of a layer degree
of freedom in stacks. Manipulating the relative degree
with which each of the layers is charged, as character-
ized by its static interlayer polarization, affords means
to dramatically engineer bandstructure [3| 4], tune quan-
tum geometric properties [5HE], as well as realize corrre-
lated phases of matter [0HI2]. Since interlayer polariza-
tion points out-of-plane, it is highly sensitive to vertical
displacement fields. As a result, it has been traditionally
controlled by toggling voltages sustained across a dual
top and bottom gate sandwich architecture [3].

Here we argue that interlayer polarization in noncen-
trosymmetric layered heterostructures can be generically
controlled by light manifesting a layer photovoltaic ef-
fect (LPE). Such LPE responses appear second-order in
the incident light electromagnetic (EM) field, and, as we
show below, come in myriad distinct types; by perform-
ing a systematic classification we delineate LPEs with
distinct symmetry constraints, light polarization depen-
dence, as well as physical origins. Importantly, we find
LPEs can arise from both resonant interband absorption
as well as off-resonant virtual processes in either metallic
or insulating states, providing versatile means to control
interlayer polarization across different phases of matter.

We note that an example of LPE was recently pre-
dicted in chiral vdW bilayers where the interband absorp-
tion of circularly polarized light in such handed stacks
induces a helicity dependent photoinduced interlayer po-
larization [I3]. Our work systematically shows that there
exist a wide range of LPE interlayer responses beyond
those known previously. For instance, at high frequen-
cies corresponding to interband transitions we find an
injection-like process enables non-helical light to induce a
(second-order) nonlinear LPE even in an achiral and non-
centrosymmetric vdW layered heterostructure, see Fig.
Surprisingly, the injection-like process also produces an
interlayer current even as the electrons do not possess

FIG. 1: Layer photovoltaic effect and interlayer polariza-
tion. Photoinduced nonlinear interlayer polarization (here
denoted by p.) in noncentrosymmetric van der Waals stacks;
we term this the layer photovoltaic effect (LPE). Here an ex-
ample of a non-centrosymmetric and achiral vdW structure
is shown: bilayer graphene aligned with hexagonal Boron Ni-
tride (BLG/hBN). These achiral structures possess LPE in-
duced by non-helical light.

an out-of-plane velocity. Instead, this intrinsic interlayer
current arises from the pumping of the interlayer polar-
ization. Additionally, even at low frequency without in-
terband transitions, we find new types of large LPE re-
sponses that can be induced in the metallic regime. As
we will see, these latter metallic contributions arise from
the momentum-space asymmetry in the layer polariza-
tion of Bloch states on the Fermi surface.

We anticipate that the LPEs we unveil can be used
in novel bulk photodetection schemes that do not re-
quire p-n junctions. Since many non-centrosymmetric
vdW stacks are achiral possessing mirror symmetries that
render helicity dependent LPE vanishing, non-helical
LPEs are crucial in activating interlayer polarization re-
sponses. Indeed, as we discuss below, the injection and
metallic LPEs we unveil in our work can achieve giant
susceptibility values in bilayer graphene (BLG) aligned
with hexagonal boron nitride (hBN) heterostructures, or-
ders of magnitude larger than those reported in chiral



stacks [I3] and manifesting even for unpolarized light.

Interlayer polarization response. We begin by directly
examining the LPE response which is directly connected
to the layer degree of freedom, [. The interlayer polar-
ization operator is

P?=ed Y llay) {cu| = p7d, (1)

(74

where [ is the layer index operator: [|oy) = I|ay), and
|oy) are orbitals localized on layer I. For clarity, here
we concentrate on a bilayer system with an interlayer
distance 2d (see Fig. . Our theory, however, is general
and can be readily applied to multi-layered systems.

When light is normally incident on the vdW stack
(see Fig. , an out-of-plane static interlayer polarization
can be induced. To see this, first consider the Hamil-
tonian: H(k,t) = Ho(k) + Hg(k,t) where Hy(k) is the
bare Hamiltonian with |u,k) and €, (k) the correspond-
ing Bloch states and eigenenergies; here and below, ro-
man indices denote band indices. Hg(k,t) describes the
light-matter interaction. For a monochromatic EM field,
Hg(k,t) = ef - [Eeim +E*e_mt] e [14, [15], with £ the
position operator, n - 0% an adiabatic turn-on parame-
ter, and € is the frequency of the light.

The LPE can be obtained from Eq. as (P*(t)) =
[ Tr[p(t)P.)dk/(27)? where j is the density matrix.
Here the evolution of the density matrix and the result-
ing photoinduced interlayer polarization can be tracked
in a standard perturbative fashion, see full details in Sup-
plementary Information (SI). This produces a second-
order nonlinear photoinduced static interlayer polariza-
tion, (§PZ), characterized by an LPE susceptibility ten-
sor x(w) as:

(0P3) =2d 3 Re[E* BT X ()], (2)
ab

where «, 8 are spatial indices (z or y). We will show there
are five contributions to x“?(w) with distinct physical
origins, symmetry properties, and phenomenology.

To proceed, it is useful to delineate between inter-
band and intraband responses and for concreteness we
will confine ourselves to band non-degenerate systems.
Three contributions comprise interband responses: In-
jection (I), Shift (S) and Fermi-Sea (F'S):

ther(w) XI 5((’0) + XSﬁ(w) + XF (w)’ (3)

where x1 and xs describe LPE arising from resonant real
interband excitations, whereas xpg is off- resonant

The injection susceptibility x7 oB(w) = TO'mter (w)/4 with

mter( ) T 32 Z 5((“) + wn"l)AZmA'rﬁnnfnmépmna (4>
n,m,k

where fom = flen(k)] — flem(k)] is the difference be-

tween Fermi functions in different bands, hwnm = €,(k) -

SC | FS |shift | injection | reported in
1 v v X v this work
& X X v X Ref.[13

TABLE I: LPE mechanisms in TRS preserving systems. | in-
dicates non-helical mechanisms (induced by linearly polarized
light), while C' indicates helical responses (induced by circu-
larly polarized light). v/ denotes allowed, X indicates forbid-
den. SC and FS are semiclassical and Fermi Sea respectively.
Note that xB (see text) is forbidden when TRS is preserved,
but becomes activated when TRS is broken.

em(k), and 0Py, = 02, — D5, is the difference between
layer polarization between the final and initial states
states. pZ,. = (Unk|p?|umk) 18 a matrix element of the
polarization operator and A%, = i{unk|Ok,, [tumik) is the
interband Berry connection [I6]. Here 7 is a phenomeno-
logical relaxation time [I7] that regularizes the x; re-
sponse.

x1(w) represents the first new result of our work and
arises from the contrasting interlayer polarization when
an electron transitions from state n,k — m, k: its polar-
ization changes from pn, = pmm. As we will argue be-
low, this process also yields an anomalous photoinduced
interlayer current, controlled by an interlayer conductiv-
ity omter (w). This anomalous interlayer current acts as
a source that pumps the interlayer electric polarization.
As a result, x1(w) grows with 7 yielding large LPE. This
picture is similar to how bulk injection photocurrents are
often understood as arising from a photoinduced acceler-
ation [I7, [I8].

Injection LPE contrasts with that of the shift LPE,
Xs(w), recently discussed in Ref. [13]:

ﬁ(w Z §(w+wnm)fnm Mﬁm; (5)

nmk

where

p T N ijTL p’mc
M, =072 5[ Do Pne g3 ]

mn c cn mc

and pZ,, = pi,, (1= 0nm). Xs is intrinsic (7 independent)
and arises from an interlayer coordinate shift that is non-
vanishing in chiral media.

In contrast to the other interband responses, xrs(w)
does not require real transitions. Instead, it corresponds
to nonlinear interlayer polarization sustained even for
light with frequency below the bandgap of an insulator.



It is written as xpg Blw) = XFS 1 (W) + Xps, 2(w) where

ap AQ Aﬂ - pfnm _Pﬁn
XFS 1 nrzn:k nm mnf P[(w + an)2 ) (7)
1
af B
XFS,Q(w) h2 n%;kf”mAanmn [m] ) (8)

where P denotes the principal part. Strikingly, this off-
resonant LPE survives even for insulators (unlike its pho-
tocurrent counterpart [19] 20]). As a result, we denote it
Fermi Sea LPE since it arises from virtual processes be-
tween completely occupied and unoccupied bands. xrs
proceeds in much the same fashion as that of the con-
ventional dielectric response in insulators where similar
virtual processes contribute to the dynamical screening.
Indeed, xrs can be understood as its nonlinear rectified
counterpart.

The last new LPEs we unveil are intraband in na-
ture: these depend on the presence of a Fermi sur-
face and exhibit a low-frequency divergence characteris-
tic of metallic responses in the clean limit. These are
the semiclassical (SC) and Berry (B) LPE responses:
Xintra(w) = Xsc(w) + xB(w), with SC susceptibility:

2 aaa fn z
XSC( ) th Z wg +7__2 Prns (9)
and Berry susceptibility:
« pnm 'm/n,l8 fnm
xBﬂ(w)—f > NPT (10)

1
ik (w+ it Dwnm

where intra-band responses are regularized with a relax-
ation time 7 [2I]. Note that xp shares a similar density
matrix origin to its counterpart in the more familiar but
distinctly different photocurrent response (the Berry cur-
vature dipole induced nonlinear Hall effect [22]).

Xsc(w) has a semiclassical origin: it arises from a DC
shift (in momentum space) of the metallic Fermi sur-
face induced by periodic driving; this enables to pick
out a dipolar distribution of p,, (k) in momentum space.
xB(w) arises from interband coherences sustained from
the periodic driving; unlike the other responses we have
discussed, xp(w) has an odd-parity under time-reversal
(c.f. 9°f term), vanishing in non-magnetic materials.
In what follows, we will focus on LPEs in time-reversal
symmetry (TRS) preserving systems.

Intrinsic out-of-plane interlayer current. We now pro-
ceed to argue that the origin of the large injection LPE
arises from an anomalous out-of-plane interlayer current
induced by oscillating in-plane electric fields. To see this,
we note that the interlayer electric current is naturally
described by j* = dP,/dt = [P., H]/(ih) [23]. Computing
the expectation value of the interlayer current, (j%(t)),

we find

Te[j*p(t)] = iTr{[Pzﬂ

- ()} =Tx[P*p(1)], (11)

where we have noted the cyclic property of the trace
Tr{[A, B]C} = Tr {A[B,C]} as well as employed the Li-
ouville equation ihdp(t)/dt = [H (k,t), p(t)]. In order to
isolate the rectified interlayer current, we focus on the
period average jZ g = [[OT dtlim, o (j*(t))]/T where
T =27/ is the period of the drive EM field. For a finite
drive frequency §2, this directly produces an out-of-plane
interlayer current

jrectlﬁed = 2dRe I:EQEB* 1ntcr(Q)] (12)

that is driven by an oscillating in-plane electric field E.
Here amter(Q) is the interlayer nonlinear conductivity
found in Eq. . Interestingly, Eq. . depends only on
intrinsic band geometric quantities (e.g., AS,., 0 Pmn).

We note that second-order nonlinear photocurrent sus-
ceptibilities have recently been the subject of intense in-
vestigation [14] [T5] 2T], 24434]. These have concentrated
on photocurrents formed from bulk itinerant electrons
with a well-defined velocity. In contrast, U]nter(Q) de-
scribes out-of-plane current in a vdW stack hosting elec-
trons that do not have a z-direction velocity. Instead, the
interlayer current can be understood as a type of electric
polarization pump that injects polarization.

Symmetry properties of LPE. The mechanisms for LPE
discussed above have distinct symmetry properties. To
see this, we re-write Eq. as:

(6P%)/d = (EO‘E*ﬁ + E*“E'B) % [X“B(Q) + X‘X'B(—Q)] +

Linearly polarised light Re
1
+ (i B B E) o [ HQ) X ()], (13)
Circularly polarised light Im

displaying how the real (imaginary) parts of the suscep-
tibility tensor control the response to linearly polarized
(circularly polarized) irradiation. Recalling that under
time-reversal symmetry we have A, (k) = A,,,(-k)
and ppm (k) = pmn(-k) we obtain the non-helical (lin-
ear) vs helical (circular) classification in Table I, namely:
X1, XFs and ysc mediate responses to linearly polarized
light but are helicity insensitive; xg, in contrast, only
arises under circularly polarized irradiation. Naturally,
inversion symmetry zeroes out all LPE responses, see SI.

Point group symmetries also play a critical role in con-
straining the LPE. For instance, in-plane mirror symme-
try M, forces the off-diagonal components of the non-
linear LPE susceptibility tensor to vanish: x*¥(w) =
xY¥(w) = 0. This disables helicity dependent LPE. As a
result, achiral vdW stacks (i.e. ones with a mirror plane)
do not possess a helicity dependent LPE. As a result,
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FIG. 2: Nonhelical LPE responses in vdW heterostructure.
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BLG/hBN LPE susceptibility tensor x(w) = xo(w)I in the (a)

insulating state (= 10 meV in the gap) (b) metallic state (x = 20 meV) numerically evaluated using the low-energy Hamiltonian
in Eq. (T4). Both 1 (orange) and xrs (green) contribute to the total response (purple) in the insulating state. In the metallic
state, an additional metallic xsc (yellow) emerges that dominates at low frequencies. Right inset in both panels display the
low-energy bandstructure of BLG/hBN;  indicates the Fermi level. Left inset in panel b shows a zoom-in of the gray region.

Parameters used: 7= 1ps and A =30meV.

comparing with Table I, in these systems we find that
LPE proceed from x1, xrs and xsc only; xs vanishes.

In contrast, in chiral stacks that possess high crys-
talline symmetries, the opposite can be true. The com-
bination of C,, (n > 3) and Cs, point-group rota-
tional symmetries can render non-helical LPEs vanishing
(see Ref. [I3] for an explicit example in twisted bilayer
graphene as well as full symmetry analysis in SI). Of
course, in chiral vdW stacks where at least one of these
point group rotational symmetries are broken, both he-
licity dependent and non-helical LPEs are allowed.

Non-helical LPE response in BLG/hBN. To exemplify
the non-helical LPE response from xi, xrs and xsc in
TRS preserving systems, we focus on an achiral vdW
system: bilayer graphene aligned with hexagonal Boron
nitride (BLG/hBN). Aligned BLG/hBN breaks inver-
sion symmetry, possesses Cs, and M, symmetries while
breaking Cs, (see Fig. 1). As a result, only non-helical
LPE responses are allowed; xs vanishes. Indeed, the
presence of both C3, and M, guarantee x(w) = xo(w)I,
allowing LPE to manifest for unpolarized light.

We model the long-wavelength electronic excitations of
BLG/hBN using an minimal low-energy Hamiltonian

A2 vrt 0 wzm

v | vm A2 0

H= 0 v 0 orf | (14)
v37rT 0 o O

where v = 0.639eV nm is the Dirac velocity of graphene,
vy = 0.081eVnm characterizes trigonal warping, v; =
0.4€V is the interlayer hopping, and 7 = {k, + ik, where
& = 1 is the valley index. Using Eq. the polarization
operator reads as p, = diag(1,1,-1,-1). Responses of
different valleys are added. A is the AB sublattice asym-
metry induced by aligning one side with hBN thereby

breaking inversion symmetry and opening a gap in the
spectrum (see inset in Fig. . In what follows we will
concentrate on low frequencies up to the terahertz range
where large LPEs manifest. This is smaller than the en-
ergy range (150-200 meV) where superlattice effects from
the hBN alignment ensue [35].

The LPE in BLG/hBN was numerically evaluated us-
ing Egs. , 7 , and @ at low temperature and
summed across both valleys for the electronic states in
Eq. ; LPE susceptibilities are plotted in Fig. [2] see
ST for a full discussion of the numerical details. We find
interband LPEs peak for frequencies close to the gap size,
see Fig. [2a where x1 and yrg are plotted when the chem-
ical potential is in the gap. This indicates that both x1
(orange) and xps (green) are dominated by interband
processes close to the band edge.

Interestingly, when the chemical potential is moved
into the conduction band (Fig. [2b), a new metallic peak
in the nonlinear LPE response emerges at low frequencies
that corresponds to xsc (yellow); the interband LPE re-
sponses still persist but now appear at higher frequencies
due to Pauli blocking (see right inset). The metallic peak
is particularly striking since it displays large responses
(left inset) even for frequencies below any interband op-
tical transition, as well as the opposite sign of suscepti-
bilities as compared to the interband contributions.

The LPE we unveil demonstrates how stacking can in-
troduce new classes of responses not found in a single
layer. Indeed, we anticipate that x1 and xsc can produce
large LPE several orders of magnitude larger than that
previously known, e.g., in Ref. [I3]. For instance, close
to the interband peak in BLG/hBN heterostructures, we
find a large interlayer surface charge density difference of
order 1 nCcm™2 (this corresponds to an interlayer volt-
age of order 2mV) can be sustained even for modest light



intensity of 1000 W cm™2. At very low frequencies, LPE
is expected to be even more pronounced, yielding up to
5mV interlayer voltage under the same light intensity
(see FigPp left inset). Such interlayer voltages can be
readily detected using capacitive probes [36, [37] or scan-
ning electron transistors [38], and are not just confined
to BLG/hBN (that we have focussed on for a concrete
illustration). Indeed, we expect that LPEs are generic
and will manifest in the wide zoo of noncentrosymmetric
layered heterostructures available, e.g., layered transition
metal dichalcogenides. In addition to providing novel
means of photodetection (especially in the THz regime),
given the large LPE susceptibilities, the photoinduced in-
terlayer polarizations may even enable light-driven means
of switching the electric polarization in a range of vdWs
layered ferroelectrics that have recently become available
[39H-41].
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Supplementary Information for “Layer photovoltaic
effect in van der Waals heterostructures”

Density matrix and perturbation theory

In this section, we discuss perturbative corrections
to the density matrix in the presence of an irradiating
electromagnetic field; this is used to directly compute
the interlayer polarization responses found in the main
text. Starting from the Liouville equation: ihdp(t)/dt =
[H (k,t), p(t)], with electric field employed in the length
gauge H(k,t) = Hy(k) + et - E(t)e™, we compute per-
turbative corrections for density matrix (DM): p = p(9) +
PV + 53+ O(E?), where the index (0,1,2) represents the
order of corrections. The second order correction is given
by:

pSZQ'n)“L( ) - hQ [/ d(o;Qd;;l Ea 2)Eﬁ(w1)e—l(w1+wz)t+2nt

<ls i@ﬁiaafn
" (wy + wa + 2im) (wa + 1)
+ 1 Z.aﬁ A%m mn
W1 + W — Wy, + 20 W9 — Wpm + 17
Aﬂ m30% fmn
(w2 +1in) (w1 + wa — wpm + 2in)
1 z A AOC fmc Aa Acmfc’n
W1+ Wo — Wpm + 21N T Wo — Wem +11) Wa — Wne + 1 '

(S1)

Using Eq. (S1)) and Eq. in the main text, the total
polarization response is given by:

:: nm mn

(Pz)/d:Z[ G o (S2)

In the main text, we focussed on the i = 2 contribution
since it gives the leading DC (i.e. static) photoinduced in-
terlayer polarization. For monochromatic light, the DC
contribution can be obtained after averaging the polar-
ization over one period: (fs) fo f(@)dt/T. In so doing
we concentrated on wy +ws = 0 contributions in Eq. .

The injection [Eq.], shift [Eq.]7 and Fermi-Sea
[Egs.(7) and (8)] contributions to the LPE in the main
text can be obtained by plugging the terms in the third
and fifth lines of Eq. into Eq. . The contributions
can be naturally delineated into resonant (includes delta
functions, e.g., for x1 and xg) and off-resonant (involves
principal parts, e.g., xrs) in the limit of vanishingly small
7 — 0. Similarly, the SC and Berry contributions to the
LPE can be obtained directly by substituting the terms
in the second and fourth lines of Eq. into Eq.
respectively.

Interlayer current

In this section, we provide a fuller account of the in-
trinsic interlayer current. First, for the convenience of
the reader, we recall that the interlayer current operator
can be written as:

ar* 1
dt  ih

iz

J

[P* H]. (S3)

As a result, the time varying interlayer current can be
directly evaluated as

(G (0) = Tj*p(0)] = =T {[ 27, 11 (0)} =

_ %ﬂ{ﬁz[ﬁ,ﬁ(t)]}y (S4)

where we used the cyclic permutation property of the
trace: Tr{[4,B]C} =Tr{A[B,C]}.

Importantly, the Liouville equation for the full system
requires ihdp(t)/dt = [H,p(t)]. As a result, we can di-
rectly identify the interlayer current as

(7(t)) = Tr {P?p(t)},

thus reproducing Eq. of the main text. The recti-
fied component of the interlayer current can be directly
obtained as the period average of (j*(t)):

(S5)

T .
Jrestea= [ Sm T (P7pu (1)} + O(EY).  (56)
o T n-0

Crucially, it is the time derivative of the density matrix
that controls the rectified interlayer current response. By
directly taking a time derivative of the second order cor-
rection to the density matrix in Eq. , we find that
there are only two terms in Eq. (S1) that generate a
finite contribution to the current above: i.e. terms in
pgﬁl(t) that originally corresponded to the injection and
semiclassical LPEs. Notice, however, that the latter con-
tribution to the intrinsic interlayer current in Eq.
[after contraction with electric fields and symmeterizing
a < B,w < -w] displays a delta function peak at zero
frequency d(w). As a result, at finite non-zero frequen-
cies only the injection type response remains in the limit
n—0.

Time-reversal, inversion and spatial symmetries

This section will briefly dicuss constraints dictated by
time-reversal, inversion and spatial symmetries for the
LPE susceptibility tensor.

We first focus on time-reversal symmetry (7). TRS
produces the following relations for the matrix ele-
ments of the Berry connection, polarization operator,
Berry connections, as well as the band energy difference:



My CBz C2a: 021: + CSZ
LPL, v/ v v X
CPL, C X v v v

TABLE SI: This table summarises whether LPE responses
are allowed (v) or forbidden (X) in systems exposed to inci-
dent light with either circular (CPL) or linearly (LPL) po-
larisation in the presence of spatial symmetries C2,,C3, and

M,.

Apm(k) = Apn(-k), wam(k) = wpm(-K), pam(k) =
Pmn(—k). Applying these relationships, we find that the
Berry LPE response [in Eq. ] vanishes in the pres-
ence of TRS (since O f is odd while A, is even under
k - -k). In contrast, in the presence of TRS, SC LPE re-
sponse persists. The interband LPE responses, however,
have susceptibilities that obey

Xog (W) = Xpa (-w) = Xpa (w),
X3P (W) = —x&° (~w),
X7 (w) = X7 (~w) = X7 (),

in the presence of TRS.

Note that in a similar way, the presence of inver-
sion symmetry (Z) demands: A, (k) = —A,n(-k),
Wrm (K) = Wnm (=K), Prm (k) = =ppm (=k). As aresult, in-
version symmetry forces all second-order LPE responses
to vanish; broken inversion symmetry is required to real-
ize LPE responses as expected.

Point group symmetry play an additional critical role
in constraining LPE responses. For instance, in-plane
mirror symmetry M, forces off-diagonal components of
the susceptibility tensor to vanish x*¥(w) = x¥*(w) = 0.
As a result, in-plane mirror symmetry disables helicity
dependent second-order interlayer polarization responses
(see column 2 of Table . Indeed, as discussed in the
main text, BLG/hBN possess in-plane mirror symmetry,
zeroing the helicity dependent xg response.

We now discuss the impact of point group rotational
symmetry. For instance, in the presence of C,, (n > 3)
symmetry, the LPE susceptibility tensor obeys x**(w) =
X (w), x*¥(w) = —x¥*(w). Similarly, in the presence
of Cy, symmetry, the out of plane polarization has to
switch its sign (P,) - —(P,) under the operation of Ca,:
this means that the susceptibility components that pre-
serve their sign under Cy, are forced to vanish x**(w) =
x¥(w) = 0. However, off-diagonal components of the
LPE susceptibility tensor are allowed. Note that the
off-diagonal components of the LPE susceptibility ten-

—~ o~
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sor in principle encode both helicity dependent [i.e. anti-
symmetric part: x*¥(w) - x¥*(w)] as well as nonhelical
responses to linearly polarized light [i.e. symmetric part:
X" (w) + x¥*(w)]. Crucially, the presence of just one of
the above symmetries alone, is compatible with both he-
lical as well as non-helical responses (see column 3 and 4
of Table . However, when both C3, and Cs,; symme-
tries are present simultaneously (e.g., in pristine twisted
bilayer graphene), they ensure that only helicity depen-
dent LPE responses manifest (in the case of TRS, only xg
is non-zero); non-helical responses in such systems with
both C5, and Cs, vanish.

Details of numerics

The evaluation of LPE responses for BLG/hBN shown
in the main text was carried out numerically by using
the BLG/hBN Hamiltonian in Eq. of the main text
as well as the expressions for the various LPE responses
found in the main text. In so doing, we used an effec-
tive relaxation time 7 = 1ps as an illustration that is
characteristic of ultraclean graphene based heterostruc-
tures [42]. Further, in numerically evaluating integrals
with delta functions and principal values, we compared
the LPE response expressions directly with the density
matrix in Eq. 7 using their corresponding finite but
small 7 representations (and taking 7 — 1/7). Moreover,
we found our numerically evaluated LPE responses con-
verged rapidly at low temperature.

While x1, xs depend on the interband transition con-
tours and xsc depends on the Fermi surface, the Fermi
sea responses xrs in Eqs. and of the main text, in
principle, depend on an entire band sum. Here we eval-
uated yps systematically starting from the Dirac point
and moving outwards in momentum space; importantly
we achieved convergence rapidly for v|kmax| ~ 100 meV
within the range of validity of our low-energy Hamilto-
nian. The grid for the momentum space integration was
chosen to be 300 x 300 k-points for the interband terms.
For ysc we adopted a finer mesh with up to 900 x 900
k-points to capture the sharpness of the Fermi surface at
low temperatures.

Interlayer polarization and interlayer voltage

While the photoinduced interlayer polarizations can be
directly obtained in Eq. from the LPE susceptibilities
and oscillating electric fields of the incident EM irradi-
ation, these interlayer polarizations can also manifest as
an interlayer voltage, AU. Modeling the bilayer system
as a simple parallel plate capacitor separated by an in-
terlayer distance of 2d = 3.46 A, we find

_ %670 _ <5ljsztatic)
- 90 2 N 260

AU , (S10)



where we used eg for the vacuum permittivity between
the graphene planes, and o (with units [C-cm™2]) is
the photoinduced difference between the surface charge
densities on the top and bottom layers

(6P

5o = $0Psatic) _ S Re[E“E *x*? ()] (S11)
2d 4

obtained directly from Eq. in the main text.
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