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We investigate the bulk photovoltaic effect, which rectifies light into electric current, in a collec-
tive quantum state with correlation driven electronic ferroelectricity. We show via explicit real-time
dynamical calculations that the effect of the applied electric field on the electronic order parameter
leads to a strong enhancement of the bulk photovoltaic effect relative to the values obtained in
a conventional insulator. The enhancements include both resonant enhancements at sub-bandgap
frequencies, arising from excitation of optically active collective modes, and broad-band enhance-
ments arising from non-resonant deformations of the electronic order. The deformable electronic
order parameter produces an injection current contribution to the bulk photovoltaic effect which is
entirely absent in a rigid-band approximation to a time-reversal symmetric material. Our findings
establish that correlation effects can lead to the bulk photovoltaic effect and demonstrate that the
collective behavior of ordered states can yield large nonlinear optical responses.

The photovoltaic effect is the optical process that con-
verts light into electrical current [1-3]. Photovoltaic ef-
fects can be obtained from devices with interfaces (e.g.
p-n junctions), but potential applications to new types of
solar cells have driven recent interest in bulk photovoltaic
effects (BPVE) occurring in homogeneous noncentrosym-
metric materials, where artificially fabricated interfaces
are not required and a photovoltage is not limited by a
bandgap energy [4-8].

The BPVE has been extensively analyzed in ferro-
electrics [9-15] and Weyl semimetals [16-19]. Theory dis-
tinguishes shift and injection current contributions to the
BPVE, generated by photoinduced changes in the elec-
tron position and velocity, respectively [3, 19]. The shift
current contribution in ferroelectrics and Weyl semimet-
als has been related to Berry connection and topological
effects [19-22]. The fundamental assumption underlying
this previous work is that the BPVE may be studied in
a model of independent electrons moving in a rigid band
structure. This assumption has important consequences.
For example, while an injection current contribution has
the potential to lead to large nonlinear conductivity [8],
the independent particle approximation predicts that the
injection current under linearly polarized light vanishes
in time-reversal-symmetric insulators [3, 19].

In this paper, we show that electronic correlation ef-
fects can substantially enhance the BPVE, opening a new
pathway to the design of optoelectronic materials. The
crucial new point is that if the inversion symmetry break-
ing arises from a low energy electronic instability, then
in addition to resonant enhancements at electronic collec-
tive mode frequencies, an applied electric field can non-
resonantly deform the electronic band structure in ways
that activate an injection current contribution.

We investigate the effect theoretically in the context of
the excitonic insulator (EI) but we emphasize that our
generic results apply to any inversion-symmetry break-

ing collective electronic states. Recently proposed EI
candidate materials include TiSey [23-26], TagNiSes [27—
32], and WTey [33-35]. The EI state is characterized by
spontaneous band hybridization triggered by the inter-
band Coulomb interaction in narrow-gap semiconductors
and semimetals [36-41]. The excitonic order may break
inversion symmetry, leading to “electronic ferroelectric-
ity” [42-45], in which case the state is referred to as a
ferroelectric EI (FEI). In this paper, we investigate the
BPVE in a FEI. We compute the optical response includ-
ing changes in the order parameter, identify the optically
active collective modes in the FEI, and demonstrate that
nonlinear excitation leads not only to resonant enhance-
ment of the shift current but also to a nonvanishing injec-
tion current with both resonant and broad-band contri-
butions. The nonvanishing injection current contribution
means that in contrast to simple band insulators the FEI
can exhibit large nonlinear conductivity.
A minimal theoretical model of the FEI [Fig. 1(a)] is

A= tay (it e ) =t (e 50+ He)
J J
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J J

+D Z (Nj,a—"N5p) +V Z Nja (Mjp+ni—1p), (1)

J J

where ¢; (é;ra) is the annihilation (creation) operator
of a fermion on the chain (orbital) a (= a,b) at site j,
and 7, = é;aéj(, to is the hopping integral on the
chain «a, and t,; is the interchain hopping which has the
opposite signs along the +x and —xz directions. This type
of hopping appears when two orbitals have opposite par-
ities along the chain direction [see e.g. Fig. 1(a)] [46, 47].
D is the energy level difference, and V' is the interchain
Coulomb interaction that induces the excitonic instabil-
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Figure 1. (a) Top panel: Zigzag chain model Eq. (1), where

we plot an example of two orbitals that lead to hopping tas.
Bottom panel: schematic picture of the EI state. (b) Ground
state phase diagram of Eq. (1) in the plane of interaction
V' and interchain hopping t,», computed in the Hartree-Fock
approximation for D/t, = 1. The magnitude of the order
parameter ¢4 is shown in false color.

ity. For simplicity, we take a particle-hole symmetric
band structure with ¢, = —t; = t; but our results do not
depend in any important way on this assumption. We
focus on the half-filled case (72j,4) + (75) = 1 and set tp
(t; ) as a unit of energy (time) [48].

Excitonic order in Eq. (1) is characterized by the ex-
pectation values ¢(z/2) = <éj',aéj,b> and ¢(—zx/2) =
<é}’aéj_1,b> which it is convenient to combine into the
even and odd parity hybridizations ¢+ = ¢(z/2) +
¢(—x/2). For later use, we also define An = () —
(Nj.a). At tqp = 0, the number of particles on each chain
is separately conserved and the model has an associated
internal U(1) invariance which is spontaneously broken
in the EI state, leading to an one-parameter family of
degenerate EI states characterized by ¢, = |¢, e+ # 0
with ¢_ = 0. The collective mode associated with vari-
ation of the U(1) phase 6, is gapless [49, 50]. When
tap # 0, the U(1) symmetry is reduced to Zs, ¢_ # 0
and is real at all temperatures, and the excitonic order is
characterized by the appearance of a non-vanishing ¢
with the phase 6, = 0, m which spontaneously breaks
the Z; symmetry. Because the broken symmetry is dis-
crete, all collective modes are gapped. The association
of the EI transition with a discrete symmetry breaking is
generic in materials [47, 50-52]; in the EI case considered
here the Z5 breaking also makes the +x and —x direction
hybridization magnitude different, thereby breaking in-
version symmetry [see Fig. 1(a)]. Following the modern
theory of polarization [53-55], we find the polarization
P=[9%A_ _(k)xVyite, where A__(k) is the Berry
connection at momentum % in the occupied band [56],
confirming that when ¢ # 0 and ¢4, # 0 the Zs-broken
phase of Eq. (1) is a correlation-driven ferroelectric.

We solve the model in the time-dependent mean-
field (tdMF) theory which captures both the symmetries
of the ground state and the needed properties of the
collective modes and nonlinear response [57-60]. The

ground state calculation is standard [56] and the result-
ing phase diagram is shown in Fig. 1(b). The dynamics
are most conveniently studied in a pseudospin represen-
tation p,(k t) = (U (t)T o, Ui (t)) /2 (0,: Pauli matrix)
with \Ilk = [¢, a,c;i »)- We use the equation of motion
(EOM) in the length gauge [3, 56]:

=2h(h,1) x p(k 1) — B(1) o plh 1)
— ok, t) = peq(F)] 2)

where h(k,t) is the tdMF Hamiltonian in the pseudospin
representation

0
ap(kv t)

ho(k, 1) = —VRe[é ()] Cosg ~ VIme_(#)] sin g
hy(k,t) = (2tap+VRe[p_(1)]) sing — VIm[¢4 (t)] cos g,
hy(k,t) = =2tp cosk + D + VAn(t). (3)

Here, we introduce a phenomenological relaxation term
~ which may be thought of as the scattering of photoex-
cited carriers by phonons, disorders, and many-body ef-
fects [61-65]. At each point in time, the MF parameters
are instantaneously updated using the equations ¢4 (t) =
2 [ 9 (p,(k,t) +ipy(k,t)] Ai(k;) (where Ay (k) = cos®
and A_(k) = isin %) and An(t) = =2 [ 2£p_(k,t). We
solve the equations numerlcally for a contlnuous wave
field E(t) = Eysinwyt and initial condition p(k,t=0) =
Pea(k) [56].

Figure 2(a) shows the optical conductivity oz, (w) de-
fined here as the Fourier coefﬁcient J(w = wp) of the
(total) current J(t) = 2 [ 2[9,h(k,t)] - p(k,t) at steady
state (t > vy 1). In the FEI Um( ) exhibits two peaks
below the bandgap, arising from the collective modes of
the ordered state. The collective modes are optically ac-
tive because for t,;, # 0 the ground state breaks inversion
symmetry. The reduction of the U(1) symmetry down
to Zs by tq, # 0 means that the two modes are each
gapped and have mixed phase and amplitude character
even at longest wavelength, but the lower (upper) mode
is of dominantly phase (amplitude) mode character. As
can be seen from Fig. 2(b), when the system is excited
at the frequency of the lower peak, the imaginary part
of ¢4 (t) oscillates more strongly than the real part. On
the other hand, when the system is excited at the fre-
quency of the upper peak, the real part of ¢, (t) strongly
oscillates [see Fig. 2(c)]. Note that the upper peak is
separated from the continuum because the bandgap in-
cluding the interchain hopping t,; is larger than the gap
originated from V¢,. Since these two modes are opti-
cally active, their contributions to higher-order optical
responses are important.

We now discuss the BPVE, which we define as the
dc limit of the intraband current Jiu.» produced by an
applied ac electric field. We derive Jiyra from the time-
derivative of intraband polarization Pyt [3]. Details are
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Figure 2. (a) Optical conductivity oa.(w = wp) of the FEI on
linear (main panel) and logarithmic (inset) scales. The black
dashed line indicates the bandgap. (b), (c) Time-evolution
of the real (orange) and imaginary (blue) components of the
order parameter ¢4 (t) at (b) wp/tp = 0.144 and (c) wp/ty =
0.559, which correspond the phase and amplitude mode fre-
quencies, respectively, where Ag4(t) = ¢+ (t) — ¢+ (¢ =0) is
plotted. D/th =1, tab/th =0.2, V/th =1.1, Eo/th = 0.0001,
and v/t, = 0.01 are used.

given in the Supplementary Material [56]. We find

Tuna®) = [ SEulge0pn], @
where J is defined below and the density matrix p(k,t)
is obtained via EOM (2), which comprises p(k,t) =
Peq(k) + p (k1) 4+ p@ (k,t) + - - (superscript indicates
order in powers of E(t)). The BPVE is second order in
FE and following prior work we distinguish shift and in-
jection current contributions which are most conveniently
written in the band basis (labeled here by n, m) of instan-
taneous eigenstates of h(k,t) in Eq. (3) (where p(k,t) is
defined in the band basis).

The shift current contribution arises from the
generalized derivative 7pmi(k) = OpAum(k) —
i [Ann (k) — A (k)] Anm (k) (n # m), which gives the
shift vector related to polarization described by the Berry
connection [3, 21], where A,,,,(k) = iU} (k)OxU,, (k) is
defined by the eigenvector U, (k) of the band e, (k). J
of the shift current is given by

jé%(k%t) = _E(t)rnm;k(kvt)' (5)

Because JU o FE(t), the density matrix of first
order pM(k,t) contributes to shift current gener-
ation. Figures 3(a) and 3(b) show Jigt)ra(t) =
[ 2t 7D (k,t)p(k,t)] computed for applied electric
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Figure 3. (a), (b) Time-evolution of the intraband current
J{.(t) in the FEI at (a) wy/tn = 0.144 and (b) wp/tn =
0.559, which correspond to the collective mode frequencies in
Figs. 2(b) and 2(c), respectively. (c) Conductivity a:(clgzz(w =
0;wp) of the shift current. The red solid and blue dashed lines
indicate o{%e (w = 0;wp) in the tdMF and IPA, respectively.
The parameter set is the same as Fig. 2.

field equal to the collective mode frequencies. We see im-

mediately that while Ji(nlzra(t) oscillates, there is a non-
zero average, which increases smoothly from zero and
saturates, implying a dc photocurrent in the long-time
limit. Since the BPVE is characterized by J(w = 0) =
2000 (w = O;wp)|E(wp)|?, it is useful to present the re-
sults in terms of the nonlinear conductivity oyu.(w =

0;wp) defined as 425 ttm+Tp J(t)dt, where T, = 27 /w,,
o-p m

and t,,, (> v~!) is a time long enough for steady state to

be reached [56]. Figure 3(c) shows ol (w = 0;wp) cor-

responding to our results for JU (t). Corresponding to

Figs. 3(a) and 3(b), aSgZx(O;wp) in the tdMF shows two
sharp peaks in the sub-bandgap regime, indicating that
excitation of collective modes (especially the amplitude-
like mode) makes a large contribution to the shift cur-
rent. For comparison, we also plot in Fig. 3(c) oﬁgz(o; wp)
obtained from the independent particle approximation
(IPA) that assumes that the MF parameter magnitude
and phase remain fixed during the excitation process. We
see that in the IPA the conductivity is nonzero only in the
above-bandgap regime and is smaller in magnitude than
the amplitude mode contribution, showing that the col-
lective dynamics of the electronically ordered state make
a large contribution to the nonlinear conductivity.

Next, we examine the injection current contribu-
tion [3], for which

T (k) = vy (K, )G, (6)
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Figure 4. (a) Time-evolution of the intraband current Jl(rftlza( t)

in the FEI at wy/tp = 0.8. (b) Conductivity o) (w=0;wp)
of the injection current with v/t, = 0.01. D/ty, =1, tap/th =
0.2, V/tp, = 1.1, and Ep/tp = 0.0001 are used.

where vy, (k,t) = Oxen(k,t). Because JI does not con-
tain E(t), the density matrix of second order p(?(k,t)
contributes to injection current generation. Figure 4(a)
shows the injection current contribution to the BPVE
for different values of the phenomenological relaxation +.
When v # 0, Jl(ntza( t) increases linearly at short times
and saturates for times > y~!, which is a characteris-
tic of the injection current [8, 66]. Our result for the
FEI is contrasted to the IPA result that for a free system
with time-reversal symmetry linearly polarized light does
not produce an injection current. In Fig. 4(b), we plot

the nonlinear conductivity aélj; (w = O;wp) correspond-

ing to Jl(ntlza( t), which exhibits two sharp peaks at the
sub-bandgap collective mode frequencies and in addition
the large broad-band contribution in the above-bandgap
regime. Since the injection current is of order y~! [8, 56],
it can correspond to a strong optical response when dissi-
pative effects are small. As shown in Fig. 5, the conduc-
tivity crmm(O wp) + crmm(O wp) exhibits large values with
increasing '7_1 due to the injection current contribution.
Finally, we show how the injection current arises from
photoinduced deformations of the order parameter (see
the Supplemental Material [56] for details). In the veloc-
ity gauge [66, 67], the injection current may be written

//dw Vo) G, )3 AD (, )

(k,wp)ao(k,w’)]
+ [wp AN _wp]v (7)

JIC 0 o.)p

x Go(k,w' + w,)dAl

where Gg(k,w) is the bare fermion propagator and
Vo(k) = tap cos(k/2)og + 2, sin(k)os is the k-derivative
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Figure 5. Conductivity e (w = 0;wp) = ag(clggx (w=0;wp)+

ol (w = 0;wp) with changing . The parameter set is the

same as Fig. 4.

of the tight-binding Hamiltonian. §A™ (k,w,) is the per-
turbation at first order of A(wp,) x E(wp)/wp (vector po-
tential). If the MF parameters were fixed to their equi-
librium values (i.e., IPA), AW (k,w,) = —Vo(k)A(w,)
and the injection current in Eq. (7) vanishes due to
Vo(—k) = —Vy(k)* [56]. However, in the FEI the in-
cident light modulates AL (t) = Voi(t) — Vo and
on(t) = An(t) — An®? [see e.g. Fig. 2] so that the total
perturbation 6A™M (k, w,) = —Vo(k)A(wp)+5A ek, wp)

contains 5A1(v1[%(k:,wp) = 0A(k,wp) - o given by

60, (k,wp) = —0AR (w,) cos ]; — 0AL (w,) sin g,
S0y (kywp) = —5AL (wp) cosg + 0A% (w,) sin g,
0A;(k,wp) = Vin(wy), (8)

where the superscript R and I indicate the real
and imaginary part of the order parameter, respec-
tively. The inversion-breaking nature of the FEI
phase means 6A4 (w,) o< A(w,) and 6AM (—k, —w,) #
—06AM (k,w,)*, which makes a nonvanishing contribu-
tion to the integrands in Eq. (7). Hence, order parameter
deformations produce a nonvanishing injection current.

In summary, we have investigated the shift and in-
jection current contributions to the BPVE in a corre-
lated inversion-symmetry-breaking insulator: the FEI.
The physics of the correlated insulator produces char-
acteristic enhancements of the BPVE, related to the de-
formability of the order parameter under applied electric
fields. The shift current is modified and shows sharp
resonances at the collective mode frequencies. The injec-
tion current has both resonant contributions at the col-
lective mode frequencies and a broad-band contribution
at above-bandgap drive frequencies which arises from
the deformability of the order parameter and is entirely
absent in a rigid band picture and very weak in the
phonon-driven ferroelectric case because the energy scale
mismatch between the phonon frequency and electronic
bandgap weakens the influence of the phonon motion on
the electronic system [56].

In contrast to the previous studies that address ex-



citonic effects [65, 68-70], we focus on collective order-
parameter dynamics in a symmetry-broken state and re-
veal its effects on the BPVE. While we used a simple
one-dimensional model of a FEI, our idea is applicable to
higher dimensions and richer models. The essential in-
gredient is a deformable electronic order parameter that
produces a broken symmetry. Although our two-chain
model is similar to models proposed for TasNiSes [47],
in TagNiSes the ordered state is inversion-symmetric and
the BPVE vanishes. However, under an applied bias volt-
age, TasNiSe; has shown the light-intensity-dependent
photocurrent generation [71]. The mechanism of current-
generation under both dc and optical electric fields is an
interesting open question. The FEI has recently been
predicted in the monolayer transition metal dichalco-
genides [72], which is a potential candidate that exhibits
the BPVE. Search for material candidates should include
the properties: a) inversion-symmetry-breaking [e.g. fer-
roelectric state], b) strong electronic character of the or-
der.
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