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The nonlinear shift current, also known as the bulk photovoltaic current generated by linearly polarized
light, has long been known to be absent in crystals with inversion symmetry. Here we argue that a nonzero
shift current in centrosymmetric crystals can be activated by a photon-drag effect. Photon-drag shift current
proceeds from a “shift current dipole” (a geometric quantity characterizing interband transitions) and
manifests a purely transverse response in centrosymmetric crystals. This transverse nature proceeds directly
from the shift-vector’s pseudovector nature under mirror operation and underscores its intrinsic geometric
origin. Photon-drag shift current can be greatly enhanced by coupling to polaritons and provides a new and
sensitive tool to interrogate the subtle interband coherences of materials with inversion symmetry
previously thought to be inaccessible via photocurrent probes.
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The bulk photovoltaic effect produces a photocurrent in a
single-phase homogeneous material [1–6] that persists even
in the absence of conventional p-n junctions. This renders
an entire bulk material active in photocurrent generation.
A prominent example of bulk photovoltaic effect is the
nonlinear shift current [7–18] wherein geometric phases
sustained by electronic states [19,20] enable a photo-
induced current in the bulk. While such geometric phases
can be found in a large variety of materials, since photo-
current is a vector, broken (intrinsic) symmetries are
required in fixing the direction of shift current in a uniform
bulk. As a result, shift currents are typically thought to
vanish in centrosymmetric materials [4–7], even in those
possessing nontrivial geometric phases.
Here we show that nonzero shift currents can be revived

in centrosymmetric crystals. In particular, we find that
nonvertical transitions [Fig. 1(b)] [21], readily enabled by
photon or polariton-drag processes, produce finite shift
currents even when crystal inversion symmetry remains
unbroken. While requiring a finite momentum transfer,
such photon-drag shift currents are intrinsic with a magni-
tude controlled by a “shift-current dipole” that captures the
interband geometry present in a material; this closely

parallels the Berry curvature dipole [22] describing intra-
band geometry.
Surprisingly, photon-drag shift currents are transverse to

the momentum transfer in isotropic crystals with a longi-
tudinal incident polarization. As we explain below, this
transverse nature arises from an intrinsic helical winding of
electronic states found in many (centrosymmetric) systems
(e.g., HgTe quantum wells, monolayer 1T’-MX2 systems)
and vividly displays its geometric origin. This intrinsic
behavior sharply contrasts with conventional photon-drag
that is parallel or antiparallel to the momentum transfer for
a longitudinal polarization [23–26]. We note that transverse
currents are more typically found when using nonzero
photon angular momentum or in structured media [27–33].
We expect that photon-drag shift current can be found in a

wide variety of centrosymmetric materials and can serve as a
sensitive diagnostic of their interband geometry using readily
available photocurrent spectroscopy—previously thought
impossible [4–7]. This opens up a vast set of centrosym-
metric materials to realize geometrical photocurrents.
Shift current and photon-drag.—First analyzed by von

Baltz and Kraut [8], the shift current (density) arises from
real-space displacements of an electron accrued during a
photoinduced transition from an initial to a final state:

js ¼ e
X
i→f

Wi→fri→f; ð1Þ

where i and f denote initial and final electronic states in
momentum space, Wi→f is the photoinduced transition

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.

PHYSICAL REVIEW LETTERS 126, 197402 (2021)
Editors' Suggestion

0031-9007=21=126(19)=197402(6) 197402-1 Published by the American Physical Society

https://orcid.org/0000-0002-5967-323X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.126.197402&domain=pdf&date_stamp=2021-05-10
https://doi.org/10.1103/PhysRevLett.126.197402
https://doi.org/10.1103/PhysRevLett.126.197402
https://doi.org/10.1103/PhysRevLett.126.197402
https://doi.org/10.1103/PhysRevLett.126.197402
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


(absorption) rate, and ri→f is the real-space displacement
acquired during the transition.
For a vertical optical transition between a valence (v) and

conduction (c) band, an electron’s initial and final state has
the same momentum, p [see Fig. 1(a)]. As a result,
Wi→f ¼ Wðp; v → cÞ, with ri→f described by the shift
vector [8,9,17,34,35]

rð0ÞðpÞ ¼ AcðpÞ −AvðpÞ −∇p arg½νð0ÞðpÞ�; ð2Þ

where Ac;vðpÞ ¼ huc;vðpÞji∇puc;vðpÞi is the Berry con-
nection for c,v bands, and νð0ÞðpÞ ¼ hucðpÞje · ν̂juvðpÞi,
where e is the polarization of light, ν̂ ¼ ∂HðpÞ=ℏ∂p, with
HðpÞ the Bloch Hamiltonian.
For crystals with inversion symmetry (IS), the shift

vector rð0ÞðpÞ ¼ −rð0Þð−pÞ is odd in momentum space
(see, e.g., below and the Supplemental Material [36]). In
contrast, the transition rate Wðp; v → cÞ is even under
inversion. As a result the shift current density Eq. (1)
vanishes in centrosymmetric crystals [4–7].

As we now argue, this constraint can be circumvented
even in centrosymmetric crystals by considering nonvert-
ical transitions, shown in Fig. 1(b). Such nonvertical
transitions readily manifest from photon drag (or polariton
drag, see below), which include momentum transfer from
photons to electrons: the initial and final states read as
juvðp − k=2Þi and jucðpþ k=2Þi with ℏk the momentum
transferred from the photon to the electron [21].
Accounting for these transitions in nonlinear response
theory [8], see [36] for full details, we obtain a photon-
drag shift current density as

jsðkÞ¼C
Z
p
ρðp;kÞRðp;kÞ; Rðp;kÞ≡ jνðp;kÞj2rðp;kÞ;

ð3Þ
where C ¼ eðπ=2ÞðeE=ℏωÞ2 contains the electric field
strength E and light frequency ω, the d-dimensional
integral is written as

R
p ≡

R
ddpi=ð2πÞd, and ρðp; kÞ ¼

½fðϵv;p−k=2Þ − fðϵc;pþk=2Þ�δðωc;pþk=2 − ωv;p−k=2 − ωÞ
defines a tilted, optically allowed energy-momentum-
conserving contour (EC) in momentum space [see
Fig. 1(b)]. The velocity matrix element is νðp;kÞ ¼
hucðpþ k=2Þjν̂ · ejuvðp − k=2Þi. Crucially, real-space
displacements ri→f for nonvertical transitions in Fig. 1(b)
are

rðp;kÞ ¼ Acðpþ k=2Þ −Avðp − k=2Þ −∇p arg½νðp;kÞ�:
ð4Þ

When k ¼ 0, jsð0Þ in Eq. (3) reduces to the conventional
shift current for vertical transitions without photon drag.
Indeed, rðp;k ¼ 0Þ ¼ rð0ÞðpÞ in Eq. (2). While we have
focused on a two-band system in Eq. (3), the same
expression can be readily applied to multiple bands by
accounting for all pairs of transitions, see the full multiband
formula in [36].
We note that Eq. (3) can also be obtained by applying

Fermi’s golden rule onto Eq. (1) [17] for the nonvertical
transitions in Fig. 1(b), see [36]. This provides a simple
physical and intuitive picture of the effect: due to the finite
photon momentum k, nonvertical transitions in Fig. 1(b) do
not respect the crystal’s inversion symmetry. Indeed, we
find ρðp;kÞrðp;kÞ ≠ −ρð−p;kÞrð−p;kÞ even in a cen-
trosymmetric material and can thus produce a nonvanishing
photon-drag shift current.
Shift current dipole.—To track the direction of jsðkÞ and

its dependence on k, we expand it at small k, representing
it as a product of k with a “shift current dipole,” D, via

jsbðkÞ ¼ kaDab þOðk2Þ; ð5Þ

where a; b ¼ fx; y; zg, and repeated indices are implicitly
summed over. In a 2D system, Dab in Eq. (5) has the
dimensions of current. The shift current dipole is

(a) vertical transitions nonvertical transitions(b)

FIG. 1. Comparison between (a) vertical transitions and
(b) nonvertical transitions (e.g., from photon drag) between
two bands. Dashed black contours denotes the Fermi surface
(FS) in the valence band (blue pockets). Green contours are
energy-momentum-conserving contours (ECs) for (a) vertical
transitions ωc;p − ωv;p − ω ¼ 0 and (b) nonvertical transitions
ωc;pþk=2 − ωv;p−k=2 − ω ¼ 0. For nonvertical transitions, only
part of the EC that lies below the FS is optically allowed (right
green arrow). Top: arrows from light to dark circles in upper
panels represent transitions of electrons in energy-momentum
space; in the lower panels, they illustrate real space displace-
ments. Yellow and purple circles denote electron Bloch states
with opposite wave vectors.
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Dab ¼ C
Z
p
½dρaðpÞRð0Þ

b ðpÞ þ dRabðpÞρð0ÞðpÞ�; ð6Þ

where Rð0Þ
b ðpÞ and ρð0ÞðpÞ are obtained at k ¼ 0 similar to

rð0ÞðpÞ, dRabðpÞ ¼ ½∂Rbðp;kÞ=∂ka�k¼0, and

dρaðpÞ ¼ ∂ρðp;kÞ
∂ka

����
k¼0

¼ −
1

2

∂ðfv;p þ fc;pÞ
∂pa

δðωcv
p − ωÞ;

ð7Þ

with fcðvÞ;p ¼ ½1þ eðϵcðvÞ;p−μÞ=kBT �−1 the Fermi function and
ωcv
p ¼ ωc;p − ωv;p; the second equality in Eq. (7) was

obtained for symmetric c, v bands. As we will see below,
the shift current dipole is nonzero even in centrosymmetric
crystals and characterizes the behavior of the photon-drag
shift current.
Transverse shift current and shift current dipole.—From

Eqs. (4) and (6), the shift current dipole depends on both
the intrinsic properties of the crystal and the light polari-
zation. For a generic centrosymmetric crystal without any
additional crystalline symmetry, both Dxx and Dxy can be
nonzero. However, as we now show, crystalline symmetry
can severely constrain the form of the shift current
dipole Dab.
We proceed by noting that for centrosymmetric crystals

with time reversal symmetry (TRS) and mirror symmetry
(MS) (My∶y → −y), the spin-resolved generalized shift
vector ½rðp;kÞ�σ satisfy symmetry constrained relations;
here σ ¼ ↑;↓. These symmetry constraints can be readily
obtained by directly analyzing how Eq. (4) (or, equiva-
lently, the Wilson-loop associated with the interband
transitions) transforms under time-reversal and mirror
operations, see details in [36]. Below we will focus on
incident light with linear polarization (captured by
ν̂ · e ¼ νx) and the photon wave vector k ¼ kxx̂ both being
parallel to the mirror plane (fixed along the x axis); in this
case, the light electric field does not break overall MS. For a
discussion of other polarizations, see [36]. For e along the
mirror plane, we find

½Rðp;kÞ�σx ¼ −½RðMyp;MykÞ�σx;
½Rðp;kÞ�σy ¼ ½RðMyp;MykÞ�σy; ð8Þ

where ½� � ��x;y denote the x, y components, and we have
noted jνðp;kÞj2 ¼ jνðMyp;MykÞj2. In obtaining Eq. (8)
we have repeatedly applied MS, TRS, and IS. Interestingly,
Eq. (8) shows that ½Rðp;kÞ�σ behaves as a pseudovector
with respect to the mirror plane. In contrast, ½ρðp;kÞ�σ
transforms as

½ρðp;kÞ�σ ¼ ½ρðMyp;MykÞ�σ; ð9Þ

where we have similarly repeatedly applied MS, TRS,
and IS.
Recalling that k ¼ kxx̂ so that Myk ¼ k, the trans-

formation properties in Eqs. (8) and (9) can be directly
applied to Eq. (6) enforcing a vanishing Dσ

xx ¼ 0, but
allowing a finite Dσ

xy ≠ 0. This can be readily obtained by
analyzing the eveness and oddness of the integrand of
Eq. (6) as p → Myp. As a result, the shift current dipole is
purely transverse. Applying the transverse Dσ

xy onto Eq. (5)
we obtain a photon-drag shift current density that is
transverse to the photon wave vector k (when k, together
with the light polarization, is aligned with the mirror axis).
We note that when the linear polarization is not directed
along a mirror plane (overall mirror symmetry is broken),
all components of Dσ

ab are generically allowed.
While we have focused on the shift current dipole and the

small k behavior in Eq. (5), the transformation properties of
Eqs. (8) and (9) are general and can also be applied to the
full ½Rðp;kÞ�σ and ½ρðp;kÞ�σ in Eq. (3). In the same
fashion as above, we obtain a transverse photon-drag shift
current for linear polarization along an in-plane mirror axis
valid even for large jkj. We emphasize both analyses [from
shift current dipole or Eq. (3)] demonstrate that a transverse
photon drag shift current arises due the combined action of
IS, MS, and TRS. This transverse behavior contrasts with
that of the standard shift current (in an IS breaking system)
that flows along a mirror plane when normal incident light
polarisation is parallel or perpendicular to the mirror
plane [37].
Polariton enhanced photon-drag.—In most cases, the

wavelength (wave vector k) of light is much larger
(smaller) than typical electron wavelengths (wave vectors).
As a result, the photon-drag shift current [see Eq. (5)] can
be small. However, as we show below, sizeable jsbðkÞ can
be achieved when coupling with polaritons [21,38,39]
amplifying the wave vector k at the same frequency
[21]. Graphene plasmons (GP) are exceptionally tailored
to achieve this task because (1) its wavelength can be
masssively compressed to 50 to 100 nm within a large
frequency window [38], (2) GP can possess a large quality
factor (as large as 130 [39]) and can propagate through and
cover a large sample, (3) GP generates enhanced ac electric
fields (of order ∼1–10 times [40]) that can extend out to its
surrounding environment.
As such, a layered van der Waals stacked structure (see

Fig. 2) [21], can be readily employed to plasmonically
enhance the photon-drag shift current in a target 2D
material. By stacking a 2D or thin-film target crystal on
top of a graphene layer with a thin insulating layer (e.g.,
hexagonal boron nitride that can be as thin as several nm) in
between, then exciting a propagating GP in the graphene,
the longitudinal ac electric field generated by the GP
[41,42] (whose linear polarization aligns with its large
wave vector k) can trigger nonvertical transitions [21]
in the target layer. Taking into account the values of
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compression and field enhancements achievable in (1) and
(3) above, we estimate order of magnitude polariton
enhancements between ∼50–1000 can be achieved as
compared with pure photon drag.
Spin and charge transverse photon-drag shift current.—

We now turn to exemplify the photon-drag shift current in a
minimal low-energy model of a 2D centrosymmetric
crystal, the Bernevig-Hughes-Zhang (BHZ) model [43]

H0 ¼ mps0τz þ vxpxszτx − vypys0τy; ð10Þ

describing two spin-degenerate bands with TRS, where
sx;y;z and τx;y;z denote spin and orbital degrees of freedom,
respectively; s0 and τ0 are 2 × 2 identity matrices,
mp ¼ m0 − ðcxp2

x þ cyp2
yÞ. The BHZ model can character-

ize the low-energy electronic and optical behavior of a wide
variety of systems. For example, when cx ¼ cy, vx ¼ vy it
captures an isotropic and centrosymmetric electronic sys-
tem (e.g., HgTe quantum wells [43]) and when cx ≠ cy or
vx ≠ vy it describes a centrosymmetric system with a
mirror plane [44–46]. To clearly exhibit the pseudovector
nature of ½Rð0ÞðpÞ�σ, we concentrate on the latter with a
mirror plane along the x axis.
We first focus on the spin-up branch of Eq. (10) and

calculate its shift current dipole, see parameter values for
Eq. (10) in caption. Other parameters values can also be
used with no qualitative change to our results. We note that
H↑

0 possesses charge conjugation symmetry yielding
dR;↑ab ðpÞ ¼ 0, see [36]. At zero temperature T ¼ 0 and
assuming the chemical potential is in the valence band, the
shift current dipole for the spin-up branch can be written as

D↑
ab ¼

C
2

Z
p

∂ϵv;p
∂pa

R↑
bðpÞδðωcv

p − ωÞδðϵv;p − μÞ; ð11Þ

where we have dropped mention of k ¼ 0 in R for brevity.
We plot R↑ðpÞ in Fig. 3(a), which shows its pseudovector
nature with respect to the mirror plane along the x axis,
Eq. (8). By integrating over the EC, we obtain a vanishing
D↑

xx and a nonzero D↑
xy. This gives a purely transverse D↑

ab
as expected from the above symmetry analysis.
We now turn to the finite temperature behavior ofD↑

xy. In
Fig. 3(b), we fix the polariton frequency (GP frequency)
ℏω0 and plot D↑

xy in Eq. (6) for H0 in Eq. (10) for various
chemical potentials and temperature values. Figure 3(b)
displays a peaked D↑

xy [with a width over a sizeable energy
window: 10 to 20 meV] representing pronouncedD↑

xy when
the Fermi surface crosses the EC; similarly, the width

back gate

graphene

insulating

layer

target

material

top gate
A

GP

FIG. 2. Schematic of graphene plasmon enhanced photon-drag
effect. A centrosymmetric 2D or thin-film target material (blue
layer) is stacked on top of a graphene monolayer (thin gray layer),
with an insulating layer (purple layer) in between. A propagating
graphene plasmon (GP, red curve) can induce nonvertical optical
transitions and generates a shift current in the adjacent target
material (that can be perpendicular to the GP propagation
direction, i.e., a transverse photon-drag shift current). Fermi
surface of the target crystal is tunable with top and bottom gates
(thick gray layers). 0.20 0.4 0.6

(b)
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FIG. 3. (a) Weighted shift vector R↑ðpÞ for the BHZ model at
T ¼ 0 where the black contours denote EC contributing to the
shift current dipole. The relative sizes and colors denote the
relative magnitude of the vector field. Shift current dipole
(picoamperes) (b) as a function of chemical potential μ at a
fixed plasmon energy ℏω ¼ 200 meV [38], and (c) as a function
of plasmon energy ℏω with a fixed μ ¼ −ℏω=2 at different
temperatures (T ¼ 10, 20, 40 K for blue, green, red curves).
(d) Shift current calculated directly from Eq. (3) (solid curves)
versus linear approximation from shift current dipole (dashed
lines). Illustrative parameters used for the two-band model:
m0 ¼ 0.2 eV, cx ¼ 6 eVÅ2, cy ¼ 3 eVÅ2, vx ¼ 1 eVÅ,
vy ¼ 0.2 eVÅ, of a system with an inversion center and a mirror
plane, e.g., a monolayer 1T’-MX2 [44–46]. Here we used a
plasmon electric field with E ¼ 2000 Vcm−1 [40].
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increases as temperature increases. Figure 3(b) also shows
that peak D↑

xy appears at μ ¼ −ℏω=2, i.e., when FS and EC
overlap greatest with each other. When we fix μ ¼ −ℏω=2
and compute D↑

xy as a function of ℏω in Fig. 3(c), we find
D↑

xy manifests over a wide window of photon and polariton
energies.
In Fig. 3(d), we compare the up-spin photon-drag shift

current js;↑y ðkxÞ calculated from a direct integration from
Eq. (3) and that from linear approximation in Eq. (5). For
small kx, j

s;↑
y ðkxÞ grows linearly with kx as expected from

Eq. (5) [dashed and solid lines coincide]. At low temper-
atures T, the transverse shift current begins to saturate at
large kx (λp < 100 nm); at higher T, the linear region
becomes wider due to a temperature smeared out Fermi
surface. Saturation arises when EC maximally tilts
jkj≳ jpj. As expected from the symmetry analysis above,
the photon-drag shift current in Fig. 3(d) is purely trans-
verse. We note that due to IS and TRS [e.g., found in
Eq. (10)], js;↑ðkxÞ ¼ −js;↓ðkxÞ leading to spin photon-drag
shift currents that propagate in opposite directions for spin
↑;↓. Such spin currents (induced by linearly polarized
light) propagate transversely to k.
A finite linearly polarized charge photon-drag shift

current, however, can be readily revealed when TRS is
broken. One way to achieve this is via a Zeeman effect that
splits the spin degeneracy: H ¼ H0 þHB with
HB ¼ Δszτ0, which can be induced by a perpendicular
magnetic field, or stacking another layer of magnetic
material such as CrI3 on top of the target crystal
[47–49]. Broken TRS imbalances js;↑ðkxÞ and js;↓ðkxÞ
leading to a finite charge photon-drag shift current.
Importantly, we emphasize that H0 þHB still preserves
the composite symmetry S ¼ MyT , see [36]. As a result,
Eq. (8) still applies, guaranteeing a purely transverse js.
Photon-drag shift current is a quantum geometric effect

that proceeds directly from the subtle wave function
coherences between conduction and valence bands as
captured by rðp;kÞ. Indeed, rðp;kÞ is the gradient of
the Pacharatnam-Berry phase [34,35] associated with the
interband transition, see [36]. Arising even in centrosym-
metric crystals, the photon-drag shift current’s behavior can
be described by a shift-current dipole Dab that quantifies
the susceptibility of IS materials to interband (geometrical)
effects; this parallels the Berry curvature dipole that
captures the intraband nonlinear Hall effect in crystals
with TRS. While here we have focused on linearly
polarized photon-drag shift current, the same nonvertical
transitions can similarly unblock circular shift current that
are typically thought to vanish in a centrosymmetric
system. Interestingly, circularly polarized photon-drag shift
currents lead to a finite charge current that is controlled by
the chirality of light, see discussion in [36]. Looking
forward, we anticipate that other bulk photovoltaic currents
(e.g., the injection current) and nonlinear responses can
also be enriched by photon drag. Such nonvertical

transition processes can be used to enlarge the set of
materials where quantum geometric and Berry curvature
related phenomena can be induced.
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