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Plasmonic quantum nonlinear Hall effect in noncentrosymmetric two-dimensional materials
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We investigate an interplay between quantum geometrical effects and surface plasmons through surface plas-
monic structures, based on an electron hydrodynamic theory. First we demonstrate that the quantum nonlinear
Hall effect can be dramatically enhanced over a very broad range of frequency by utilizing plasmonic resonances
and near-field effects of grating gates. Under the resonant condition, the enhancement becomes several orders of
magnitude larger than the case without the nanostructures, while the peaks of high-harmonic plasmons expand
broadly and emerge under the off-resonant condition, leading to a remarkably broad spectrum. Furthermore,
we clarify a universal relation between the photocurrent induced by the Berry curvature dipole and the optical
absorption, which is essential for computational material design of long-wavelength photodetectors. Next we
discuss a novel mechanism of geometrical photocurrent, which originates from an anomalous force induced
by oscillating magnetic fields and is described by the dipole moment of orbital magnetic moments of Bloch
electrons in the momentum space. Our theory is relevant to two-dimensional quantum materials such as layered
WTe,; and twisted bilayer graphene, thereby providing a promising route toward a novel type of highly sensitive,

broadband terahertz photodetector.
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Introduction. Quantum geometry [1-3] plays a crucial
role in the linear/nonlinear optical responses of bulk crys-
tals, as exemplified by natural optical activity [4—11], the
bulk photovoltaic effect [12—-16], and geometric photon drag
[17]. These phenomena provide us with not only a deep
insight into the band structure of crystals, but also a vari-
ety of functional optical devices, such as solar cells [18,19]
and infrared/terahertz photodetectors [20-22]. For example,
recently the quantum nonlinear Hall (QNLH) effect [23]—
an intrinsic low-frequency photocurrent driven by the Berry
curvature dipole—has been attracting much interest as a
promising candidate for a broadband long-wavelength pho-
todetector at room temperature [22,24].

Plasmonic nanostructures also provide us with another type
of efficient and electrically tunable optical device [25-29].
Such a plasmonic nanodevice achieves its remarkable per-
formance by utilizing the nonlocality and the plasmonic
enhancement triggered by the nanostructures. In particular,
surface plasmons inherent in two-dimensional (2D) layered
systems, such as graphene, are known to have remarkably long
lifetimes and electrically tunable dispersions in the terahertz
or midinfrared region [30-32]. These properties are ideal for
plasmonic devices, and thus a lot of papers have been de-
voted to investigating such applications as tunable terahertz
photodetectors [33—36] and broadband absorbers [37-39].

Electron hydrodynamics, which is quickly growing into
a mature field of condensed-matter physics [40-44], gives
us a powerful tool to describe electronic collective modes
[45-53] and nonlocality of optical responses [35,36,54—68].
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Remarkable examples related with optical applications in-
clude the theory of the plasmonic instability [69-79] and
the ratchet effect [80—88], both of which harness the plasma
modes to realize highly efficient photovoltaic conversions.
Interestingly, for the latter, the hydrodynamic signature has
been observed very recently in bilayer graphene with an asym-
metric dual-grating gate potential [87,88]. As a more recent
development, the symmetry of crystals and quantum geometry
give a new twist to the concept of electron hydrodynamics
[51,68,89-108]. Indeed, in the past few years, a number of
papers have addressed rich and novel hydrodynamic phe-
nomena, represented by anisotropic viscosity effects [89-93].
Especially for noncentrosymmetric systems, it has been re-
vealed that the quantum geometry causes anomalous driving
forces over electron fluids, leading to unique hydrodynamic
phenomena such as asymmetric Poiseuille flows [96] and non-
reciprocal surface plasmons [102]. These frameworks enable
us to investigate the interplay between quantum geometry and
surface plasmons in novel materials, such as topological or
van der Waals (vdW) materials [31,109-111]. These issues
have not been addressed so far, except for several limited
problems [45-48,102,112-116].

In this Letter, based on an electron hydrodynamics, we
develop a generic theory of geometrical photocurrent in non-
centrosymmetric 2D layered systems with periodic grating
gates. First we demonstrate that the QNLH effect is enhanced
dramatically by plasmonic resonances and near-field effects
of grating gates, which is dubbed the plasmonic QNLH effect.
It features multiple sharp peaks near the plasma frequencies,
and it could be enhanced by several orders of magnitude over
a very broad range of frequency. Furthermore, assuming more
generic situations, we uncover a universal relation between
the photocurrent induced by the Berry curvature dipole and

©2022 American Physical Society


https://orcid.org/0000-0001-5560-9583
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.L201301&domain=pdf&date_stamp=2022-11-04
https://doi.org/10.1103/PhysRevB.106.L201301

RIKI TOSHIO AND NORIO KAWAKAMI

PHYSICAL REVIEW B 106, L201301 (2022)

Normally incident light

Surface plasmon Grating gate

way

—_—_————— e
source drain

2D electron systems

FIG. 1. Our setup for plasmonically driven geometrical pho-
tocurrent in noncentrosymmetric layered systems with periodic
grating gate. Other types of experimental setups, such as plasmonic
cavity or antenna, would be relevant to this work.

the optical absorption, which is essential for computational
material design of long-wavelength photodetectors. Finally,
we discuss another type of novel geometrical photocurrent,
namely the magnetically driven plasmonic photogalvanic ef-
fect. This is a spatially dispersive contribution to the total
photocurrent, and it originates from the anomalous driving
force on electron fluids, which is described by the dipole
moment of orbital magnetic moments in momentum space.

Setups. Let us specify our model to describe noncen-
trosymmetric layered systems with plasmonic grating gates
(see Fig. 1). We assume that the grating gate spatially modu-
lates the normally incident light E( (1) = Re[E(e'], leading
to the spatially dispersive electric field in 2D electron systems
[84,87]:

Ei(t,x) = [1 + hcos(gx + ¢)Eo(1), 1)

where the diagonal matrix & = diag{h,, hy} is a phenomeno-
logical parameter to determine the direction of the modulated
electric field [117]. Especially when h, is finite, Faraday’s law
results in the presence of an out-of-plane magnetic field,

B _ qhy . .o iwt
(t,x)= o sin(gx + ¢)Re[—iEg e ]. 2)

Since the grating gate strongly confines the incident light
into the x — y plane with a fixed small wavelength, this mag-
netic field has non-negligible contributions especially in the
low-frequency limit, leading to a novel mechanism of the
photovoltaic effect as discussed below.

When the gate electrode is separated from the channel by
an insulator thin film with thickness d and gate-to-channel
capacity C = ¢/4md, the 2D electron concentration n(r, t) is
approximately determined by the local gate-to-channel volt-
age U(r,t): n(r,t) = %U(r, t). Such an approximation is
often referred to as a gradual channel approximation [69,118],
which is valid for smooth perturbation with gd < 1. In sum-
mary, the total electric field is given by the sum of the incident
light E;, and the field coming from the density perturbation:
E =Ei, + (¢/C)Vn.

Next, let us consider the dynamics of electron fluids in
noncentrosymmetric crystals with time-reversal symmetry. In
this paper, we focus on the hydrodynamic regime, where
the rate of electron-electron scatterings 1/7, exceeds that of

other momentum-relaxing scatterings 1/t, and thereby the
total electron momentum can be regarded as a long-lived
quantity [40—43,119]. Under these conditions, the electron
dynamics is described by an emergent hydrodynamic theory,
whose form crucially depends on the symmetry of the systems
[51,68,89-96,98,100-107]. As also mentioned later, such a
hydrodynamic behavior of electrons has been observed in
transport experiments in various materials, and it has attracted
a lot of interest in the past few years [43,44].

For noncentrosymmetric electron fluids with parabolic
dispersion near some valley «, the formulation of electron
hydrodynamics is obtained in Refs. [96,102]. Under some
reasonable approximations [120], we can transform the hy-
drodynamic equations for our analysis as follows:
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where n and p are the density of particles and mass, B is an
applied static magnetic field, u is the velocity field of the elec-
tron fluid, and P is the pressure. The last term on the left-hand
side in the first equation is first derived in Ref. [102], and it
represents a geometrical anomalous force due to oscillating
magnetic fields, which is closely related with the so-called
gyrotropic magnetic effect [7,9—11]. Here M is a geometrical
pseudovector, and it is defined as the dipole component of
orbital magnetic moments of Bloch electrons in momentum
space:

_ o o __ am?
M= Za:M . Mf= /[dp] . oo
where fo, = [1 + e Ple«®=11171 ig the Fermi distribution
function at the valley o, mZ(p) is the orbital magnetic mo-
ment of Bloch wave packets [1], and we have introduced the
notation [[dp] = [dp/Qnh)? [121].

Here it is notable that the velocity field itself is not an
observable quantity. We have to relate the velocity field # with
the observable electric current as follows [96,102]:

. meZ A
J =—enu—T(D~u+YB)-(E Xe&)+---, @

where D is another geometric pseudovector, which is often
referred to as the Berry curvature dipole (BCD) [23], defined

as
D=>"D" D?‘E/[dp]

and Y is a geometrical scalar coefficient,

1
v=Yre v = - [idpieint e,

02 ¢
opi
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Here Q¢ (p) is the Berry curvature of Bloch electrons in the
valley o, and itis defined as €27 = 9,A} — 9,AY with the Berry
connection A% = i{uap|V pitap) and the Bloch wave function
ugp [1]. We note that “---” in Eq. (5) denotes the rotational
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currents, which causes several remarkable phenomena such
as vorticity-induced anomalous current [96], but it does not
contribute to the analysis in this work. Importantly, from
symmetry considerations, we find that electron systems with
time-reversal symmetry have to be noncentrosymmetric to
obtain finite values of my and Q7 [1]. Moreover, since crystal
symmetries impose further strong restrictions on the geomet-
rical pseudovectors M and D, we have to break any rotational
symmetry about the z-axis and reduce the number of in-plane
mirror lines to be less than two for these vectors to be finite
[23,96].

Plasmonic QNLH effect. Here we demonstrate that the
spatial modulation by grating gates gives rise to the plasmonic
enhancement of the QNLH effect. Interestingly, Ref. [22]
suggested recently that the QNLH effect has great potential
for a broadband long-wavelength photodetector with small
noise-equivalent power and remarkably high internal respon-
sivity, which is defined as the gain per absorbed power, in a
broad range of frequency. However, since its spectrum has a
Lorentzian shape located at @ = 0 with the half-width 1 /7, its
external responsivity, i.e., its gain per incident power, rapidly
decreases as w2 at frequencies w 3> 1/t, while the internal
responsivity maintains a good value independent of the fre-
quencies. Therefore, it is still an open problem how to improve
the external responsivity of the QNLH effect at moderately
high frequencies and whether its internal responsivity remains
intact even in plasmonic resonances or not. In what follows,
we reveal that plasmonic resonance dramatically improves
the external responsivity (or the nonlinear susceptibility) by
several orders of magnitude in a broad regime of frequency
over 1/t.

By performing a simple second-order perturbative analy-
sis, we can easily solve the hydrodynamic equations (3) and
obtain the total photocurrent, which can be decomposed into
two components coming from different novel mechanisms as
follows (for the detailed derivation and expression, see the
Supplemental Material [120]):

jDC zjggD +J'g[gpv &)

where j BSD is a photocurrent originating from the BCD vector

D, which is understood as a plasmonic version of the so-called
QNLH effect [23]. On the other hand, jME is another novel
type of geometrical photocurrent, which comes from several
nonlinear terms in Eq. (3), such as the inertia term (u - V)u.
As discussed later in more detail, since jMe" is induced by an
external oscillating magnetic field in Eq. (2), we will hereafter
refer to this contribution as the magnetically driven plasmonic
photogalvanic (MPP) effect.

Here let us consider x-polarized incident light E =
(Eox, 0,0). In this case, the total photocurrent is exactly at-
tributed only to the contribution of the QNLH term jg(éD and

described by a simple beautiful form
j — jBCD — _ﬁ Tﬂw

be = Jnc 20 1+ (w1)?

where @, is a unit vector in the y-direction, 8, is an amplifica-
tion factor due to the plasmonic resonance,
(1 + 220 )h?

[F2(&? — 1)* + &%

D.|Eo.|%e,, (6)

Bo=1+3 ™)

200 (a) ----- w/o grating gate
w/ grating gate

3
100

w/wg w/wg

...... w/o grating gate
—— w/ grating gate

lioc/jSel

st/ e w/o grating gate
—— w/ grating gate

FIG. 2. Frequency dependence of the enhancement factor S,
and the plasmonic QNLH current jpc = jECP. (a) We plot the en-
hancement factor, Eq. (10), which comes from only one plasmonic
peak, with h, =4 and various values of ¥ = w,7. (b)-(d) Con-
sidering the enhancement factor, Eq. (8), due to high-harmonic
plasmons, we plot the plasmonic QNLH current, Eq. (6), normalized
by jgc = jpc(w = 0). We set the parameter T = w,7 as (b) w,T =5,
(©)w,t =1, and (d) w,r =0.2 and, for demonstration purposes,
we assume phenomenologically that (2", K, A, h® 1S Oy =
(2,3,4,3,2,1) and A2 =0 (i > 7). For comparison, we also plot
the spectrum of the usual QNLH current with a red dotted line.

and we have introduced two dimensionless parameters: T =
wyT and & = w/w,. Here w, is the plasmon frequency w, =
sq, and s is the group velocity of the plasmon. This is one
of our main results in this work, and we refer to it as the
plasmonic OQNLH effect. In Fig. 2(a), we have plotted the
spectrum of 8, for various values of 7.

In the low-frequency limit (@ — 0), the amplification fac-
tor B, approaches 1 and Eq. (6) becomes equivalent to that in
Ref. [23], which means that the original peak of the QNLH
effect at w = 0 remains intact regardless of the existence of
the grating gate. On the other hand, at the plasmon frequency
® = wy, it features another sharp peak with a width Aw ~
1/7 in the resonant regime (T >> 1), and the amplitude of the
QNLH current is strongly enhanced by the dimensionless fac-
tor | By, | ~ 1T |2 /2, compared to the case without the grating
gate. In particular, by utilizing near-field enhancement of gold
grating gates, it is possible for the grating factor 4, to be com-
parable to or much larger than 1 (h, > 1) [85,122,123]. This
means that the QNLH current could be enhanced by several
orders of magnitude under the resonant condition (¢ > 1).

In the discussion so far, we have focused on a specific har-
monic mode with the wave number ¢ in Eq. (1) for simplicity.
However, we note that, in general, the grating gate creates
high-harmonic modulations of in-plane electric fields with the
wave numbers mqg (m = 2,3, ...) [81,124-126], which can
be described as

oo

Eini(t, x) = [1 + Y A" cos(mgx + ¢§’“>)} Eoi(t).
m=1

These modulations result in multiple plasmonic resonant

peaks at w = w,; (n==*1,42,...), leading to a remark-

ably broadband photocurrent spectrum. In particular, since the
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result in Eq. (6) does not depend on the phases ¢ and
the signs of 2™, each contribution to the photocurrent from
high-harmonic plasmons flows in the same direction, and thus
the total photocurrent is strongly enhanced. This is in sharp
contrast to the case of the so-called ratchet effect [81,84],
which is strongly dependent on these parameters, and thus
photocurrent contribution from each plasma mode often can-
cels those from the other modes. In conclusion, enhancement
factor (10) is modified by high-harmonic plasmons as follows:

@21 + £20%) (hm)?
Po=1 +m§ 2[m*T2(@* — m2)? + @] ®

In Figs. 2(b)-2(d) we have plotted the spectrum of the plas-
monic QNLH current (blue line), and we compared it with that
of the normal QNLH effect. From these figures, we find that
the QNLH current is dramatically enhanced by several orders
of amplitude, over a very broad range of frequency above
the original frequency threshold 1/t. Similar enhancement
effects due to high-harmonic plasma modes have previously
been discussed in the context of terahertz light absorption
[124,127,128] and the plasmonic ratchet effect [85,122].
Universal internal responsivity. Here, assuming more gen-
eral situations, we elucidate a universal relation between the
photocurrent induced by the BCD and the light absorption
by 2D electron systems. First, in general, the BCD-induced
photocurrent is obtained from Eq. (5) in the following form:

2
B = —%([D u(r, ONE. 1) x &), .

where (---),, denotes the time and space averaging over
the periods. Especially for x-polarized incident light, it leads
to jg(C:D = %Dx(uxEx),,,éy. On the other hand, the optical
power absorbed by 2D electron systems can be calculated as
P = S{jxE:):r, where S = L.L, is the area of our system and
L; is the sample’s size in the i-direction. In the linear order
of external perturbations, the electric current is related with
the velocity field as j, = —engu, from Eq. (5), where ny is
the equilibrium particle density. Combining these formulas,
we reach the desired universal relation between jB<" and P
as follows:

emD, P
Joc = T s

This relation means that the plasmonic QNLH effect dis-
cussed above comes from the plasmonic enhancement of the
total optical absorption by the grating gate. As can be under-
stood from the derivation, Eq. (9) will be satisfied in more
generic situations beyond our 2D grating model, such as plas-
monic cavities [129—132] or antennas [34,133], as long as the
frequency is low enough for interband transitions to be negli-
gible [134]. Here we note that, as is easily checked from the
formula, Eq. (9) does not hold for the circular photogalvanic
current induced by the BCD [120]. This means that higher
efficiency can be achieved for circularly polarized light, which
is analogous to recent proposals in Refs. [135,136].

From Eq. (9), we can immediately obtain the internal
current responsivity of the BCD-induced Hall photocurrent,
which is one of the most important figures of merit quantify-
ing the performance of THz detectors [33], and it is defined as

+BCD __

é,. ©9)

the current gain per absorbed light power,

R[ = @ =
P

This is another important result in this paper. Equation (10)
states that the responsivity is entirely determined by the
band structure (and the carrier density) of electron systems,
and completely independent of incident frequencies and their
environment, such as grating or cavity structures. Clearly,
this property is very beneficial for the computational mate-
rial design of terahertz-infrared photodetectors. To realize a
high-performance photodetector utilizing the BCD-induced
photocurrent, first we should search quantum materials with
a colossal effective mass m and BCD by performing ab initio
calculations or experiments, and then we should improve their
optical absorption by designing those promising materials
with some plasmonic or cavity structures.

For the latter purpose, 2D layered materials, which are very
adaptable to various device designs, seem to be more advanta-
geous than 3D bulk materials. Recent experiments [137] have
reported that the voltage responsivity of bilayer WTe, reaches
a value of 2 x 10* V/W~! around w ~ 100Hz at T = 10K,
which is notably large and comparable to the best values
in existing rectifiers [137,138]. Furthermore, Ref. [139] has
theoretically suggested that strained twisted bilayer graphene
achieves a further large responsivity that is 20 times larger
than the above values. However, since these materials work
well only at low temperature, further investigations of promis-
ing materials, which show a remarkably large value of the
BCD, will be needed to realize terahertz photodetectors work-
ing at room temperature.

Magnetically driven plasmonic photogalvanic effect. Next
let us consider a novel type of photocurrent, jI]‘D/IgP, obtained in
Eq. (8), which is regarded as a spatially dispersive correction
to the total photocurrent and is proportional to ¢> or ¢*. For
this reason, this effect is peculiar to spatially structured sys-
tems like our grating model, and it does not appear in spatially
uniform cases.

As shown in detail in the Supplemental Material [120], the
MPP effect originates from an anomalous driving force in-
duced by oscillating magnetic fields [cx M (0B/0dt)] in Eq. (3),
and thus it is described by the geometrical pseudovector, M,
i.e., the dipole moment of orbital magnetic moments of Bloch
electrons in momentum space (for the detailed derivation and
expression, see the Supplemental Material [120]). In partic-
ular, at plasmon frequencies, the MPP current also has a
sharp peak, as in the case of the plasmonic QNLH effect, and
the peak amplitude is obtained under the resonant condition
(T > 1) as follows [140]:

emD,
Fln()Ly

(I =jscyls)- (10)

. et .
It (w =w,) = W[fhxhy};(M +2M.&,)

+ 2y LM e ] + O(20).

Here we have introduced F, = é(EOXEgy — Eoyﬁa;) and £,y =
%(EOXES} + Eoyl:?gx), each of which represents a circular pho-
togalvanic effect and a linear photogalvanic effect. Focusing
on its circular photogalvanic effect in the x-direction, the value
of MPP current is around 0.01 nA/W with typical values of
parameters m ~ m,, s ~ 1 X 10° m/s, T ~ 1 X 10’12’5, and
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an estimated value of M, obtained in Ref. [102] for strained
graphene, M, ~ 3 x 10! s A/kgm, assuming the resonant
case |Thyhy| 2 10. Although this is much smaller than the
measured value of QNLH current (~100 nA/W) in mono-
layer WTe, [141] around @ =~ 30 THz at 150 K, we might
be able to improve the MPP current further by seeking ma-
terials with a much larger value of M. In such a situation,
since the plasmonic term of the BCD-induced circular pho-
tocurrent is proportional to w? — a)g and thus vanishes at
the plasmon frequency, the MPP effect will dominate the
total photocurrent. This might be a good optical probe for
the geometrical structures of Bloch electrons in 2D quantum
systems.

Discussion. Here we briefly discuss possible candidates
to observe the novel types of plasmonic photocurrents ob-
tained in this work. In the past few years, many pieces of
evidence for hydrodynamic electron flow have been reported
in various materials, including monolayer/bilayer graphene
[142-147], GaAs quantum wells [148—153], 2D monovalent
layered metal PdCoO, [154], Weyl semimetal WP, [155], and
WTe, [156-158]. Among these materials, promising candi-
dates for our work are graphene with some deformation and
layered transition-metal dichalcogenide WTe,. These materi-
als have crystal symmetries low enough to exhibit intriguing
optical phenomena, such as the QNLH effect [23], which is
required for the geometrical pseudovectors D and M to be
finite. As a matter of fact, the QNLH effect itself has already
been observed in layered WTe, [137,141,159,160] and artifi-
cially corrugated bilayer graphene [161]. In particular, bilayer
WTe; is reported to show remarkably high responsivity [137],
as was already mentioned, and further dramatic enhance-
ment of the BCD is suggested by twisting the two layers in
Ref. [162].

Another possible candidate is the (110) quantum well in
GaAs, since it also has crystal symmetries low enough to
exhibit the QNLH effect [163—-166], and another type of GaAs
quantum well has already exhibited various hydrodynamic
signatures [148-153]. Furthermore, twisted bilayer graphene,
a novel layered system that has been attracting great interest
recently, might also be a candidate for our work, since this ma-
terial is theoretically suggested to realize the hydrodynamic

regime [167] and to show a remarkably high responsivity of
the QNLH effect [139].

Finally, we give a brief discussion about the viscosity
effect on our results [120]. In the context of electron hy-
drodynamics, viscosity is regarded as a key ingredient to
characterize electron dynamics in the hydrodynamic regime.
Actually, many recent experiments have been devoted to mea-
surements of the signature of viscosity in nonlocal transport
phenomena [142,147,151-155]. By turning on the viscos-
ity term phenomenologically in Eq. (3), we find that the
width of plasmonic peaks in Eq. (9) is modified from 1/t
to 1/t 4+ (v + ¢)g?, where v and ¢ are the kinetic viscosity
and the bulk viscosity. This means that, for typical values
of parameters 7 =1 x 1072 s7 and v =1 x 107" m?s~!
[142], viscosity causes non-negligible contributions to the
plasmon lifetime when the cycle length L = 27 /g becomes
pm-order or less. Consequently, it might be possible to opti-
cally probe mysterious aspects of strongly correlated electron
systems such as twisted bilayer graphene [168—171], through
the peculiar temperature dependence of the plasmon lifetime,
since the electron viscosity behaves as v ~ vpl,, o« 1/ T? in
Fermi liquids [155,172,173], while v o< 1/T in typical non-
Fermi-liquids [42,155,174,175].

Conclusion. In summary, based on an electron hydro-
dynamic theory, we have formulated plasmonically driven
geometrical photocurrents in noncentrosymmetric 2D lay-
ered systems with periodic grating gates. Our framework can
be generalized to various types of problems in plasmonics,
such as plasmonic responses of 1D vdW materials [176,177],
gate-controlled optical activity [178], and plasmon-to-current
converters [83,179]. This provide us with a way to investi-
gate the role of quantum geometry in plasmonics, leading to
a promising route toward a novel type of highly sensitive,
broadband, and electrically controllable terahertz plasmonic
device.
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