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Chiral terahertz lasing with Berry-curvature dipoles
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Materials with Berry-curvature dipoles support a non-Hermitian electro-optic effect that is investigated
here for lasing at terahertz frequencies. Such a system is conceived here as a stack of low-symmetry 2D
materials. We show that a cavity made of such a material supports a nonreciprocal growing mode with
elliptical polarization that generates an unstable resonance leading to self-sustained oscillations. Notably,
we demonstrate that the chiral nature of the gain derived from the Berry dipole allows the manipulation of
the laser light’s handedness by a simple reversal of the electric field bias.
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Several optical and electronic phenomena are intri-
cately connected to the geometry of electronic wave func-
tions in solids, which is encoded in the Berry curvature
[1]. Although generally associated with magnetic mate-
rials, the Berry curvature—which is odd under inversion
symmetry—can be finite in momentum space in acen-
tric nonmagnetic crystals [1]. Recent proposals suggest
that electro-optic (EO) effects in this type of material
can induce nonreciprocal optical gain, with the gain-
dissipative response controlled by the light polarization
and propagation direction [2–4]. This effect is rooted in
the system’s Berry-curvature dipole (BD) [5–7], the first
moment of Berry curvature integrated over occupied states.

The BDs play a crucial role in various nonlinear elec-
tronic and optical effects. Notably, they enable a second-
order nonlinear Hall effect without a magnetic field [8–10]
and the rectifying of alternating current [11,12]. Materials
with a BD can host a kinetic magnetoelectric effect, where
an electric current generates a net magnetization [13–15].
The BD is also associated with optical phenomena, includ-
ing the kinetic Faraday effect, where the rotatory power
is proportional to the bias electric current and reverses
sign with the bias [16–18], and the circular photogalvanic
effect, where the photocurrent direction is locked to the
helicity of the incoming light [6,19–21].
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We present an investigation that underscores the poten-
tial application of the non-Hermitian linear EO effect in BD
materials for terahertz lasing. We propose a mechanism for
drawing energy from an appropriately biased BD material
into a terahertz cavity. Notably, our laser exhibits nearly
circular polarization, and due to the chiral characteristic
of the Berry-dipole gain, the handedness of the emitted
light is locked to the electric bias sign (Fig. 1). Our find-
ings may be relevant for advancing terahertz and chiral-
light technologies and offer valuable insights into potential
applications of BD materials. Our theory builds on the
total conductivity response of a generic low-symmetry 2D
material derived in Ref. [3],

σ (ω) = σ0

γ − iω

[
ωF ξ

0 ωF

]
− σ0

γ

[
0 −ξ

ξ 0

]
, (1)

where σ0 = 2e2/h is the conductance quantum, γ = 1/τ is
the scattering rate, and ωF = EF/�, where EF is the Fermi
level. The parameter ξ rules the linear EO response; it
is proportional to the applied static electric field E0 and
to the BD of the material DB: ξ = πeDBE0/�. Also, the
EO response is valid for frequencies below the interband
absorption threshold.

Without an electric bias (ξ = 0), the longitudinal opti-
cal conductivity is dominated by Drude’s contribution
σ (1)(ω) = σD (EF) /(γ − iω), with σD (EF) = σ0ωF. For
simplicity, we ignore the anisotropic response of the 2D
material so that σ (1)

xx (ω) = σ (1)
yy (ω).

With a static bias, the optical response gets two addi-
tional components proportional to ξ : (i) a frequency-
dependent term that can generate optical gain, in the first
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FIG. 1. Cavity made of a non-Hermitian material. The BDs
are in the low-symmetry 2D materials, e.g., TBG, separated by a
dielectric of thickness d. Terahertz radiation through the partial
reflector at the top has either right or left handedness. The hand-
edness of the top emission is flipped by reversal of the voltage
bias.

matrix in Eq. (1), and (ii) a frequency-independent part
that models a gyrotropic conservative response [second
matrix in Eq. (1)]. The optical gain originates from non-
Hermitian light-matter interactions mediated by the BD.
A large BD is desirable to maximize these effects. In two
dimensions, the BD components can be expressed in terms
of contributions from states near the Fermi surface, Da

B =
− ∫

(d2k/(2π)2)�k(∂f 0
k /∂ka), where �k is the Berry cur-

vature and f 0
k is the Fermi-Dirac distribution [5]. The BD

depends on the product of the Berry curvature and the
distribution function derivative. Thus, the most promising
candidates for large BDs are systems with narrow gaps,
such as those achieved through nanopatterning 2D mate-
rials [22] or in twisted bilayers [23–28]. These systems
concentrate band velocity and Berry curvature near highly
localized Dirac cones, enhancing the BD [23]. Very large
BDs have also been observed in oxide interfaces [29,30].

Here we assume that the non-Hermitian material is com-
posed of a stack of low-symmetry 2D materials with a large
BD that are modeled by Dirac-like Hamiltonians. As an
example, we consider twisted bilayer graphene (TBG) lay-
ers. The layers are biased by a dc electric field along the y
direction that induces a drift current. The BDs provide the
mechanism to transfer energy from drifting electrons to the
terahertz field [3]. These non-Hermitian interactions are
controlled by the handedness of the terahertz field. Each
dielectric spacer has subwavelength thickness d and rela-
tive permittivity εd = ε′

d + iε′′
d . The 2D-material layers are

isolated from their neighbors, so their electronic responses
are independent.

For simplicity, following the analysis in Ref. [31] for a
stack of isotropic graphene layers, we construct an equiva-
lent homogeneous anisotropic medium with effective rela-
tive permittivity ε = εt + εzẑẑ (see Supplemental Material
[32]). As the 2D material is infinitesimally thin compared
with the thickness of the dielectric spacer, the longitudinal

permittivity is expressed simply as εz = εd, whereas the
transverse effective relative permittivity dyad takes the
form εt = εdI + iσ/(ωε0d), where I is the identity dyad.

We focus on wave propagation along the z direction of
homogenized (i.e., spatially averaged) fields E ∝ eikz, with
E confined in the transverse plane. Hence, we consider the
dyad εt, which is written in matrix form as

εt =
[

εa εb
εc εa

]
, (2)

where the elements of the non-Hermitian matrix are εa =
εd + iω0ωF/(ω(γ − iω)), εb = i(ω0/ω)ξ(1/(γ − iω)

+ 1/γ ), and εc = −iω0ξ/(ωγ ), and ω0 = σ0/(ε0d). The
eigenvalues of εt are ε1,2 = εa ± √

εbεc, and the cor-
responding two polarization eigenvectors are E1,2 =[±√

εb/εc, 1
]T (T is the transpose operator). They are

rewritten in terms of the TBG parameters as

ε1,2 = εd + ω0

ω

(
−ωF

ω

1 + i γ

ω

± ξ

γ

√
1 + 2i γ

ω

1 + i γ

ω

)
, (3a)

E1,2 =
[

i
√

1+i2γ /ω

1+iγ /ω

1

]
,

[
−i

√
1+i2γ /ω

1+iγ /ω

1

]
. (3b)

The eigenvalue ε2 may have Im(ε2) < 0, providing a
medium with gain. While it is well known that Berry cur-
vature can affect the current due to optical bias, this current
does not inherently result in optical gain. Indeed, the stan-
dard Hall effect does not entail either gain or dissipation.
Therefore, the non-Hermitian EO effect discussed here is
a quite unique mechanism that mimics the functionality
of a transistor within bulk material. While the eigenval-
ues depend on ωF and ξ , the two elliptical polarization
eigenvectors depend only on γ and ω; in other words,
the gain parameter ξ has no effect on the polarization of
the eigenstates. Furthermore, the two eigenvectors in Eq.
(3b) are also eigenvectors of the conductivity matrix in Eq.
(1). Therefore, the polarization eigenstates of TBG are the
same as those of the homogenized material described by
the effective permittivity. Because of the non-Hermiticity
of the permittivity, the two polarization eigenstates are not
orthogonal, and are represented in Fig. 2 at three different
frequencies, assuming that γ = 1012 s−1. They tend to be
orthogonal with circular polarization when ω � γ .

At high frequencies (i.e., when ω/γ � 1 and ω/γ �
ωF/ξ ), the eigenvalues are simplified as ε1,2 ≈ εd ±
ω0ξ/(ωγ ). Since the term ω0|ξ |/(ωγ ) can be larger than
εd, Re(ε1) and Re(ε2) can be either positive or negative,
whereas for sufficiently large frequencies, both Re(ε1) and
Re(ε2) tend to be positive.

A wave propagating along the z direction in the homog-
enized anisotropic medium is governed by the wave
equation k2

0 εt · E − k2E = 0, where k0 = ω
√

μ0ε0 is the
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(a) (b) (c) (d)

FIG. 2. (a),(b) Polarization curves and handedness for the (a) decaying and (b) growing waves at three different frequencies. (c),(d)
Real (βi) and imaginary (αi) parts of the complex wavenumbers: (c) k1 (decaying wave) and (d) k2 (growing wave) with gain parameter
ξ = ωF (solid lines) and ξ = 3ωF (dashed lines) by varying frequency.

free-space wavenumber (see Supplemental Material [32]).
The eigenvalues k2 are expressed in terms of the eigen-
values of εt as k2

1 = k2
0ε1 and k2

2 = k2
0ε2, leading to ki =

k0
√

εa ± √
εbεc, with i = 1, 2. As both k and −k are solu-

tions, in the following we focus only on the two solutions
with a positive βi = Re(ki), with αi = Im(ki) representing
either the attenuation constant (i = 1) or the amplifica-
tion constant (i = 2) of each mode. The nonorthogonal-
polarization eigenstates i = 1, 2 correspond to the two
eigenvectors of the non-Hermitian matrix εt. The two
wavenumbers are expressed in terms of the TBG param-
eters as

ki = k0

√√√√εd + ω0

ω

(
−ωF

ω

1 + i γ

ω

± ξ

γ

√
1 + 2i γ

ω

1 + i γ

ω

)
. (4)

Figure 2 shows the wavenumbers, for a material made of a
stack of TBG with, the same as in Ref. [3], γ = 1012 s−1,
ωF/(2π) = 0.24 THz, and a dielectric spacer with ε′

d =
4, ε′′

d = 5 × 10−3, and d = 900 nm, when ξ = ωF (solid
lines) and ξ = 3ωF (dashed lines) are used. These are the
default parameters used in all simulations. The level of
optical gain is consistent with the numerical calculation
of the BD of TBG for an electric field on the order of 0.1
V/µm and a BD on the order of DB = 10 nm [3]. However,
the same approach is valid for any 2D material modeled
by a tilted Dirac Hamiltonian. As we can see in Fig. 2(d),
the imaginary part of k2 is negative, while the real part is
positive. Therefore, for positive ξ , mode 2 grows expo-
nentially along the z direction when α2 < 0, and mode 1
decays exponentially (α1 > 0).

If one inverts the polarization bias Vdc, i.e., the direc-
tion of the drift current, ξ changes sign [3], and the
polarization E1 is the one subject to gain. Thus, unlike con-
ventional lasers, which necessitate a stabilization mecha-
nism to regulate the polarization of emitted light—often
using methods such as the insertion of polarizers within
the optical cavity to enforce linear polarization—our sys-
tem allows the control of light handedness simply by

alteration of the direction of the dc bias. Thereby, differ-
ently from conventional gain systems, a BD material with
ξ > 0 provides gain only when the field polarization has
a very specific handedness determined by E2. The fact
that mode 2 is amplifying is verified by the expression
for the Poynting vector along the z direction, Re(Sz2) =
(β2/(2ωμ0))|E2|2 > 0, which confirms the positive power
flow in the +z direction while growing exponentially. Note
that the wave with wavenumber −k2 , also associated with
the polarization state E2, amplifies along the −z direc-
tion because of chirality of the light propagating in the
structure. It is remarkable that since mode 2 is polar-
ized as E2 for wavenumbers k2 and −k2 the system is
nonreciprocal because the two modes with k2 and −k2
have opposite handedness with respect to the propagation
direction. Therefore, we have demonstrated that the non-
Hermitian EO effect leads to the amplification of mode 2
in both directions and to the attenuation of mode 1 when
ξ > 0. This enables the possibility to have a cavity with
a convectional instability relying only on mode 2, leading
to lasing. By reversal of the bias, the lasing action would
be determined by the polarization E1, allowing the laser
to radiate a desired handedness by one just controlling the
biasing-voltage Vdc direction. Under the assumption that
ω � γ , the wavenumber of the amplifying mode in Eq.
(4) is approximated as

k2 ≈ k0

√
εd − ω0ξ

ωγ
− ω0

ω2

(
ωF + i

ξ

2

)
. (5)

There are two gain regimes. The first one is the “small-gain
regime,” when ε′

d > ω0ξ/(ωγ ), leading to the wavenum-
ber in Eq. (5) being mainly real, approximated as

β2

k0
≈

√
ε′

d − ω0ξ

ωγ
,

α2

k0
≈ −

ω0ξ

2ω2 − ε′′
d

2
√

ε′
d − ω0ξ

ωγ

. (6)

The sign of α2 is negative as long as ω0ξ/(2ω2) >

ε′′
d , and it becomes positive at large-enough frequencies.
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(a) (b)

FIG. 3. (a) Real and imaginary parts of k2 (amplifying wave)
[Eq. (4)] as a function of gain. The light-blue dots show when
ξ = ξc. The focus is on the small-gain regime. (b) Complex k2
with frequency variation, showing the low-gain and high-gain
regimes. The dashed black line is the bisector of the fourth
quadrant. Green dots show when ω = ωc.

Instead, under the “high-gain regime” ω0ξ/(ωγ ) > ε′
d, the

wavenumber in Eq. (5) reduces to

β2

k0
≈

ω0ξ

2ω2 − ε′′
d

2
√

ω0ξ

ωγ
− ε′

d

,
α2

k0
≈ −

√
ω0ξ

ωγ
− ε′

d. (7)

This latter high-gain regime condition leads to a large
convective amplification rate of mode 2. The two gain
regimes show swapped expressions for α2 and β2; they are
separated by the condition ε′

d = ω0ξ/(ωγ ), which leads to
the defining of a “critical gain” given by ξc ≈ ω(ε′

dγ /ω0)

and a “critical frequency” as ωc = ω0ξ/(ε′
dγ ) that repre-

sents the transition between these two gain regimes [see the
blue and green dots in Figs. 3(a) and 3(b)]. Establishing a
lasing condition within the small-gain regime (ξ < ξc) may
also present some advantages due to its larger β2.

The volume power density delivered to the EO material
is given by pv ≈ (ωε0/2)

[
ε′′

xx|E|2 + ω0ω
−2ξ Im

(
ExE∗

y

)]
,

as shown in Supplemental Material [32]. Gain occurs when
pv < 0. The formula shows that (i) a degree of circular
polarization is required to provide a negative value, and
(ii) the presence of the BD DB is responsible for providing
both the gain value ξ and the elliptical polarization of the
eigenmodes to make Im

(
ExE∗

y

)
< 0.

A laser operating at terahertz frequencies is conceived
by enclosing the material with BDs in a cavity made of
two mirrors separated by distance L, as in Fig. 1. The
growing wave (mode 2) creates self-sustained oscillations,
with power emitted from the top surface. We consider
only mode 2 propagating within the cavity since mode 1
is attenuating and planar mirrors do not depolarize mode
2. The threshold gain and phase condition for such a
self-sustained mechanism is given by

Re−2α2Lei(2β2L−φ) = −1, (8)

where R and φ are the magnitude and phase of the electric
field reflection coefficient at the top partial reflector. For

(a) (b)

FIG. 4. (a) Oscillation frequency fr versus L/d. Solid blue and
red curves are solutions of Eq. (9), and dashed orange and light-
blue curves are Re(ω/(2π)) from the approximated solution in
Eq. (10). The dashed black curve shows the approximate fr,a ≈
c/(2L

√
ε′

d). (b) Normalized threshold gain ξth/ωF for R = 0.99
versus L/d for different layer thicknesses d. In all three cases, the
threshold gain is in the small-gain regime ξth < ξc.

simplicity, we assume that the bottom mirror is a perfect
electric conductor providing a reflection coefficient of −1.
Furthermore, without loss of generality, we take φ = π .
Then, the first fundamental oscillation frequency is given
by the resonant condition

β2(f ) = π/L. (9)

The cavity resonance fr [solution of Eq. (9)] is provided
in Fig. 4(a) (solid curves). With use of the approximate
solution in Eq. (5), a closed-form expression for the first
cavity angular eigenfrequency that satisfies Eq. (8) is

ω ≈ ω0ξ

2εdγ
+

√(
ω0ξ

2εdγ

)2

+ ω0

εd

(
ωF + i

ξ

2

)
+ c2

εd
A2,

(10)

where A = (1/(2L)) (i ln R + 2π). The real part of this
natural frequency is plotted in Fig. 4(a) (dashed blue
and orange curves), superimposed on the exact solu-
tion obtained from Eq. (9) (solid lines). Figure 4(a) also
presents fr,a ≈ c/(2L

√
ε′

d) (dashed black curve), which is
obtained by one combining Eqs. (6) and (9).

From Eq. (8), a necessary condition for establishing
oscillations is that α2 < αth, with αth = (1/(2L)) ln(R)

(i.e., |α2| > |αth|, since αth < 0 due to R < 1). An estimate
is derived by use of the approximation in Eq. (6), assuming
that ω0ξ/(ωγ ) � ε′

d, leading to α2 ≈ −ξω0β2/(4ε′
dω

2).
This approximation, together with Eq. (9), leads to the
threshold-gain condition

ξth ≈ − ln(R)
2πc2

ω0

1
L2 . (11)

The instability of the electromagnetic field within the cav-
ity manifests itself at the onset of the lasing condition, and
it can also be discerned by one observing the sign of Im(ω).
According to Eq. (10), one has Im(ω) > 0 when ξ > ξth.
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(a) (b)

FIG. 5. Imaginary part versus real part of the laser natural fre-
quency [Eq. (10)] with variation of (a) ξ (0.5 < ξ/ωF < 10) and
(b) L (10 < L/d < 30). Lasing arises when Im(f ) > 0. For oper-
ation slightly above the threshold, the lasing frequency is roughly
Re(f ) at Im(f ) = 0, which is in the terahertz region.

We determine the scaling laws for the oscillation fre-
quency fr ∝ 1/L and threshold gain ξth ∝ 1/L2 from Eqs.
(9) and (11). Furthermore, insertion of the estimate of the
oscillation frequency fr,a into the “critical gain” expres-
sion leads to the trend ξc ≈ (πc

√
ε′

dγ /ω0)(1/L). There-
fore, because of the scaling laws ξth ∝ 1/L2 and ξc ∝ 1/L,
by increasing the cavity length it is possible to have a
threshold gain in the small-gain regime. The normalized
threshold gain ξth from Eq. (11) is shown in Fig. 4(b) for
variation of L/d; the plot confirms that operation above
the threshold is possible, leading to lasing under the small-
gain regime ξth < ξ < ξc. The normalized threshold gain
ξth/ωF ranges from 1 to 4 for d > 800 nm. Furthermore,
Fig. 5 shows that it is possible to have gain above the
threshold at a lasing frequency in the range from 3 to
12 THz. Any point above the horizontal dashed pink line
indicates a cavity signal growing in time (i.e., above the
threshold). The intersections with the dashed pink line rep-
resent the threshold [marginally stable field solution with
Im(f ) = 0], showing also the estimate of the lasing fre-
quency Re(f ). For example, a gain parameter ξ as low as
ωF can induce lasing oscillations at 3.4 THz for L/d ≈ 27.

In conclusion, we have introduced a perspective for
terahertz lasing, leveraging the non-Hermitian linear EO
effect in materials with Berry curvature. The distinctive
feature of our approach lies in the chiral nature of the
Berry-dipole gain, imparting a well-defined handedness to
the laser fields. This characteristic can be easily adjusted
by inversion of the static electric bias. Our solution
holds great promise for a myriad of applications, offer-
ing versatility and adaptability in the realm of terahertz
technology.
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