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Nematic superconductivity with spontaneously broken rotation symmetry has recently been reported in doped

topological insulators, MxBi2Se3 (M=Cu, Sr, Nb). Here we show that the electromagnetic (EM) response of

these compounds provides a spectroscopy for bosonic excitations that reflect the pairing channel and the broken

symmetries of the ground state. Using quasiclassical Keldysh theory, we find two characteristic bosonic modes

in nematic superconductors: the nematicity mode and the chiral Higgs mode. The former corresponds to the

vibrations of the nematic order parameter associated with broken crystal symmetry, while the latter represents

the excitation of chiral Cooper pairs. The chiral Higgs mode softens at a critical doping, signaling a dynamical

instability of the nematic state towards a new chiral ground state with broken time reversal and mirror symme-

try. Evolution of the bosonic spectrum is directly captured by EM power absorption spectra. We also discuss

contributions to the bosonic spectrum from sub-dominant pairing channels to the EM response.

Introduction. Spontaneous symmetry breaking is an impor-

tant concept that spreads across the diverse fields of modern

physics. The recent discovery of two-fold rotation symme-

try in superconducting compounds, MxBi2Se3 (M = Cu, Sr,

Nb), has stimulated an intense discussion of superconductiv-

ity with a new class of spontaneous symmetry breaking [1–11].

The rotation symmetry breaking in the basal plane is compati-

ble with odd-parity time-reversal invariant pairing belonging to

the two-dimensional irreducible representation (Eu) of the D3d
symmetry, which exhibits twofold symmetric gap anisotropy

(Fig. 1). The anisotropy is represented by a nematic order pa-

rameter [12]. The odd-parity superconductor (SC) MxBi2Se3

has also attracted much attention as a prototype of DIII topo-

logical SCs that host helical Majorana fermions [13–21]. In

addition, there exist competing pairing channels corresponding

to the A1g, A1u, and A2u irreducible representations, in addition

to the “nematic” Eu state [14].

In this Letter, we report theoretical results showing that the

electromagnetic (EM) response at microwave frequencies pro-

vides a spectroscopy for long-lived bosonic excitations that are

“fingerprints” of the nematic ground state that breaks the maxi-

mal symmetry G = D3d×T×U(1)N of the parent compound down

to H = C2v × T, where T, U(1)N, and D3d and C2v denote time-

reversal symmetry, global gauge symmetry, and point-groups

for three- and two-fold rotations, respectively [22]. We first

discuss the Fermi-surface evolution that drives the nematic-

to-chiral phase transition within the Eu representation. Using

the quasiclassical Keldysh theory, we find two characteristic

bosonic modes in nematic SCs: the nematicity mode and the

chiral Higgs mode. The former corresponding to transverse os-

cillations of the nematic order parameter is the pseudo-Nambu-

Goldstone (NG) boson associated with the broken D3d symme-

try. The latter represents the excitation of chiral Cooper pairs.

We find that the mass gap of the chiral mode tends to zero as the

Fermi surface changes topology from a closed spherical shape

to an open cylindrical Fermi surface, signaling the dynamical in-

stability of the nematic state towards the chiral state with broken

time-reversal and mirror symmetries. Bosonic modes of uncon-

ventional SCs involve the coherent dynamics of macroscopic

fractions of electrons, and reflect the broken symmetries and

the sub-dominant pairing interactions [23–37]. The bosonic ex-

citation spectrum can be detected through transverse EM wave

absorption [see Fig. 1(a)]. We also consider bosonic modes cor-

responding to the sub-dominant odd-parity A1u and A2u repre-

sentations.

Effective Hamiltonian. Electrons embedded in MxBi2Se3 ex-

hibit (i) the orbital degrees of freedom, (ii) strong spin-orbit

coupling, and (iii) evolution of the Fermi surface with increase

in carrier concentration (see Fig. 1) [38, 39]. The low-energy

physics is governed by electrons in two pz-orbitals near the

Fermi level. The effective Hamiltonian is given as [40–43]

ξ(p) =c(p) + m(p)σx + vz fz(pz)σy + v (p× s)z σz − µ, (1)

where c(p) = c0 + c1 f⊥(p)+ c2 p2
‖ , m(p) = m0 +m1 f⊥(p)+m2 p2

‖ ,

and µ are the diagonal self-energy correction, band gap, and

the chemical potential, respectively (p2
‖ ≡ p2

x + p2
y). Nearest-

neighbor hopping along the z direction gives fz(pz) =
1
c

sin(pzc)

and f⊥ =
2
c2 [1 − cos(pzc)]. We take the ẑ axis along the (111)

direction of the crystal, and s (σ) is the spin (orbital) Pauli ma-

trices. The Hamiltonian in Eq. (1) maintains the enlarged D∞
symmetry including SO(2) about the z-axis, while a higher or-

der correction on p introduces three mirror planes and threefold

rotational symmetry in the xy plane [12].

The intercalation of M atoms increases the carrier concentra-

tion in the conduction band (CB). As µ ≫ ∆ in typical materi-

als (where ∆ is the superconducting gap), low-energy properties

of the superconducting states are governed by the CB electrons

with the disperion ECB(p) = c−µ+
√

m2 + v2
z f 2

z + v2 p2
‖ , which is

well separated from the valence band by the band gap, |m0| ∼ µ,
at the Γ point. Hence, we focus on the Hamiltonian for CB

electrons interacting through the odd-parity pairing interaction

within D3d × T × U(1)N,

Vµν(p, p′) = −
odd
∑

Γ

nΓ
∑

i=1

V
(Γ)

i
dΓµ,i(p)dΓ∗ν,i (p′). (2)

where Γ = A1u, A2u, and Eu are the odd-parity irreducible rep-

resentations of D3d with the dimension nΓ and basis functions

{dΓ
1
, · · · , dΓnΓ}. The basis functions in lowest order in p are d

Eu

1
=
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FIG. 1. (a) Configurations of polarized EM waves to probe the nematic

pairing gap in the D3d crystal structure. (b) Evolution of the Fermi

surface and superconducting gap in the nematic state for various µ. (c)

Phase diagram of MxBi2Se3 computed by the quasiclassical theory with

η1 = ∆(T, µ) and η2 = 0. We set T
(Eu,2)
c = Tc with Tc ≡ T

(Eu,1)
c . The

dashed curve shows the dynamical instability of the chiral Higgs mode

beyond which the nematic state is no longer metastable.

(vz fz/|m0|, 0,−vpx/m0), d
Eu

2
= (0, vz fz/|m0|,−vpy/m0), d

A1u

1
=

(vpx/|m0|, vpy/|m0|, v fz(p)/m0), and d
A2u

1
= (−vpy, vpx, 0)/|m0|.

In the following we utilize the more general form of dΓ
i

[44].

By employing the regularization of gap equations, the pairing

interaction of the (Γ, i) channel, V
(Γ)

i
, can be related to the insta-

bility temperature of the (Γ, i) gap function, T
(Γ,i)
c [44]. We set

Tc ≡ T
(Eu ,1)
c .

Nematic-to-chiral phase transition. We consider the ground

state within the Eu representation, i.e., Tc ≥ T
(Eu ,2)
c >

T
(A1u)
c , T

(A2u)
c , where the equilibrium odd-parity Eu order param-

eter in the CB is given by

d(p) = η1 d
Eu

1
(p) + η2d

Eu

2
(p) . (3)

The nematic state with (η1, η2) = ∆(cosϑ, sinϑ) spontaneously

breaks rotational symmetry, and is degenerate with respect to

the angle ϑ ∈ [0, π/2]. The broken symmetry is characterized

by nematic order, Q ≡ (|η1|2 − |η2|2, η1η
∗
2
+ η∗

1
η2) [12, 49]. The

angle ϑ represents the orientation of two point nodes in the xy

plane (Fig. 1). Although Eq. (1) respects D∞ symmetry, correc-

tions to Eq. (1) from hexagonal warping of the Fermi surface

pins the nematic angle ϑ to one of three equivalent crystal axes.

Another competing order allowed by Eq. (3) is the chiral state

with broken time-reversal symmetry, (η1, η2) = ∆(1,±i). The

chiral state, d1 ± id2, is a non-unitary state with two distinct

gaps: one full gap, and another with point nodes at p = ±pF,z ẑ.

In Fig. 1(c), we show the phase diagram of MxBi2Se3 ob-

tained from quasiclassical theory [44]. The intercalation of M

atoms between the quintuple layers modifies the c-axis length

of the crystal, namely, the hopping parameters along the z-axis

(c1,m1, vz). This makes the Fermi pocket around the Γ point

elongate in the ẑ direction. The Fermi surface indeed evolves

from a closed spherical shape to a quasi-two-dimensional open

cylinder as µ increases [38, 39]. The gap structure of the ne-

matic state changes from a point-nodal to a line-nodal structure

as the Fermi surface evolves [ Fig. 1(b)] [50]. In contrast, the

point nodes of the chiral state disappear and the fully gapped

chiral state becomes thermodynamically stable when the Fermi

surface is opened in the z-direction. To incorporate the Fermi

surface evolution, we follow Ref. [50]: the set of parameters

in Ref. [42] for µ = 0.4eV and the half-value of (c1,m1, vz)

for µ = 0.65eV. The parameters for arbitrary µ are given by

interpolating (c1,m1, vz) linearly with respect to µ. With this

parametrization, the Fermi surface is opened along the z-axis for

µ & 0.5eV. Using this set of parameters, we calculate the ther-

modynamic potential within the quasiclassical theory, which is

valid for ∆ ≪ µ. Figure 1 shows the first-order phase boundary

between the nematic and chiral ground states near µc ∼ 0.7eV.

Thus, the nematic-to-chiral phase transition can be driven by

Fermi surface evolution, as well as the exchange coupling to

magnetic moments of dopant atoms [51, 52] and the thickness

of materials [53, 54]. Note that the result obtained above is

based on a simple interpolation of the Fermi surface evolution.

The phase boundary may be shifted in real materials.

Nematicity and chiral Higgs mode. Consider the nematic

state, d(pF) = ∆(T, µ)d
Eu

1
(pF), corresponding to ϑ = 0. The

fluctuations in the Eu ground state, δd(pF,Q, t) ≡ d(pF,Q, t) −
∆d

Eu

1
(pF), decompose into the (Γ, j) eigenmodes

δdC
µ (pF,Q, t) =

odd
∑

Γ

nΓ
∑

j=1

DC
Γ, j(Q, t)d

Γ
µ, j(pF), (4)

where Q is the center-of-mass momentum of Cooper pairs. In

the weak-coupling limit, all the bosonic excitations are classi-

fied in terms of the parity under particle-hole conversion (C =

±), DC
j
= D j + CD∗

j
. The A1u and A2u modes may also exist

as long-lived bosons in the spectrum of the nematic state even

when Tc > T
A1u
c , T

A2u
c . For Γ = Eu, there exist four collective

modes. Two of these modes are fluctuations in the ground state

sector, DC
Eu ,1

, the other two modes are in the orthogonal sector

DC
Eu ,2

. TheDC
Eu ,1

modes correspond to the NG mode associated

with the broken U(1)N symmetry (D−
Eu ,1

), which is gapped out

by the Anderson-Higgs mechanism [55, 56], and D+
Eu ,1

corre-

sponding to the amplitude Higgs mode with mass 2∆.

The bosonic modes orthogonal to the ground-state sector are

represented by DC
Eu ,2

. Let us define D+
Eu ,2
= DEu ,2 + D∗Eu ,2

=

∆δϑ(t) and D−
Eu ,2
= DEu ,2 − D∗Eu ,2

= iǫ(t)∆, where δϑ, ǫ ∈ R.

Thus,D+
Eu ,2

corresponds to d(t) = ∆[d
Eu

1
+ δϑ(t)d

Eu

2
], for |δθ| ≪

1. This is the pseudo-NG mode associated with the broken rota-

tional symmetry, and represents fluctuations of the nematic or-

der parameter Q. TheD−
Eu ,2

mode represents excitation of chiral

Cooper pairs, d(t) = ∆[d
Eu

1
+ iǫ(t)d

Eu

2
]. We refer to D+

Eu ,2
and

D−
Eu ,2

as the nematicity mode and chiral Higgs mode, respec-

tively.

Let us now consider the linear response to EM fields, − e
c
vF ·

A(Q, ω), where A is a vector potential. The dynamical prop-

erties of the superconducting state of MxBi2Se3 are governed

by Bogoliubov quasiparticles (QPs) in the CB and long-lived

bosonic excitations of the pair condensate. The bosonic exci-

tations involve a coherent motion of macroscopic fractions of

particles, while low-lying QPs are responsible for the dissipa-

tion and the pair-breaking channels. To incorporate the inter-

play between them, we utilize the quasiclassical Keldysh trans-

port theory [57]. The fundamental quantity is the quasiclassical
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Keldysh propagator for CB electrons, which contains both Bo-

goliubov QPs and dynamical bosonic fields, and are governed

by the transport-like equation [57–59]. The linear response of

the order parameter to the vector potential A is obtained from

the equations of motion

[

ω2 −MC
Γ, j(Q, ω)

]

DC
Γ, j(Q, ω) =

e

c
Qµζ

(Γ, j)
µν (Q, ω)Aν, (5)

whereM−
Γ, j

microscopically determines the mass and lifetime of

the mode [44]. Note that particle-hole symmetry prohibits the

direct coupling of the C = + nematicity mode to transverse EM

fields (i.e., ζ = 0). However, the C = +mode does contribute to

the dynamical spin susceptibility [44]. For C = −, the coupling

of the EM field to the bosonic excitations is governed by the

matrix elements

ζ
(Γ, j)
µν (Q, ω) = ∆

〈λ̄(pF,Q)v
µ

F
vν

F
d

(Eu )

1
(pF) · d(Γ)

j
(pF)〉FS

〈λ̄(pF,Q)|d(Γ)

j
(pF)|〉FS

, (6)

where 〈...〉FS ≡
∫

dS p... is an average over the Fermi surface ob-

tained from Eq. (1) that satisfies
∫

dS p = 1. The tensor v
µ

F
vν

F
de-

termines the coupling to A (vν
F
) and Q (v

µ

F
), respectively, where

v
µ

F
≡ ∂ECM/∂pµ is the Fermi velocity of CB electrons. Hence,

ζ
(Γ, j)
µν in Eq. (6) determines the coupling of (Γ, j) bosonic modes

to EM fields with A and Q. The generalized Tsuneto func-

tion [60], given by λ̄ =
∫ ∞
|d|

dǫ√
ǫ2−|d|2

tanh(ǫ/2T )

ǫ2−ω2/4
for Q → 0, is real

and positive below the pair-breaking edge ω < |d(pF)|, while it

has an imaginary part for ω > |d(pF)| which contributes to the

dissociation of bosonic modes into Bogoliubov QPs [44, 61].

The dispersion relations,ωC
Γ, j

(Q), are determined from Eq. (5)

by solving the nonlinear equation, ω2 − MC
Γ, j

(0, ω) = 0, which

corresponds to a pole of δDC
Γ, j
/δAµ. In Fig. 2, we plot the mass

gap of the bosonic modes, MC
Γ, j
≡ ωC

Γ, j
(0), including the chi-

ral Higgs and nematicity modes. The parameters are the same

as those in Fig. 1(c). At T = 0, the nematicity mode remains

gapless irrespective of µ. The gapless spectrum of the nematic-

ity mode is protected by the enlarged D∞ symmetry of Eq. (1),

and it is gapped out by terms that are higher-order in p, such as

the hexagonal warping energy. Figure 2(b) shows that the mass

of the nematicity mode is sensitive to the splitting of Tc of the

nematic Eu states.

In Fig. 2, the mass of the chiral Higgs mode decreases as µ in-

creases and softens at the critical value µDI = 0.71 at T = 0. The

softening indicates the dynamical instability of the nematic state

towards the chiral state. As shown in Fig. 1(c), the dynamical

instability at T = 0 takes place in the vicinity of the nematic-

to-chiral phase transition µc, while it deviates from µc(T ) with

increasing T . This implies that µc is the weak first-order transi-

tion in low temperatures and the softening can be indeed cap-

tured in experiments. The damping of the chirality mode is

−ImM−
Eu,2
/2∆g = 0.08 at µ = 0.5eV. The chirality mode has

a long lifetime for large µ [see Fig. S3(a) in Ref. [44]]. The QP

density of states due to the point nodes decreases as ω2, which

suppresses the pair-breaking channels for the decay of the chi-

rality mode into QPs residing around the nodal points. Figure 2

also shows that the masses of bosonic modes supported by the

competing pairing channels (A1u and A2u) soften and their fluc-

tuations develop as µ increases.
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FIG. 2. (a) Mass gap of the chirality mode (M−Eu ,2
), the nematicity

mode (M+
Eu ,2

(0, µ)), and the A1u and A2u modes as a function of µ. We

set xA1u
= xA2u

= −1.5 and xEu,2 = 0, where xΓ, j = ln T
(Γ, j)
c /Tc. The

color map shows the T -dependence of the chirality mode. The dashed

curve corresponds to the dynamical instability of the chirality mode at

which the mass gap closes. (b) Mass gap of the nematicity mode as a

function of extrinsic symmetry breaking of Eu representation measured

by xEu ,2 = ln(T
(Eu,2)
c /Tc).

Selection rules and EM absorption spectra. The signatures

of the bosonic spectrum and its evolution, inherent to nematic

SCs, is reflected in the microwave power absorption spectrum,

P(ω) =
∫

dQRe[ j(Q, ω) · E∗(Q, ω)], that is, the Joule losses of

the electric field (E) and current ( j) within the penetration depth

Λ =
√

mc2/4πne2 [23, 25–28]. The charge current density is

obtained from the quasiclassical propagator as [44]

δ jµ(Q) =
∑

ν=x,y,z



















KQP
µν − eNFQτ

odd
∑

Γ

nΓ
∑

j=1

ζ
(Γ)

µτ, j













δD−
Γ, j

δAν































Aν. (7)

Equation (7) is the paramagnetic response function, includ-

ing the vertex corrections from polarization of the medium

by bosonic fields [23]. The term, K
QP
µν = − 2e2NF

c
〈{1 +

(vF·Q)2(1−λ)
ω2−(vF·Q)2 }vµFvν

F
〉FS, where λ = |d|2λ̄, describes the QP con-

tribution to the dissipation via pair-breaking processes. The

response, δD−
Γ, j
/δAν, is obtained from Eq. (5), which has a

pole at the collective mode frequency ω−
Γ, j

(Q) that satisfies

ω2 − M−
Γ, j

(ω) = 0. For QvF ≪ ∆ and vF/Λ ≪ ∆, the

power absorption spectrum is decomposed into the QP con-

tribution and a resonance part from the collective excitations,

P(ω) = PQP(ω) + PCM(ω) [44].

Equation (6) determines the coupling of bosonic modes of

the nematic state with d = ∆d
(Eu )

1
to the charge current. The

ζ function is constrained by symmetries of the equilibrium or-

der parameter (d
Eu

1
) and bosonic field (dΓ

j
). In addition to the

chirality mode (D−
Eu ,2

), long-lived massive bosons supported by

sub-dominant pairing interactions (D−
A1u

and D−
A2u

) are respon-

sible for pronounced absorption peaks in the transverse EM re-

sponse. In Table I, we summarize the coupling of DC
Γ, j

to EM

fields with the propagation vectors Q ‖ ẑ and Q ⊥ ẑ for the

odd-parity ground-states (A1u, A2u, and Eu). For Q = ŷ and

A = x̂, the tensor v
µ

F
vν

F
in Eq. (6) reduces to vx

F
v

y

F
∼ px py. As

λ̄ is an even function on p, only the chiral Higgs mode with

d
(Eu )

2
couples to the transverse EM field. The selection rules

for the ground-states, A1u and A2u, are obtained by replacing

d
Eu

1
to dA1u and dA2u in Eq. (6), respectively. The contributions

from the A1u state are prohibited by the enlarged symmetry D∞
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TABLE I. Selection rules for the coupling of transverse EM waves with

Q to the bosonic modes,D−
Γ, j

(third-to-sixth columns). The second col-

umn denotes the irreducible representations of the ground-state (G.S.)

order parameter. We take ẑ along the (111) axis of the D3d crystal.

Q G.S. D−A1u
D−A2u

D−
Eu ,1

D−
Eu ,2

Q ‖ ẑ

A1u

A2u

Eu,1

Eu,2

—

—

—

—

—

—

A ⊥ ẑ

A ⊥ ẑ

—

A ⊥ ẑ

—

—

—

A ⊥ ẑ

—

—

Q ⊥ ẑ

A1u

A2u

Eu,1

Eu,2

—

—

—

—

—

—

A ‖ ẑ

A ‖ ẑ

—

A ‖ ẑ

—

A ⊥ ẑ

—

A ‖ ẑ

A ⊥ ẑ

—

5
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FIG. 3. Power absorption, P(ω), in the nematic state with the nematic

angle ϑ = 0 for T = 0.05Tc, where we set A ‖ x and Q ‖ y and all

parameters are same as those in Fig. 2. The shaded area shows the

contribution of the bosonic excitations, PCM(ω). The mass gaps of the

chirality mode, M−
Eu ,2

, are also shown.

around the small pocket of the Fermi surface. The breaking of

D∞ → D3d lifts this super-selection rule. In addition, the cou-

pling of the nematicity mode to the charge current is prohibited

by the particle-hole symmetry.

Figure 3 shows the power absorption, P(ω), and the bosonic

excitation contribution, PCM, for the Eu,1 nematic ground-state

at T = 0.05Tc for Q ‖ ŷ and A ‖ x̂. According to the selection

rules, the EM field couples to only the chiral Higgs mode,D−
Eu ,2

.

For µ = 0.5eV, a broad peak in the spectrum appears aroundω =

2∆g. This broad peak arises primarily from the continuum of

Bogoliubov QPs, i.e., PQP, and to a lesser extent the chiral Higgs

mode, consistent with the large damping rate of the chiral Higgs

mode shown in Fig. S3 in Ref. [44]. As µ further increases

the broad peak sharpens and shifts to lower frequencies. The

pronounced peak originates from resonant absorption of the EM

field by the chiral Higgs mode. The shift to lower frequency

reflects the softening of the mass gap of these modes. Hence,

the precursor to the dynamical instability of the nematic state to

the chiral state is captured as a pronounced low-frequency peak

in the EM power absorption.

Transverse EM fields with different configurations of A(Q)

couple to different bosonic modes. For instance, the EM field

with A ‖ ẑ and Q ‖ x couples to the chiral A2u mode,

d(t) = ∆d
Eu

1
+ iǫ(t)dA2u . Similarly to Fig. 3, a pronounced

low-frequency peak appears in P(ω) as a consequence of the

resonant contribution of the chiral A2u mode (see Fig. S4 in

Ref. [44]).

Signature of nematicity mode. Finally, we note that the ne-

maticity mode makes a significant contribution to dynamical

spin susceptibility, χzz(Q, ω) = χ
QP
zz (Q, ω) + χCM

zz (Q, ω), where

χ
QP
zz (0, 0) is the spin susceptibility of the equilibrium nematic

state and χCM
zz corresponds to the response of the nematicity

mode (see Sec. S4 in Ref. [44]). As shown in Fig. 2(b), the

mass of the nematicity mode is sensitive to T
(Eu,2)
c /T

(Eu ,1)
c , i.e.,

weak symmetry-breaking perturbations to the D∞. The resulting

small mass gap is detected as a pronounced peak in χCM
zz at rf-

frequencies resonant with the mass gap. Therefore, dynamical

susceptibility measurements may provide a probe for the intrin-

sic mechanism of pinning the nematic order.

Summary. We have discovered theoretically two characteris-

tic bosonic excitations in nematic SCs: nematicity and chirality

modes. The Fermi surface evolution softens the mass gap of

the chiral Higgs mode, and the mass shift reflects a distance

from the nematic-to-chiral transition in low temperatures. We

have also demonstrated that owing to the selection rule, only

EM waves with Q ⊥ A ⊥ ẑ can directly couple to the chiral

Higgs mode in nematic SCs. These results show that a pro-

nounced peak observed in absorption measurements can be a

direct probe for the chirality excitation energy from the nematic

ground state.

Low-lying bosons ubiquitously exist in multi-component SCs

with unconventional symmetry breaking, and the selection rule

for their EM/magnetic responses is based on the generic argu-

ment with the particle-hole symmetry and gap/crystalline sym-

metries. Hence, EM response provides a spectroscopy of spon-

taneously broken symmetries and sub-dominant pairing interac-

tions in the broad family of nematic SCs [62–64] and unconven-

tional SCs.
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