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Higgs mode stabilization by photoinduced long-range interactions in a superconductor
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We show that low-lying excitations of a 2D Bardeen–Cooper–Schrieffer superconductor are significantly
altered when coupled to an externally driven cavity, which induces controllable long-range attractive interactions
between the electrons. We find that they combine nonlinearly with intrinsic local interactions to increase the
Bogoliubov quasiparticle excitation energies, thus enlarging the superconducting gap. The long-range nature
of the driven-cavity-induced attraction qualitatively changes the collective excitations of the superconductor.
Specifically, they lead to the appearance of additional collective excitations of the excitonic modes. Furthermore,
the Higgs mode is pushed into the gap and now lies below the Bogoliubov quasiparticle continuum such that it
cannot decay into quasiparticles. This way, the Higgs mode’s lifetime is greatly enhanced.
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Introduction. Low-lying excitations in quantum systems
are important as they play a major role in determining macro-
scopic orders and microscopic dynamics. Superconductors, in
particular, host a range of quasiparticle and collective excita-
tions. They dictate properties such as superconducting critical
temperatures, electromagnetic responses [1,2], and topologi-
cal orders [3,4]; they carry information on the ground-state
gap properties [5,6]; and they also govern out-of-equilibrium
dynamics of superconductors [7–14].

In a conventional Bardeen-Cooper-Schrieffer (BCS) su-
perconductor, the electron attraction is local. Electrons form
Cooper pairs and condense into a superfluid described by a
complex order parameter below a critical temperature [15].
Cooper-pair breaking leads to Bogoliubov quasiparticle exci-
tations which are gapped near the Fermi surface. Additionally,
the spontaneous breaking of the U(1) symmetry on conden-
sation creates a Goldstone (phase) mode [16]. Due to the
coupling to the electromagnetic fields, this collective mode
is absorbed by the fields through the Anderson-Higgs mecha-
nism [17,18]. Its manifestation as plasmon oscillations in a 2D
superconductor was observed in, e.g., Ref. [19]. Alongside the
Goldstone mode, an orthogonal Higgs (amplitude) mode [20]
with energy twice the gap size, i.e., on the edge of the quasi-
particle excitation continuum, is also created. This collective
mode is an analogy (arguably the only one, based on the
criterion of local gauge-invariance [21]) in condensed-matter
systems to the Higgs boson in particle physics discovered in
2012 [22].
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Superconductors with subdominant pairing instabili-
ties exhibit another type of collective excitation, termed
excitonic/Bardasis-Schrieffer (BS) modes [23]. They are
fluctuations of a superconducting order parameter in the
subdominant channels [2,24]. Excitonic modes are stable
collective excitations with energies below the quasiparticle
excitation continuum and decreasing to zero as the subdom-
inant pairing strengths approach the dominant one.

The excitonic and, to an even larger extent, the Higgs
modes have received considerable interest since their theoret-
ical predictions. This interest not only stems from their direct
link to spontaneous symmetry breaking but also is due to
the fact that measurements on them can reveal ground-state
gap symmetries and multiplicities [5,6], couplings to other
collective modes [25], and information on the electronic in-
teractions present [26–29]. However, these collective modes
have proven to be rather elusive to experimental detection.
This is partly due to the fact that they do not couple strongly
to the electromagnetic fields [2]: Particle-hole symmetry pre-
vents linear coupling to the Higgs mode [20,30], while the
lack of a dipole moment and optical selection rules forbid
far-field optical excitations of the excitonic modes [2]. The-
oretical proposals have suggested inducing linear coupling by
applying supercurrents [24,31], or detecting these modes with
cryogenic near-field nano-optics [32–36].

Aside from the issue of weak coupling to light, the exci-
tonic modes, though stable, also require a strong subdominant
order to be well separated from the continuum. As a result,
they have been detected only recently by Raman spectroscopy
in iron-based superconductors [27–29].

For the Higgs mode, there is the difficulty that it usu-
ally decays rapidly into quasiparticle-quasihole pairs, even
in the low-temperature limit where the electron relaxation
is much slower than the dynamics of the superconductor
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[21,37]. So far, exceptions to this have been found only
in superconductors with strong disorder [38] or coexisting
charge-density-wave (CDW) orders [39–41]. In both cases,
the Higgs mode energies are “pushed” in gap, and thus the
mode becomes much more stable [21,42–46].

In this work, we show that long-range electron interac-
tions present a way to manipulate these low-lying excitations
and, in particular, to stabilize the Higgs mode. This pro-
posal leverages the strong coupling between electrons and
THz nanoplasmonic cavities [47–49], which allows for vir-
tual scattering of external laser photons inside the cavity, via
two-photon diamagnetic processes, and induces long-range,
density-density electron interactions that are essentially un-
screened and controlled by the laser parameters [50]. By
choosing the laser to be red-detuned from the cavity reso-
nance, we engineer long-range electron attraction on top of the
intrinsic local attractions in a 2D BCS superconductor, which
for simplicity we choose to be s-wave.

By studying the fluctuations on top of the BCS ground
state, we find that the long-range nature of the induced in-
teractions qualitatively affects the collective excitations in the
superconductor. We show that the induced long-range attrac-
tion allows for excitonic modes in an s-wave superconductor
without competing intrinsic superconducting orders. More
generally, this means that long-range attraction can enlarge
the separation in energy between the quasiparticle continuum
and all excitonic modes intrinsically present in the supercon-
ductor.

Importantly, the Higgs mode is also pushed “in gap” by
long-range interactions, and the separation of its energy from
the quasiparticle continuum depends linearly on the driving
intensity. Consequently, the Higgs mode no longer decays
through the quasiparticle excitations, substantially increasing
its lifetime, which makes it easier to detect regardless of the
experimental method [46]. We demonstrate the Higgs mode
stabilization with numerical simulations, comparing the oscil-
lations of the superconducting gap with and without the long-
range interactions following an initial excitation of the Higgs
mode. Our work presents a novel mechanism for the stabiliza-
tion of the Higgs mode.

Setup. Cavity-mediated long-range interactions have re-
cently been considered in a number of different setups,
covering both lattice and Bloch band electrons coupled to
either an empty or a driven cavity [50–59]. Here we consider
the setup shown in Fig. 1(a). A 2D superconductor lies in
the xy plane inside a substrate material with relative permit-
tivity εr . The relevant electrons of the superconductor are
coupled to the evanescent field of a complementary split-ring
cavity which sits on top of the substrate material, as, e.g.,
in Refs. [48,60]. The cavity is approximately described by a
single-mode light field since the higher modes’ frequencies
are multiples of the fundamental mode frequency and are
high above the frequency range of interest [50]. The coupling
between the electrons and the cavity field is enhanced by
the high degree of compression of the cavity mode volume
Vc = �λ3 beyond the free-space limit [48,61], where λ is
the wavelength of the cavity mode in the substrate mate-
rial, and � is the mode volume compression factor. Values
of � ≈ 3 × 10−6 or even smaller have been reported in ex-
periments and simulations [48,62]. Moreover, the cavity has

(a)

(b)

FIG. 1. (a) Setup: Electrons (spheres) in a 2D BCS superconduc-
tor (the green envelopes represent Cooper pairing) are evanescently
coupled to a complementary split-ring cavity (the gray structure on
top) [48]. The blue shading symbolizes the cavity field. The coupled
system is driven by a laser field (schematically shown by the red
shading) with wave-vector qL in the vertical direction and frequency
ωL , which is red-detuned from the cavity frequency, ωc. The inset
shows the top view. (b) The coupling to the cavity and the driving
fields result in long-range attractive interactions (blue arc) being
induced on top of preexisting short-range attractions (red link).

been shown to be transparent at a broad range of frequen-
cies except the narrow width centered on its resonance, ωc,
where it is highly reflective [48]. We assume the cavity mode
lies along the x direction and its field is polarized along the
y direction. The cavity is described by a vector potential
Ac(r) ∝ ey

√
1/Vcεrωc cos(q0x)(b + b†), where ey is the unit

vector in the y direction, b is the annihilation operator for the
cavity mode, q0 = ωc

√
εr/c, and c is the speed of light in

vacuum. The cavity-matter system is driven by a strong laser
with intensity Id, which produces an oscillating classical field
with vector potential Ad(t ) ∝ ey

√
Id sin(|qL|z − ωLt ), where

qL is the laser photon wave vector and t is the time. The
laser frequency, ωL = ωc − δc, is red-detuned from the cavity
resonance (i.e., δ > 0), such that the driving field interacts
directly with the electronic system. We require the driving and
cavity frequencies to be off-resonant from all transitions in the
material and the substrate to minimize heating [50,63].

Model. In the Coulomb gauge, our BCS superconduc-
tor with local attractive interactions is described by the
Hamiltonian (setting h̄ = 1)

Hmat =
∑
kσ

ξkc†
kσ ckσ − V

S
∑

k1,k2,k3

c†
k1↑c†

k2↓ck3↓ck1+k2−k3↑,

(1)

where ξk is the dispersion measured from the chemical po-
tential, μ, of an electron in quasimomentum state k, which
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FIG. 2. (a) The zero-temperature gap functions with two different long-range-interaction strengths are plotted along the radial direction in
k-space with green lines. The x axis is rescaled by the Fermi velocity and normalized by the intrinsic gap size to show the electron dispersion
ξk/	

in at those wave vectors. We also plot the Bogoliubov quasiparticle excitation energies for the system with dashed blue lines. We use
solid lines for Ũ/	in ≈ 0.056, and semitransparent lines for Ũ/	in ≈ 0.085. The gap function without the long-range interactions is plotted
with a gray dash-dotted line. (b) We plot the values of the various excitation energies of the system against Ũ ; 2EkF is the lowest Bogoliubov
quasiparticle excitation energy, εexc

kF
is the lowest excitonic excitation energy, 2	εD/vF is twice the smallest value the gap function takes, and εH is

the zero-momentum Higgs excitation energy. The dashed blue, red, and green lines give the linear dependence of the corresponding energies on
Ũ obtained from first-order perturbation theory. The results are calculated for T = 0K. In (a) and (b) we have used εD/	in = 113. (c) An energy
diagram showing the electron-pair binding energy (from considering the Cooper problem) as a function of the long-range interaction strength.
Without the long-range interactions (Ũ/	in = 0), the only one two-electron bound state is in the s-wave channel. Long-range interactions
cause states with higher angular momenta (e.g., d wave) to be bound [75]. Cooper pairs in the condensate can be excited to these higher energy
bound states to excite excitonic (aka Bardasis-Schrieffer) modes.

can be populated with a spin-σ electron by the action of the
fermionic creation operator, c†

kσ . S is the cavity area that the
2D superconductor couples to. For simplicity, we assume that
the dispersion is rotationally symmetric (i.e., it depends only
on |k|). The strength of the local (i.e., independent of k) intrin-
sic attractive interactions is given by V > 0. We also assume
the usual cutoff energy for these interactions, εD, which, in the
case of phonon-mediated superconductivity, is identified with
the Debye energy [15].

The coupling of the electrons to the cavity and the driving
field induces effective long-range density-density interactions
between the electrons that can be tuned attractive and remain
essentially unscreened [50]. Moreover, it has been shown that
the direct heating of the electrons in this setup is insignificant
[50]. In this work, we thus take an approach similar to that in
Ref. [57] and model the effect of the cavity and the driving by
Hlong = −∑

k1,k2,q Uq/S c†
k1+q,↑c†

k2−q,↓ck2,↓ck1,↑, where

Uq

S = α2

πc2m2

ω2
c

ω2
L

Id

�δc
δ±q,q0ex . (2)

We remark that the attraction considered here is stronger for
higher driving intensities and smaller detunings; however, δc

must be greater than relevant energy scales of the super-
conductor (the cavity-coupled plasmon energy [50] and the
superconducting gap size [63]) for us to be able to ignore
retardation in the induced interactions. We note also that,
though not relevant for the strength of the long-range inter-
actions considered in this work, much stronger long-range

interactions could cause Fermi surface instabilities including
phase separation [64,65]. In the following, we study the zero-
temperature properties of the model.

Zero-temperature gap structure. Through the usual BCS
reduction and mean-field (MF) decoupling of the full system
(Hmat + Hlong), we obtain a gap equation which we evaluate
at T = 0K,

	k = V

S
∑

k′

	k′

2Ek′
+ Ũ

	k

Ek
, (3)

where Ek =
√

ξ 2
k + 	2

k gives the Bogoliubov quasiparticle
dispersion, which is measurable with ARPES [66]. Ũ =
Uq0ex /S , and 	k ≡ ∑

k′ (V/S + 2Ũδk,k′ )〈c−k′↓ck′↑〉 defines
the MF. We note that we have also taken the q0 → 0 limit of
Uq in the MF definition and in the gap equation Eq. (3) [67].

We solve the gap equation and show in Fig. 2(a) the
zero-temperature gap functions in the radial direction around
the Fermi surface with and without the induced long-range
attractive interactions. In a usual BCS s-wave superconductor
with only local electron attraction, the gap function 	in =
2εD exp −1/N (0)V is a constant in k space. Here N (0) is the
electron density of state per spin at the Fermi surface. In con-
trast, in Fig. 2(a) we show that the presence of the long-range
interactions causes the gap function to gain a structure in the
radial direction. As for the azimuthal direction, the rotational
symmetry of the electron dispersion ensures that the s-wave
gap function has rotational symmetry in k space. The gap is
greatest at the (original) Fermi surface and flattens out further
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away (|ξk| � 	T =0
kF

) from the Fermi surface. Importantly, the
gap is larger everywhere in the presence of the long-range
attractive interactions. In fact, for Ũ � 	in, the gap increases
linearly with Ũ :

	T =0
k = 	in +

⎡
⎣π

4
+ 	in

√
(	in)2 + ξ 2

k

⎤
⎦Ũ , (4)

where 	in is the gap size in the absence of the long-range
interactions. This is in contrast to the case of superconductors
with long-range interactions only [68]. There, the gap func-
tion vanishes away from the Fermi surface (|ξk| > Ũ ), where
the gap size is Ũ . The fact that in our system the gap size
enhancement at |k| = kF is greater than Ũ highlights that the
long-range interactions combine with the local interactions
nonlinearly.

The enlargement of the gap function implies that the
Bogoliubov quasiparticle excitation continuum is pushed to
higher energies, reflecting an increase of superconducting
critical temperature which we will discuss elsewhere. The
mechanism at play here differs from the Eliashberg effect
[69–71] and its quantum equivalent [72], which dynamically
enhance the gap close to the critical temperature through
quasiparticle redistribution [73], whereas in our case, the en-
hancement extends to zero temperature.

Collective modes. To study the collective modes at zero
center-of-mass momenta, we go beyond BCS MF theory, tak-
ing Anderson’s pseudospin approach set out in Refs. [68,74].
With this approach, the MF Hamiltonian is mapped to a
system of pseudospins interacting with pseudofields. The col-
lective modes are represented as small pseudospin precessions
around the ground-state alignment; see the supplemental ma-
terial (SM) for more details [75].

In this formalism, we find that excitonic excitations are
supported. Their energy εexc

k [75] takes their minimum value
at the Fermi surface of the normal state. We show its value
as a function of Ũ in Fig. 2(b). We see that the excitonic
excitations are in gap as expected. For Ũ � 	in, both the
Bogoliubov and the excitonic excitation energies increase lin-
early in Ũ . At |k| = kF ,

2EkF ≈ 2	in + (2 + π/2)Ũ , and (5)

εexc
kF

≈ 2	in + (1 + π/2)Ũ . (6)

This means that the separation in energy between the excitonic
excitations and the quasiparticle continuum can be tuned by
the intensity of the external laser field.

The cause for the appearance of these excitonic excitations
can be understood from a discussion of the Cooper problem.
In superconductors with only local attraction, there is only one
two-electron bound state in the s-wave channel [15]. This is
shown in Fig. 2(c) at Ũ/	in = 0. However, as soon as the
long-range interactions mediated by the cavity are present,
more bound states, e.g., in d-wave channels, appear because
the long-range interactions increase all binding energies by
≈2Ũ . This is shown on the right of Fig. 2(c). We note that the
original s-wave state’s binding energy also increases due to
the long-range interactions, and the s-wave state remains the
most tightly bound. Thus, the Cooper pairs still condense in

the s-wave state. A Cooper pair from the condensate, whose
constituents have quasimomenta ±k, can now be excited to
one of these more loosely bound states as opposed to be-
coming unbound. In the former case, we have an excitonic
excitation with energy εexc

k , while in the latter, a pair of
quasiparticle excitations are produced, costing 2Ek of energy.
In superconductors with only local (s-wave) interactions, the
electron pairs have no other bound state to scatter into, and
thus no excitonic excitations are present. In the opposite limit,
where superconductors only have very long-range attractive
interactions, many excitonic modes are available, and the least
energetic ones amongst them become gapless as the interac-
tion range tends to infinity [68].

Strikingly, the Higgs mode is also in gap in the presence of
the long-range interactions, even though the superconductivity
is still s wave and there is no disorder or coexisting CDW
phase. The Higgs mode’s energy, εH, equals to εexc

kF
up to

O(Ũ ), but εH is strictly below εexc
kF

for finite Ũ . This means
that, just like with the excitonic modes, the external laser
intensity controls the energy separation between the Higgs
mode and the quasiparticle continuum. We discuss the in-
equality εH < εexc

kF
in SM. We also verified it numerically. In

Fig. 2(b), we show that for Ũ � 	in,

εH ≈ εexc
kF

. (7)

This proximity in energy between the zero-momentum
Higgs mode and the lowest excitonic mode in our relatively
simple model is a general feature resulting from the long-
range nature of the induced interactions. Therefore, it can
serve as an indication that the superconductivity is supported
by both short- and long-range interactions. We remark that in
a more complicated model in which a subdominant supercon-
ducting channel is present, the excitonic modes corresponding
to this channel can be lower in energy than the Higgs mode, as
is the case in the absence of the long-range interactions. How-
ever, all other angular momentum channels which intrinsically
do not sustain superconducting pairing support bound states in
the presence of the long-range interactions. They give rise to
a continuum of corresponding excitonic modes, and the edge
of this continuum will be close to the Higgs mode energy.

An important consequence of the Higgs mode being in
gap is that it can no longer decay through quasiparticle ex-
citations, which usually dampen the Higgs mode such that it
decays as t−1/2, where t is time [11,30,37,46]. To illustrate
this point, we present numerically simulated order-parameter
oscillations following an excitation in the Higgs mode in
Fig. 3. The numerics were performed by solving the equation
of motion of the Anderson’s pseudospins [75]. In an experi-
ment, the Higgs mode could be excited by a strong THz pulse
centered at half the Higgs mode frequency, and its subsequent
oscillations could be observed by measuring the transmit-
tance of time-delayed THz probe pulses [10,11,14,76]. An
alternative method to excite the superconductor is through a
stimulated Raman process with optical pulses [77]. We see
that without the long-range interactions, the oscillation decays
quickly, in agreement with earlier studies [11,30,37,46]. In
contrast, in the presence of the long-range interactions, the gap
shows clean oscillations. This way, the Higgs mode becomes
a well-defined collective mode [2,46] when the long-range
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FIG. 3. Normalized oscillations of the Higgs mode as a function
of time following small perturbations of the superconducting gap
with (in red) and without (in blue) the long-range interactions. With-
out the long-range interactions, the Higgs oscillation decays as t−1/2

[46] as it is on the edge of the quasiparticle continuum. In contrast,
in the presence of the long-range interactions, the Higgs oscillation
does not decay. The intrinsic parameters for the superconductor used
here are the same as in Fig. 2. The initial perturbations of the order
parameters are about 2% of their equilibrium values. Due to the
finite size of the initial perturbation, the gap oscillates around a value
below the ground-state value; hence the oscillations are offset by a
small amount [5,78,79]. The offset vanishes when the perturbation
strength tends to zero, when the pseudospin equation of motion can
be linearized.

interactions are switched on, making it easier to detect and dis-
tinguish in this system [20]. Despite the proximity in energy
between the Higgs and the excitonic modes, their different
symmetries enable them to be more clearly distinguished
in Raman measurements [41]; they are visible in different
Raman channels.

We also comment that the Nambu-Goldstone modes still
manifest as plasmon oscillations. In the parameter regime
considered in this work, the coupling with the cavity and
driving modes softens the plasmons slightly (by an amount
proportional to Ũ ) [50] as the long-range attraction has oppo-
site signs to the Coulomb interactions.

Discussion and conclusion. Our study shows that tunable
cavity-mediated long-range interactions qualitatively alter the
collective excitations at zero temperature in a superconductor
which intrinsically only has short-range interactions. Two fea-
tures are most notable. First, additional excitonic modes with
finite energies appear in gap as the long-range interactions
create additional electron-pair bound states. This also means
that preexisting excitonic modes corresponding to intrinsic
subdominant superconducting orders are further separated
from the quasiparticle continuum, making them more dis-

tinguishable in experiments. Second, the Higgs mode of the
system is also pushed below the quasiparticle excitation gap
and below the aforementioned excitonic modes. As a result,
the Higgs mode becomes stable and easier to observe exper-
imentally regardless of the detection process. We emphasize
that what we present is one of the few known cases where the
Higgs mode is below the quasiparticle continuum and thus
forms a well-defined collective mode. Moreover, the imposi-
tion of the long-range interactions does not necessarily alter
the other characteristics (symmetries, coupling to light, etc.)
of the Higgs mode. This makes long-range interactions useful
for studying Higgs modes in superconductors when they are
normally damped by quasiparticle excitations.

More generally, our study is also relevant to cold atomic
gases, where short-range interactions are controlled using
Feshbach resonances [80], and long-range interactions can be
engineered by coupling to optical cavities [67,81–95]. Collec-
tive modes of superfluids [96–98] and other phases of matter
enabled by the long-range interactions in cold atomic gases
[81,99,100] could be studied. For all these platforms, further
insights into the low-energy collective modes are important
toward understanding and controlling nonequilibrium dynam-
ics of these coupled light-matter systems.

For future work, as mentioned above, the role of long-range
attraction in enhancing the critical temperature of conven-
tional superconductors is still to be elucidated. In this regard,
recent theoretical studies on similar cavity-coupled electron
systems have shown that electron-phonon interactions can
be enhanced by coupling to the cavity [101,102], though
this does not necessarily translate into an enhancement of
the critical temperature. It would be desirable to derive a
(possibly extended) Ginzburg-Landau theory to describe su-
perconductors with both short- and long-range interactions
phenomenologically close to the critical temperature. Such
a theory could describe spatial inhomogeneity and yield
results on measures, such as correlation lengths, that char-
acterize a superconductor. Moreover, the question of how
cavity-mediated interactions can modify non-BCS supercon-
ductivity remains to be addressed. Studies in this direction
could help to shed light on the reported strong enhance-
ment of superconductivity by strong coupling to a cavity
[103].
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