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A superconductor subject to electromagnetic irradiation in the terahertz range can show amplitude oscillations
of its order parameter. However, coupling this so-called Higgs mode to the charge current is notoriously
difficult. We propose to achieve such a coupling in a particle-hole-asymmetric configuration using a DC-voltagebiased normal-metal–superconductor tunnel junction. Using the quasiclassical Green’s function formalism, we
demonstrate three characteristic signatures of the Higgs mode: (i) The AC charge current exhibits a pronounced
resonant behavior and is maximal when the radiation frequency coincides with the order parameter. (ii) The AC
charge current amplitude exhibits a characteristic nonmonotonic behavior with increasing voltage bias. (iii) At
resonance for large voltage bias, the AC current vanishes inversely proportional to the bias. These signatures
provide an electric detection scheme for the Higgs mode.
DOI: 10.1103/PhysRevResearch.2.022068

Introduction. Manipulating the superconducting (SC) state
using tailored light pulses is currently receiving a great deal
of attention. Various fascinating phenomena have been reported, including superconductivity enhancement [1–6], lightinduced superconductivity [7–10], the presence of chiral
Majorana modes in chiral superconductors [11], and the emergence of the Higgs mode [12–38].
The Higgs mode is a gapped collective excitation consisting of the oscillation of the order parameter amplitude in a
system with spontaneous symmetry breaking [12–15]. In a
superconductor where the U (1) symmetry is spontaneously
broken, the order parameter amplitude can oscillate when
the system is coupled to external gauge fields. The presence
of a Higgs mode in superconductors with charge density
waves was first observed using the Raman-scattering
technique [16–18] and later theoretically interpreted [19,20].
However, the excitation and detection of the Higgs mode
in superconductors without charge density waves became
experimentally possible only in the last decade due to the
experimental advance of ultrafast low-energy terahertz (THz)
spectroscopy. Clear nonlinear optical signatures indicating
the presence of a Higgs mode have been observed using
the pump-probe technique in both s-wave [21–24,26] and
d-wave [27] superconductors. Since the Higgs mode is a
scalar excitation, it is expected to couple to the external
electromagnetic field in a nonlinear way. A linear coupling
enabled by the presence of a supercurrent was theoretically
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proposed [30] and experimentally verified [31]. Very recently,
it was theoretically predicted that a Higgs mode can be
observed through its effect in the time-dependent spin current
in a ferromagnet-superconductor junction [28].
In this work, we consider a junction between a normal
metal and an s-wave superconductor [see Fig. 1(a)]. THz
electromagnetic irradiation can excite a Higgs mode on the
SC part of the junction. To couple the Higgs mode to the
charge current, particle-hole symmetry has to be broken.
Inducing a finite spin splitting in the superconductor is one
way to achieve this [28]. As a potentially simpler alternative,
we propose to apply a DC voltage bias to a normal-metal–
superconductor (NS) junction. We demonstrate that the Higgs
mode will manifest itself in intriguing properties of the AC
charge current through the junction [see Fig. 1(c)].
Higgs mode in the superconductor. We consider a superconductor subject to monochromatic electromagnetic irradiation
with the time-dependent vector potential A(t ) = A e−it in
the Coulomb gauge. Due to the nonlinear coupling between
the electromagnetic field and the Higgs mode, there will be a
second-harmonic correction to the static SC gap 0 . Thus, the
time-dependent order parameter can be expressed as
(t ) = 0 + 2 e−i2t .

(1)

If the irradiation frequency is close to 0 , superconductivity
can possibly be enhanced [3,4], and a small correction to the
static order parameter can be incorporated in 0 .
We employ the quasiclassical Green’s function technique
to study the dynamics of the superconductor and the transport
properties of the NS junction. The quasiclassical Green’s
function ǧs (t, t  ) for a dirty superconductor with the diffusion
constant D fulfills the time-dependent Usadel equation [39,40]
ˇ ǧs ] − iD∇(ǧs ◦ ∇ ǧs ) = 0,
i{τ̌3 ∂t , ǧs } + [,

(2)
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with ± =  ± . The normalization condition leads to
ǧ2 (+ , − )ǧ0 (− ) + ǧ0 (+ )ǧ2 (+ , − ) = 0.
For the stationary quasiclassical Green’s functions, we
have [40]
r(a)
r(a)
ĝr(a)
(),
0 () = g0 ()τ̂3 + iτ̂2 f 0


ĝk0 () = ĝr0 () − ĝa0 () tanh(β/2),

(6)
(7)

where β = 1/(kB T ), and
gr(a)
= f0r(a) /0 = /s0r(a) ,
0

(8)
√
with s0r(a) = i 20 − ( ± iγ )2 . Here, γ is the phenomenological Dynes broadening parameter. Inserting Eqs. (1) and (4)
into the Usadel equation (2) leads to the retarded and advanced
components of the nonstationary term [28],
r(a)
r(a)
ĝr(a)
2 (+ , − ) = ĝV (+ , − ) + ĝH (+ , − ).

FIG. 1. (a) DC-voltage-biased normal-metal–superconductor
(NS) junction with a thin insulator (I) acting as a tunnel barrier. The
superconductor is subject to electromagnetic irradiation described
by a time-dependent vector potential A e−it , which generates a
Higgs mode inside the superconductor. (b) |2 |/0 as a function of
/0 . The parameters are chosen as T = 0.05Tc , γ = 0.010 |T =0 ,
and WA = 0.010 |T =0 . (c) AC charge current |I2 | plotted against
temperature T and bias voltage eV scaled by the static SC gap
amplitude at temperature T . The charge currents are in units of
Gt WA /e. The electromagnetic frequency is set to be  = 0 |T =0.7Tc .
(d) Line cuts of (c) at different temperatures.

where the Green’s function is written in Keldysh space and
has the structure


ĝrs ĝks
ǧs =
.
(3)
0 ĝas
ˇ = iτ̌2 . The matrices τ̌α
The order parameter has the form 
with α = 1, 2, 3 are diagonal matrices with entries τ̂α , that is,
τ̌α = diag[τ̂α , τ̂α ], where τ̂α are the Pauli matrices in Nambu
space. In Eq. (2), the anticommutator is defined as {τ̌3 ∂t , ǧs } =
τ̌3 ∂t ǧs (t, t  ) + ∂t  ǧs (t, t  )τ̌3 , and ∇· = ∂r · −ie[τ̌3 A(t ), ·]. The
convolution operation
 between two objects f and g is defined
as ( f ◦ g)(t, t  ) = dt1 f (t, t1 )g(t1 , t  ). The Green’s function
obeys the normalization condition ǧs ◦ ǧs = 1.
Since the Higgs mode couples to the electromagnetic field
nonlinearly, to leading order there is a second-harmonic correction ǧ2 to the stationary Green’s function ǧ0 ,
ǧs (t, t  ) = ǧ0 (t − t  ) + ǧ2 (t, t  ).
The Fourier transforms
defined as

ǧ0 (t − t  ) =

ǧ2 (t, t  ) =

(4)

of ǧ0 and ǧ2 are, respectively,
d −i(t−t  )
e
ǧ0 (),
2π
d −i+ t+i− t 
e
ǧ2 (+ , − ),
2π

(5)

(9)

The first term ĝV is due to the direct second-order coupling to
the vector potential and reads

r(a)
ḡˆ 0 () − ĝ0 (+ )ḡˆ 0 ()ĝ0 (− )
(
,

)
=
iW
, (10)
ĝr(a)
+ −
A
V
s+ + s−
with WA = De2 |A |2 and ḡˆ 0 = τ̂3 ĝ0 τ̂3 . The second term ĝH
describes the effect of the Higgs mode,

τ̂2 − ĝ0 (+ )τ̂2 ĝ0 (− ) r(a)
r(a)
ĝH (+ , − ) = i2
.
(11)
s+ + s−
r(a)
Both
have√ used the notation s+
=
√ here and in (10), we
r(a)
2
2
2
2
i 0 − (+ ± iγ ) and s− = i 0 − (− ± iγ ) .
An expression for the oscillating part 2 of the SC gap can
be obtained from the gap equation (t ) = −iλ Tr[τ̂2 ĝks (t )],
where λ is the pairing interaction. The details of the derivation
can be found in the Supplemental Material [41]. The static
order parameter 0 at temperature T (denoted by 0 |T ) can
be well fitted by the interpolation formula

0 |T = 0 |T =0 tanh(1.74 Tc /T − 1),

(12)

where Tc is the critical temperature. To simplify the notation,
we will omit the variable T in 0 |T at nonzero temperature.
The Dynes broadening parameter and irradiation intensity
are fixed as γ = 0.010 |T =0 and WA = 0.010 |T =0 in this
work. In Fig. 1(b), we plot the dependence of 2 on the
irradiation frequency  at temperature T = 0.05Tc . A cusp
appears at  = 0 (resonant condition) where the oscillation
amplitude of the order parameter |2 | is maximal. The resonant behavior is a signature of the Higgs mode and can be
identified in nonlinear optical response using the pump-probe
technique [21–24,26].
Normal-metal–superconductor junction. In the following,
we study the transport properties of a DC-voltage-biased NS
junction, in which the SC side is subject to electromagnetic
irradiation described by a vector potential A(t ) = A e−it
[see Fig. 1(a)]. The THz electromagnetic field is assumed to
exist only on the SC side to avoid possible photon-assisted
tunneling processes, and its wave vector is parallel to the
transport direction of the junction. The thickness of the superconductor is assumed to be smaller than or comparable to
the SC coherence length, so that the order parameter can be
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treated as homogeneous. For simplicity, we consider a tunnel
junction, which is characterized by its conductance Gt . The
retarded, advanced, and Keldysh components of the Green’s
function for the normal metal are expressed as
ĝrn = −ĝan = τ̂3 ,
and
ĝkn ()


= 2 diag tanh

 + eV
 − eV
, − tanh
2kB T
2kB T

(13)

, (14)

where V is the external voltage bias.
Since the leading perturbation due to the Higgs mode is
a second harmonic in , the electric current I (t ) can be
decomposed in a DC component I0 and an AC component
I2 with I (t ) = I0 + I2 e−i2t . For a tunnel junction, the AC
component of the particle current to the first order in the tunnel
conductance is

Gt
(15)
I2 =
d Tr(τ̂3 X̂ ),
8e
with
X̂ = ĝkn (+ )ĝa2 (+ , − ) − ĝr2 (+ , − )ĝkn (− ).

(16)

Equation (15) implies that I2 |eV =0 = 0, since the situation is
particle-hole symmetric in the absence of a DC voltage bias.
A finite voltage bias can break the symmetry so that the Higgs
mode can couple to the charge current. This is in contrast
to Ref. [28], where particle-hole asymmetry is due to the
exchange field in the superconductor induced by an external
magnetic field. A detailed derivation of I2 using circuit theory
[42–44] can be found in the Supplemental Material [41].
Numerical results. The gap oscillation amplitude 2 is a
complex number. This also applies to the AC charge current I2 ,
and we focus on discussing the AC charge current magnitude
|I2 |. Figures 2(a)–2(c) show the dependence of |I2 | on the
voltage bias eV and the electromagnetic frequency , where
panels (b) and (c) are line cuts of panel (a) for different values
of  and eV , respectively. To illustrate the influence of the
Higgs mode on transport, we artificially set 2 = 0 in ǧ2 ,
that is, ĝ2 = ĝV from Eq. (9), and calculate the corresponding
AC current amplitude |I22 =0 | for comparison [see Figs. 2(d)–
2(f)]. The charge currents are shown in units of Gt WA /e.
As can be seen from Fig. 2, the AC charge current amplitude |I2 | at a fixed voltage bias shows a pronounced resonant
behavior as a function of frequency at  = 0 , which is not
present for |I22 =0 |. This can be easily observed by comparing
Figs. 2(c) and 2(f) at eV = 0 . Also, |I2 | is much larger than
|I22 =0 | at resonance, since the SC gap oscillation amplitude
|2 | achieves its maximum and is much larger than WA as
can be seen from Fig. 1(b). Thus, the Higgs mode dominates
the AC charge current at resonance. In Fig. S1 in the Supplemental Material [41], we compare the contributions from
ĝV and ĝH in the AC charge current amplitude and find that
the contribution from ĝV can be even larger than that from
ĝH away from resonance. The resonant behavior of |I2 | can
serve as a signature of the presence of the Higgs mode in
the superconductor. A similar observation has been recently
reported for spin currents driven by the Higgs mode [28].
Figure 2(b) shows that |I2 | exhibits an interesting nonmonotonic behavior: it increases with increasing voltage bias

FIG. 2. (a) AC charge current |I2 | plotted against voltage bias eV
and irradiation frequency . Panels (b) and (c) are line cuts of (a) at
different  and eV , respectively. (d) AC charge current |I22 =0 | in the
absence of the Higgs mode, i.e., by artificially setting 2 = 0. Panels
(e) and (f) are line cuts of (d) at different  and eV , respectively.
The charge currents are in units of Gt WA /e. The temperature is T =
0.05Tc ; the other parameters are the same as in Fig. 1(b).

up to around eV = 0 , then starts to decrease. At resonance
 = 0 , the AC charge current shows a peak around eV =
0 . This is explained as follows. The Higgs mode can be
interpreted as coherent depairing and pairing of Cooper pairs.
The characteristic frequency of the Higgs mode is 20 , thus
the split quasiparticles (or depaired Cooper pairs) will appear
around the SC band edge. Since it is the split quasiparticles
that contribute to the AC charge current at resonance, the AC
charge current reaches a maximum if the DC voltage bias
aligns with the SC band edge at low temperatures. There is
also a kink at eV = 30 that can be interpreted as a side
band due to the Higgs mode that modulates the quasiparticle
density.
Away from resonance, we can observe some other special
points in Fig. 2(b). These points are due to the excitation
from the electromagnetic irradiation with maxima at eV =
0 , −0 + 2, 0 +  and a kink at 0 + 2 as can be
observed from Fig. 2(e). At higher temperatures, the nonmonotonic behavior of |I2 | still survives, while the maximum
point shifts to higher voltages with eV > 0 due to thermal
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excitations (see Fig. S2 in the Supplemental Material [41] for
T = 0.7Tc ).
Under a large bias, the AC charge current I2 shows characteristic features: even at eV = 60 , a resonant behavior as
a function of  can be observed in Fig. 2(c). In contrast,
if the Higgs mode is not taken into account, the AC charge
current I22 =0 vanishes at large voltage bias even for  = 0
as shown in Fig. 2(e). At resonance and with eV  0 , an
analytical estimate given in the Supplemental Material [41]
shows that the AC current is inversely proportional to the
voltage bias, i.e., I2 ∝ 2 /(eV ). Thus a finite AC charge
current can persist up to relatively large voltage biases. This
characteristic behavior of the AC charge current at large bias
near resonance can serve as an indicator for the presence of
the Higgs mode in the superconductor.
Apart from the possibility to tune the irradiation frequency
continuously in experiment [45,46], one can alternatively tune
the Higgs mode to be at or away from the resonant condition
by changing the system temperature [22]. In Fig. 1(c), we
show the AC charge current magnitude as a function of
voltage bias and temperature. The electromagnetic frequency
is fixed at  = 0 |T =0.7Tc ≈ 0.80 |T =0 , which means that
the resonance is achieved by tuning the temperature to be at
T = 0.7Tc . This leads to a prominent resonant behavior as
shown in Fig. 1(c).
Figure 1(d) also shows that |I2 | exhibits a nonmonotonic
behavior as a function of voltage bias. At a low temperature
with T = 0.01Tc , |I2 | reaches its maximum around eV = 0 .
It also has maxima at both 0.60 (≈ −0 + 2) and 1.80
(≈ 0 + ) and a kink at 2.60 (≈ 0 + 2) due to photonassisted transport processes. Due to thermal excitations, the
voltage bias at which I2 reaches its maximum increases with
increasing temperature. Once the temperature reaches the SC
critical temperature, both the static SC gap amplitude and
its oscillation vanish, and so does the AC charge current.
Similarly to Fig. 2(b), we observe a slow decay ∝2 /(eV )
of the AC charge current at large bias near resonance.
Since 2 is proportional to WA [41], the next-order correction to the time-dependent order parameter (t ) in Eq. (1)
is proportional to WA2 . Higher-order corrections to (t ) can
be ignored if WA /0  1 is satisfied. Given the smallness
of WA /(0 |T =0 ), which is 0.01 in this work, the condition
WA /0  1 can be satisfied if the temperature is not too close
to Tc .
The AC current I2 is given in units of Gt WA /e where Gt is
the tunnel conductance of the junction and the value chosen
for the coupling parameter WA is WA = 0.010 |T =0 . For example, for the superconductor NbN, 0 |T =0 ≈ 2.6 meV [31],
so that the values of I2 shown in the figures are approximately
in units of 0.026 mV Gt .
Discussion. The physical picture that emerges is as follows:
the pairing/depairing processes associated with the orderparameter oscillation (Higgs mode) will create particles and
holes each of which contribute to the AC tunnel current.
At zero voltage bias, their respective contributions cancel.
A finite voltage bias leads to particle-hole asymmetry that

results in a finite AC current that exhibits signatures of the
Higgs mode. On the one hand, this AC charge current may
be measured directly. Alternatively, the NS junction can be
experimentally manufactured as an antenna, where the electromagnetic irradiation magnitude and frequency due to the
AC charge current can be detected. Even though a tunnel
junction is studied here, we expect all of the discussed features
to be present for a highly transparent junction as well. Note
that it is well established that nonequilibrium achieved by
voltage biasing can affect the AC response of a superconductor (see, e.g., [47]). However, our work considers the inverse
situation that the AC response of a superconductor (the Higgs
mode) can affect the transport properties of a voltage-biased
junction.
The order-parameter oscillation will slowly decay in a
power-law way if the electromagnetic irradiation is switched
off, and the same applies to the AC charge current. Here, we
only treat the steady-state situation with a constant electromagnetic irradiation.
At low temperatures T  0 , the conductance of the NS
junction that we consider is exponentially suppressed. Thus,
for the results presented in Fig. 2, where the temperature is
chosen as T = 0.05TC , we do not expect Joule heating to be a
severe problem, and the predicted effects will be unchanged.
For the results presented in Figs. 1(c) and 1(d), if Joule heating
exists, the resonant behavior will occur at a lower temperature.
However, we expect all the qualitative features to remain.
In the work presented above, the wave vector of the electromagnetic field is assumed to be parallel to the transport
direction of the junction. If the wave vector has a finite orthogonal component, the supercurrent, which can be induced
by the Andreev reflection processes, will mediate a linear
coupling between the Higgs mode and the electromagnetic
field [30–33]. In this case, the time-dependent order parameter
can be written as (t ) = 0 + 1 e−it + 2 e−i2t with an
additional term of 1 compared to Eq. (1). 1 and 2 exhibit
resonances at  = 20 and  = 0 , respectively. AC charge
transport in an NS junction in the presence of a linear coupling
between the Higgs mode and the electromagnetic irradiation
will be investigated in the future. The generalization to an NS
junction with unconventional superconductors [27,37,38] may
also be interesting.
Conclusion. We have studied the AC transport properties of
a DC-voltage-biased NS tunnel junction taking into account
the Higgs mode in the superconductor. The pronounced resonant behavior, the characteristic nonmonotonic behavior of
the AC charge current with increasing bias, and its slow decay
inversely proportional to the bias can serve as signatures of
the presence of the Higgs mode.
Our results could be applied to design more complex superconducting devices featuring the Higgs dynamics in coupled
junctions of superconducting islands. Furthermore, it will be
interesting to combine Josephson effects with the Higgs mode.
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