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Phase signatures in the third-harmonic response of Higgs and coexisting modes in superconductors
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Third-harmonic generation (THG) experiments on superconductors can be used to investigate collective
excitations like the amplitude mode of the order parameter known as Higgs mode. These modes are visible
due to resonances in the THG signal if the driving frequency matches the energy of the mode. In real materials,
multiple modes can exist giving rise to additional THG contributions, such that it is difficult to unambiguously
interpret the results. In this paper, we additionally analyze the phase of the THG signal for the first time, which
contains microscopic details beyond classical resonances as well as signatures of couplings between modes that
are difficult to observe in the amplitude alone. We investigate how the Higgs mode, impurities, or Coulomb
interaction affects the phase response and consider exemplary two systems with additional modes. We argue that
extracting this phase information could be valuable in future experiments.
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I. INTRODUCTION

Recent progress in ultrafast THz laser technology lead
to an increasing interest in studying collective excitations
of superconducting systems. Especially the investigation of
the amplitude (Higgs) mode of superconductors lead to a
new emerging field termed Higgs spectroscopy, where the
Higgs mode is used as a probe for intrinsic properties of
the system [1-4]. Intrinsically, a superconductor possesses
two collective modes due to the spontaneous U(1) symmetry
breaking: An amplitude oscillation of the order parameters,
known as the Higgs mode and a phase oscillation, known as
the Goldstone mode [5,6]. The Goldstone mode is a massless
mode in the long-wave limit for uncharged systems. However,
the Anderson-Higgs mechanism in a charged superconductor
shifts its energy to the plasma energy. The Higgs mode is
a massive mode with an energy at the quasiparticle energy
2A and thus is a low-energy excitation in the range of THz
frequency.

Experiments to excite the Higgs mode are usually per-
formed in either of two ways. One option is to quench the
system with an ultrafast, single-cycle THz pump pulse to
abruptly change the system’s parameter and bring it out of
equilibrium. The order parameter starts to automatically os-
cillate around its new equilibrium state with the Higgs mode
frequency. This general quench dynamics was theoretically
studied for the first time in Refs. [7—12] and later modeled
with realistic light pulses in Refs. [13,14]. Experimentally, it
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was measured in a pump-probe geometry, where the probe
pulse scans the dynamics of the system with a variable time-
delay after the pump pulse [1].

The second option is to drive the system periodically with a
multicycle THz pulse at frequency 2. This enforces the order
parameter to oscillate with twice the driving frequency 22 due
to the quadratic excitation process [15—17]. Furthermore, this
leads to a third-harmonic generation (THG) process, which
can be measured in the transmitted electric field. Tuning the
driving frequency into resonance with the Higgs mode energy,
i.e., 2@ = 2A, a resonance peak is visible in the signal. This
can be achieved either by varying the driving frequency or, as
it is currently done experimentally, by changing the value of
the order parameter A(7") by sweeping the temperature 7. The
resonance can be used as a signature for the collective Higgs
mode as it was demonstrated for the s-wave superconductor
NDN [1,18].

In many materials, more complicated effects may arise re-
sulting from coexisting modes additionally contributing to the
THG signal. Examples include quasiparticle excitations [16],
Leggett modes in multiband systems [19-21], Josephson-
Plasma modes in layered systems [22], Bardasis-Schrieffer
modes in systems with subleading pairing channels [23],
coexisting CDW fluctuations [24], or generally phonon and
magnon excitations. Theoretical investigations of such sys-
tem with multiple collective modes have become even more
important since THG experiments on several cuprates have
recently been performed [3]. There, an interesting phase sig-
nature indicating an interplay between two modes has been
detected but was not fully understood theoretically. It is there-
fore important to understand the signatures of Higgs modes in
spectroscopic experiments which can reveal the existence and
interplay with other modes.

In our work, we therefore take into account the existence
of another mode and we investigate the THG signal for such
systems. Hereby, we concentrate on the phase of the 392
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oscillations, which was not discussed theoretically so far. In
comparison with a classical driven oscillator, we show that a
driven BCS model contains additional microscopic details in
the phase of the signal. Furthermore, we develop a general
concept of antiresonance in a microscopic theory, which is
an intrinsic signature for coexisting or coupled modes. We
demonstrate this concept on two example systems, namely,
a coupling of the Higgs mode to a charge density wave and
secondly a Higgs mode with a coexisting Bardasis-Schrieffer
mode. With this paper, we propose that analyzing the phase
of the THG signal in addition to the amplitude yields addi-
tional information valuable for understanding the interplay of
superconductivity and other modes. Hereby, the nature and the
symmetry of the coexisting modes is not important for the
interplay mechanism such that our theory generally applies
and can easily be extended to other systems like d-wave
superconductors.

The paper is organized as follows. In Sec. II, we generally
discuss the phase response of a single driven oscillator. We
start from a classical model, proceed to a phenomenologi-
cal Ginzburg-Landau theory for superconductivity and finally
show a microscopic calculation in an effective action for-
malism. In Sec. III, we extend the single mode analysis to
a second mode. We start again with a classical model and
then discuss the general features of a microscopic theory.
In Sec. IV, we explicitly calculate the THG response of a
superconducting system with coexisting CDW. In Sec. V, we
explicitly calculate the THG response of a superconducting
system with Bardasis-Schrieffer modes. Finally, we summa-
rize and conclude in Sec. VI

II. PHASE SIGNATURE OF A SINGLE MODE

Before studying the full microscopic quantum mechanical
model for superconductors and its collective modes, let us
first consider a simple, well-known classical system. This will
allow us to define and observe the crucial features which are
important for the later discussion and we can compare the
similarities and differences between these systems. Hereby,
we investigate classical driven oscillators which represent the
collective modes of the system.

A. Harmonic oscillator

It is well known that a driven harmonic oscillator has a
characteristic amplitude and phase response which depends
on the driving frequency. With the eigenfrequency wy, damp-
ing factor y, driving amplitude Fp, and driving frequency €2,
the equation of motion for the displacement x(¢) reads

¥(t) + wix(t) + yi(t) = Fycos(Q2). (D

The steady-state solution can be written as x(f) = A cos(2t —
¢), where the frequency-dependent amplitude A and phase ¢
are given by

R

A(R) = , (22)
J(@2—2) + 2
Q
¢)(Q) = tan_l (h) (2b)
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FIG. 1. (a) Amplitude and (b) phase of a driven harmonic oscil-
lator for different damping y according to Eq. (2) with F; = 1 and
wy = 1.

One observes that the amplitude has a resonance peak at
Q = wy which is accompanied by an abrupt phase change
from O to . Thus the oscillation is in-phase with the driving
frequency below the resonance and lags behind with opposite
phase above the resonance.

The amplitude and phase is plotted in Fig. 1 for different
damping values y. While for small damping a pronounced
resonance peak is visible in the amplitude, for large damp-
ing, the resonance peak is heavily suppressed and broadened.
In contrast, the phase still shows a phase change from 0
to m, even though it is broadened as well. This means that
both amplitude and phase have a signature of the resonance,
yet the phase change signature is more robust against the
influence of damping. Hence, in a strongly damped system
with suppressed resonance peak, the eigenmode would still
be identifiable via the phase signature.

B. Ginzburg-Landau model

Let us investigate now whether we can observe such a be-
havior for THz-driven collective modes in superconductors as
well. Hereby, the oscillator corresponds to a collective mode
which is driven by a THz light field. In the experiment, the
driven collective mode is not measured directly. Instead the
induced current proportional to the transmitted electric field is
recorded.

As a first step, we recapitulate the phenomenological
Ginzburg-Landau model, where we will consider amplitude
and phase fluctuations [6,15]. The time-dependent Lagrangian
of a superconductor coupled to a gauge field is given by

L= DY) D"y) = V() — tFunF", 3)

where ¥ is the superconducting order parameter, D, = 9, +
ieA, the covariant derivative with the four-vectors 9" =
(0, —V) and A, = (P, —A) and electromagnetic field ten-
sor F,, = 0,A, — 0,A, in units where ¢ = 1. In principle,
the Lagrangian could also contain additional linear deriva-
tive terms. Yet, we assume perfect particle-hole symmetry,
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such that the time dynamics of a superconductor is described
only by a second-order derivative term [5,6]. The potential
V) =aly]? + ghﬁ |* is the free energy of a superconductor
with 8 > 0 and o = ag(T — T;) such that for T < T, the
potential takes the form of a Mexican hat with the ground state
Yo = «/—a/B. We introduce amplitude (Higgs) fluctuations
H (r, t) and phase (Goldstone) fluctuations 6 (r, t) via

Y(r, 1) = (Yo + H(r,1)e""", “

and choose a gauge A, — A, + 19,0 and  — Ye~. Then,
the Lagrangian up to second order in the fluctuations reads

L= (3,H)(0"H)+2aH* — 1F,,F"
+ EYlA A" + 22 Y0AAMH. ®)

Hereby, the phase fluctuations are removed from the La-
grangian by the chosen gauge and are implicitly included in
the longitudinal component of the transformed gauge field A,
which obtains an additional mass term oA,A". This effect
is known as the Anderson-Higgs mechanism [25]. In a region
close to the transition temperature, where the influence of nor-
mal carriers can be relevant, a low energy density fluctuation
can remain, which is known as the Carlson-Goldman mode
[26-28]. Such a scenario requires a two-fluid model descrip-
tion and might be interesting to study in future. Calculating the
equations of motion for the Higgs mode H, neglecting spatial
fluctuations for ¢ — 0 and choosing a gauge with & =0,
yields

2H(t) — 2aH (1) = —*YoA(t)*. (6)

The dynamics of the Higgs oscillations is governed by a
harmonic oscillator with frequency wy = +/—2«. The driving
term is quadratic in the vector potential A(z). With a peri-
odic light field A(r) = Agcos(f2t), the system is effectively
driven by 22 such that the resonance in the system occurs at
2Q = wy. Thus, on a phenomenological level, the collective
Higgs oscillations of a superconductor and its amplitude and
phase signature is exactly described by the classical model
discussed before. The measured transmitted field is described
by the induced current given by [15]

oL
J(t) = = = 22 YGAMN) — 4P ADHD. (D)
A nonlinear third-harmonic component in the current is
induced as A(t) H(t) o cos(3Q2t — ¢) + ... The resonance
behavior of the amplitude and phase in the current j(¢) is
directly given by the Higgs response H ().

C. Microscopic BCS model

While in the phenomenological model the coupling of light
to the system contains no further details, in a microscopic
model additional effects with frequency-dependent suscep-
tibilities occur. Furthermore, there are quasiparticles in the
microscopic model which render the Higgs mode less stable
due to the additional decay channel.

To address these effects, we proceed to the full microscopic
theory using the usual effective action approach described for
example in Refs. [16,29]. We will derive known expressions
but reanalyze these concentrating on the phase structure. The

BCS Hamiltonian reads

s
Hpes(t) = Y excy ,Cho — ZVk,k’C]:Tcik,ic—k’.ick’,ﬁ
k,o k.k'

1 .
+3 DN reaAiA (e o Cho- 8)

ko i

Hereby, €, = & — ep is the electron dispersion & measured
relative to the Fermi level er and cz_a or ck, the electron
creation or annihilation operators. The separable BCS pairing
interaction is given by V p =V fi fir with pairing strength
V and symmetry f;. A coupling to light represented by the
vector potential A(¢) is realized by minimal coupling €, —
€k—A@)- An expansion in powers of A(t) yields the low-
est nonvanishing diamagnetic coupling term shown above,
while the linear paramagnetic coupling xd;A;(¢) vanishes due
to parity symmetry. In the expression, we have introduced
the short-hand notation 87, = 9; i, Here, we initially neglect
long-ranged Coulomb interaction and the coupling to phase
fluctuations which is important in real materials. We will show
later in Sec. IID that including Coulomb interaction does
not affect the phase signature. The action of the system in
imaginary time 7 is given by

B
S:/ dr(E cz’a(r)afck,,,(f)—i—H(r)). )
0

k,o

We perform a Hubbard-Stratonovich transformation introduc-
ing the bosonic field A, with amplitude fluctuations A(t) =
A 4 §A(t). After integration of fermions, we split the action
in a mean-field and fluctuating part, which we expand up to
fourth order in A. For more details about the calculation see
Appendix A. The effective action with Matsubara frequencies
iw,, in fourth order of the vector potential reads

11
S® = 28 > S A(—iw)H ™ (i) Al )

— 28 (i) ) X3 A(i0m)
ij
+ YA} (—iwn) X (iom)A (i), (10)

ijkl

Hereby, H ! (iw,,) is the inverse Higgs propagator defined as
the renormalized pairing interaction V

2
H ™ (iwy) = v xana(ion). 11

The susceptibilities are given by

Xaalion) =Y fiXn(k, ion), (12a)
k
i 1 .
X o lion) =D fi S e Xis(k, iop),  (12b)
k
i 1 .
Ko o) = 3 2076 i Xoa (K i) (120)
k
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FIG. 2. Diagrammatic representation of the effective action in
[(a) and (b)] the clean limit according to Eq. (16) and in [(c) and
(d)] the dirty limit according to Eq. (24). (a) Diamagnetic Higgs
excitation. (b) Diamagnetic quasiparticle excitation. (c) Paramag-
netic Higgs excitation. (d) Paramagnetic quasiparticle excitation. The
wiggly lines represent the vector potential A, the solid lines the BCS
Green’s function Gy, and the double dashed line the Higgs propagator
H. The filled square vertex corresponds to f,7;, the filled circle
vertex to 31-21-61( 73 and the empty circle vertex to 9;€; 7.

with

1
Xopk, i) = 3 > " tr[Gok, i) o Gok, iay, + i,)Tp]

(13)

and the BCS Green’s function Gal = lw, Ty — €T3 + ATy
where 7; are Pauli matrices. The indices A and A? in the
susceptibilities represent the vertices, i.e., the coupling to the
Higgs propagator via f; 7 or the coupling to light via 8l.2jekt3,
respectively. Integrating out the amplitude fluctuations and
after analytic continuation iw,, — @ + i0", one obtains

1 .
5(4) = z/da)z (XZAz(_w)XZ[AZ(a))H(w)

ijkl
+ X (@) AL (—w)A (o). (14)

There are two contributions in the action, one containing the
Higgs oscillations and one the quasiparticle response [16].
These contributions are shown diagrammatically in Figs. 2(a)
and 2(b).

For simplicity, we will only consider linear-polarized light
in x direction, such that we can neglect the polarization indices
in the following. With this, the third-harmonic response is
given by

§S®

i(3) —

73R =— o xu(292) + x0(2€2)  (15)
SA(—0) |3 ©

with the Higgs (H) and quasiparticle (Q) contribution

(16a)
(16b)

xu (@) = xan(—0)xas2(w)H (0),
Xo(@) = xarp2(w).

Comparing the response j® with the phenomenological
Ginzburg-Landau model in Eq. (7), we can observe several

differences which modify the response. First, the Higgs prop-
agator H(w) is a more complex object compared to the
steady-state solution in Eq. (2) and does not have a simple
resonance pole as we will see. Second, light does not di-
rectly couple to the Higgs mode but through the susceptibility
Xaa2(w). Third, there is an additional quasiparticle response
given by x4242(w).

In the following, let us disentangle these effects. Evaluat-
ing the Matsubara sum and rewriting the momentum sum as
integral assuming s-wave symmetry, the Higgs propagator can
be analytically evaluated at T = 0. Concentrating on the pole
structure, one obtains the well-known result [7,10-12,24]

1

It does not have a simple pole but a square root term in the
denominator. This is in contrast to the solution of the classical
oscillator Eq. (2), where a simple pole 1/ (a)g — Q?) occurs
for y = 0. It is interesting to note that this behavior results
from the different decay property of the intrinsic Higgs mode
compared to the eigenmode of a classical oscillator. While the
eigenmode of a classical oscillator is undamped without ad-
ditional damping y, the Higgs mode has a characterize 1/+/t
decay in the time domain even without damping [7,10-12]. It
can be understood as a decay into quasiparticles as the Higgs
mode energy overlaps with the quasiparticle continuum at 2A.
In addition to the obvious consequence of stronger damping,
it also affects the phase response. The square root reduces the
7 phase change at the resonance frequency to 7 /2. Thus the
driven amplitude oscillation only lags behind a quarter cycle
at high frequencies instead of being completely antiphase as
found in the phenomenological model.

The phase response of the Higgs mode is additionally
affected by the susceptibilities Xi 4 in Eq. (16). However,
this is an additive phase contribution that is continuous and
slowly varying around the resonance at 2A. The observation
of a phase jump is therefore directly related to the analytic
structure of the Higgs propagator in Eq. (17).

Finally, let us examine the quasiparticle response which is
actually known to be much larger than the Higgs response
[16]. Evaluating the Matsubara sum of the respective suscep-
tibility and solving the momentum sum (see Appendix A) one
obtains for the pole structure

1
Xazaz () X Tin o +... (18)

The quasiparticle response has the same square root pole
structure as the Higgs mode, leading to the same 7 /2 phase
change at the resonance frequency.

In Figs. 3(a) and 3(b), the amplitude and phase of the
diamagnetic Higgs and quasiparticle response is shown using
€x = —2t(cosky +cosky) — pu,t = 10 meV, u = —10 meV,
A = 1 meV, and a residual broadening w — w + i0.05 meV.
Hereby, the momentum sums are evaluated numerically on
a 2d grid with 2000 x 2000 points without approximation
assuming linear polarized light in x direction. Confirming the
analytic study, we can see that phase shows a m /2 phase
change at the resonance frequency 22 = 2A. Above the
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Uncharged Coulomb Impurities
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FIG. 3. Intensity (top row) and (normalized to zero) phase (bot-
tom row) of THG response for Higgs (H), quasiparticles (Q) and
total (T). [(a) and (b)] Uncharged BCS model without Coulomb
interaction in Eq. (16). The Higgs contribution is scaled by 2 x 10*
to be visible. [(c) and (d)] BCS model including Coulomb interaction
in Eq. (22). The Higgs contribution is scaled by 5 x 10* to be visi-
ble. [(e) and (f)] BCS model with impurities using Mattis-Bardeen
approach in Eq. (24).

resonance, a drift is observable to higher values for the quasi-
particles and lower values for the Higgs mode. As it has been
emphasized in literature [16], the Higgs mode is much smaller
in the clean-limit BCS theory.

D. Influence of Coulomb interaction

As a next step, we discuss the influence of Coulomb inter-
action given by an additional term in the Hamiltonian

1
- f i
Ho= 2 30 ) V@CigoChaty ko (19)
kK .qo.0

where V (q) is the Coulomb potential. We follow Ref. [16] and
decouple the Coulomb interaction by means of an additional
Hubbard-Stratonovich transformation introducing the density
field p(q, T) = po + 8p(q, T) and allow amplitude and phase
fluctuations in the superconducting order parameter A(t) =
(A + H(1))e' ™. With this, one obtains for the fourth-order
action

SW©A,6,8p) = %% > [d»T(—iwm)M(iwmwwm)

iwy

+ ¢ (—iwn)b(iwy) + b (—iwn)p(iwy,)

- ZA?,»(—iwwA?,»(iwm)x,i’;’;é(iw@}
ijkl
(20)

with
¢ (iwn) = GAGwy), O(iwy), plion)), (21a)
H™! inmXAp Xnp
M=y, %y, —2x, | @b
XpA iwapp _#q)"i_xﬂp
> AL iwm) X L2 (o)
blion) = | —ion 3, AFiwm)x s i) (21c)
ZijAl.zj(iwm)X;QZ(iwm)

The susceptibilities are given in Appendix B. Integrating the
fluctuations and using 1/V (q) — 0 for ¢ — 0, one obtains for
the third-order current j& = xz + xo

X
X0 = X — —F, (22a)
PP
2 — 2 2
Y = (XA-A XA pXAp/pr) ) (22b)

H! - Xip/Xpﬂ

The Coulomb interaction renormalizes the Higgs and
quasiparticle response. Yet, due to obtained structure, the
phase signature is not changed. The expressions in the nu-
merator containing the terms x42, and xa, do not contain
poles and only add continuous phase contributions around 2A.
This can be seen in Figs. 3(c) and 3(d), where the respective
expressions are numerically evaluated with the same param-
eters of the previous section. Except global scaling factors
and small deviations resulting from the 1/ x,, contribution the
result is basically unchanged with a phase change of 7 /2 at
the resonance.

E. Influence of impurities

Recently it was pointed out by several papers [20,21,30—
33] that nonmagnetic impurities allow an additional param-
agnetic coupling of light to the condensate. This is shown
diagrammatically in Figs. 2(c) and 2(d) where the light-
coupling vertices are in the ty channel. While these diagrams
vanish in the clean limit, they have been shown to dominate
the optical nonlinear response even for small disorder. To
model impurities, different approaches have been used, e.g.,
quasiclassical Filenberger equations equivalent to impurity
ladder summations [31], the self-consistent Born approx-
imation [32], or averaging disorder configurations in real
space [33]. Here, we adopt the Mattis-Bardeen approxima-
tion first applied to the nonlinear response in Ref. [20] and
subsequently formulated in the effective action framework in
Ref. [21]. This approach allows to model impurities with an
effective vertex approximation and shows qualitatively similar
results to Refs. [31-33].

Following Ref. [21], we implement a 3D continuum model,
where we can express the THG current within the Mattis-
Bardeen approximation as

FP6R) = xu(2Q) + x0(2R) (23)
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with the Higgs (H) and quasiparticle (Q) susceptibilities
xH (282) = 2xaaa (282, —£2)

X xaan (=282, —Q)H (2€2), (24a)
X0(282) = xaaaa(£2,2€2, —€2). (24b)
The triangle and square bubbles are defined as
Xaan (@, @p)
1
O kK
X Go(w, + @y + @y, K)Go(w,, k)1l (25a)

Xaaaa(@p, 0y, a)p)

= é DD Wi PV

©n kk'k"
X tI'[G()(a)n, k)GO(wn + om, k,)GO(wn + om + wi, k)
XGO(wn + o + @ + wp, k”)], (25b)

and are shown in Figs. 2(c) and 2(d). The transition matrix
element Jiw = (k|°2|k’) is approximated by a Lorentzian dis-
tribution

(evp)? 1 %
3N(0) 7 (e — ) + p2

with impurity scattering rate y, Fermi velocity vr, and density
of states at Fermi surface N(0). We choose the parameters
A =2 meV, mass m = 0.78m, of the parabolic band disper-
sion, €p = 1 eV, and impurity scattering rate y /A = 10. As
y > 2A, the considered case corresponds to a superconductor
in the dirty limit [20]. We evaluate Matsubara sums ana-
lytically and numerically compute the momentum integrals.
For further details about the calculation see Ref. [21]. While
the Mattis-Bardeen approximation may not yield qualitatively
accurate results in the nonlinear response, it serves well to
discuss qualitative differences of the phase response compared
to the clean limit.

The resulting amplitude and phase of the dirty supercon-
ductor are shown in Figs. 3(e) and 3(f). We find a pronounced
resonance peak at 22 = 2A. Here, the Higgs contribution is
no longer subdominant but instead gives the main contribution
to the THG signal. The resonance peak is accompanied by a
positive phase jump of roughly 7 across the resonance. The
detailed structure of this phase response as well as the value
of the phase jump show some weak dependence on material
parameters.

The more complex phase structure in the dirty limit
can be understand as follows. While the clean phase re-
sponse is dominated by the m /2 phase jump of the Higgs
propagator, the phase contribution of the susceptibilities in
the dirty case add a steep positive drift above 2A, such
that the overall phase change is increase to roughly .
The susceptibility is represented by the fermionic triangles
Xaan (22, =) xaaa (—2€2, —2) and shown in Fig. 2(c). Thus
the phase response in the dirty limit is not only given by the
Higgs propagator but has an additional contribution from the
electron-mediated microscopic coupling of light to the Higgs
mode.

2
Vi |~ ~

(26)

III. PHASE RESPONSE OF TWO MODES

Now, we will consider systems which contain two modes
and study the interaction between these. Again, we start by an
analysis of the classic analogon of two coupled oscillators to
understand the fundamental properties before proceeding to a
microscopic model.

A. Coupled oscillators

If there are two modes in a system, interference effects
occur in the driven system which can lead to the so-called
antiresonance phenomenon. The usual way to understand this
effect is based on the assumption that there are two modes in
the system which are coupled and only one of these modes is
externally driven. For a particular driving frequency, the ex-
ternal force on the driven mode cancels exactly with the force
induced by the other coupled mode such that the amplitude of
the oscillation of this mode vanishes — thus the name antires-
onance. Furthermore, the antiresonance is accompanied by a
negative phase jump of m, therefore it goes in the opposite
direction compared to a resonance.

The same phase signature can also be obtained when both
oscillators are driven and the observed signal is comprised of
the sum of both oscillation amplitudes. Here, this effect is
a trivial consequence of a destructive interference and does
not necessarily rely on a coupling between the modes. An
additional coupling between the modes allows for a tuning
of the antiresonance frequency. We refer to this scenario as
antiresonance behavior as well.

To make this effect more clear, let us first investigate again
the classic model where we consider now two coupled and
driven oscillators described by the following equations of
motion:

X () + wlxi (t) + y1x) (t) + gua(t) = Fi cos(2),
Xy () + 03x2(t) + yaxh(t) + g1 (t) = Frcos(Q).  (27)

There are two oscillators x; (¢) and x,(¢) with individual eigen-
frequencies w;, dampings y; and driving amplitudes F; but
same driving frequencies 2. The coupling between the modes
is controlled by the constant g. Using the complex variable
method ansatz

xi(t) = A; cos(Qt — ¢;) = Re (1), (28)

where %,(1) = A ()’ with A;(Q) = A;(Q)e D we
write the equations in matrix form

P! g A, _(hk
(b 2)@)-F) @

where we define the “propagator” of the oscillators as Pi_1 =
Q2 4 a)iz + iQ2y;. Inversion of the matrix leads to the solu-

tion
A Py —gPiP\ (F
) = - ~ 30
<A2) (_gP1P2 P ><F2> (30

with the renormalized propagator P, = (P,"' — g?P;)~! where
i # j. We also consider the total response xr = xj + xz,
where

x7(t) = Ar cos(Q2t — ¢r) = Rech(t) 3D
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FIG. 4. [(a) and (b)] Amplitude and [(c) and (d)] phase of two
(coupled) modes as defined in Eq. (28) and Eq. (31). For the left
column (a) and (c), the two oscillators are coupled with g =1 but
only the first oscillator is driven with F; = 1 and F, = 0. For the
right column (b) and (d), the two oscillators are uncoupled with g = 0
but both oscillators are driven with F; = F, = 1. The frequencies are
w; = 1, w, = 2 and the dampings y; = y, = 0.01.

with &7(1) = Ar(Q)e’ and A7 = A7 (Q)e™? Y. One ob-
tains for the complex amplitudes

Ay = PF, — gP\ PP, (32a)
Ay = BoF, — gP BF, (32b)
Ar = BiFy + B,F> — gP P (F, + B). (320)

In Fig. 4, we show a numerical evaluation of the individual
and total amplitudes A; and phases ¢; for two distinct cases
(see Appendix C for the exact expressions). In the first col-
umn, the two oscillators are coupled, i.e., g # 0, but only the
first oscillator is driven F>, = 0. In the second column, the two
oscillators are uncoupled, i.e., g = 0, but both oscillators are
driven F; # 0.

The first scenario (left column) corresponds to the usual
definition of the antiresonance, namely a destructive inter-
ference between the driving force and the force from the
second oscillator due to the coupling. The dip between the two
resonance peaks and the negative = phase change, is clearly
visible for the first oscillator (red curve). The energy of the an-
tiresonance w, is determined by P, = 0, which leads to w, =
s, i.e., the antiresonance occurs at the energy of the other
undriven mode. The total response Ay and ¢y (blue curve)
also shows this behavior resulting from the antiresonance of
the first oscillator. Yet, the energy of the antiresonance is
shifted as a result of the second superposition scenario.

We can further see that the finite coupling shifts the
resonances frequency with respect to the uncoupled eigenfre-
quencies ;. The resonance frequency for the lower modes

is decreases, while the resonance frequency of the higher
mode is increased. The energies are given by the poles of the
renormalized propagators

1
o = 7 w%+w§:|:\/(w%—w%)2+4g2. (33)

For the shown parameters, this results in a resonance peak
below w; = 1 and a resonance peak above w, = 2.

The total response (blue curve) of the second scenario
(right column) shows a very similar behavior, namely a dip
in between the two resonance peaks and a negative 7 phase
change. However, in this case the negative phase jump does
not result from an individual oscillator, both individual oscil-
lators (red and green curve) do not show this behavior. It rather
results from the superposition of the two oscillations where
the sum of both cancel out in an intermediate position between
the resonances. This energy is determined by P, + P, =0
leading to wy = %\/wf + 3. As the sum of both undergoes

a sign change from negative to positive a negative 7 phase
change occurs naturally. The resonance frequencies in this
scenario are not changed and still occur at w;.

To summarize, the antiresonance behavior of the total re-
sponse of two oscillators can have different origins. It can be
either controlled by the coupling between the oscillators or the
interference if both modes are driven.

B. Microscopic theory

Let us now investigate whether this behavior is observable
in a microscopic model as well. For now, we will make some
general arguments assuming that there are two modes 1 and
2 in the system, for example the Higgs mode and a second
collective mode. In Secs. IV and V, we will consider specific
examples.

Taking into account the general form of the effective action
and the analysis of the classical oscillator system, we are
anticipating the results of the next sections and postulate the
general structure of the response. The fourth order effective
action for two modes reads

§@ — %% Z b (—iwm )M ™ (iwp)b(ioy)

LW

11
=33 Y KD (iwn)A* (—iwn)A (i), (34)
where
1 Py x1.2P1 P
M= <X2,1P1152 P, )’ (352)
b= (X14)A2, (35b)
X2,42

Hereby, P; stands for the propagator of mode i, y;; for
different coupling susceptibilities and A the vector poten-
tial, where the polarization indices are not included. The
tilde denotes a renormalization due to the other mode. This
can be understood as an RPA series renormalization of the
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(b)

FIG. 5. Diagrammatic representation of effective action for a
system with Higgs and another mode assuming diamagnetic cou-
pling to light. [(a) and (b)] Excitation of renormalized mode 1 or 2.
(c) Mixed contribution term, where light couples to both modes and
the modes to each other. (d) Renormalization of both modes as RPA
series due to interaction with each other. The wiggly lines represent
the vector potential A, the solid lines the BCS Green’s function
G, the double dashed line the Higgs propagator H and the double
zigzag line the propagator of another mode. Red lines represent the
renormalized propagators. The filled square vertex corresponds to
fxT1, the filled circle vertex to Biz.ek 73 and the filled triangle vertex

J
represent the interaction with the other mode.

propagators shown in Fig. 5(d) and expressed as

P =P + x{,PPP, (36a)
P, =P, + x{,PP,D, (36b)

which leads to
P = 71; (37a)

P = X12,2P 2
P = —PZ_I —]X12,2P1. (37b)
The fourth-order kernel K™ explicitly reads
KY =xi+x2+x2 (38)
with

X1 = X12,A2 py, (39a)
X2 = x3p Po, (39b)

X12 = PiPy(xa21 X12 Xom2 + Xaz2 X210 X1.42)- (39¢)

These terms are diagrammatically shown in Figs. 5(a)-5(c)
and can be understood in the following way. First of all,
both modes may couple individually to light represented by

(a) Higgs and CDW
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//
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%
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FIG. 6. Collective modes in the picture of the free energy.
(a) Higgs and CDW mode. The Higgs mode is the amplitude fluc-
tuation of the superconducting order parameter and the CDW mode
the amplitude fluctuation of the CDW order parameter corresponding
to the renormalized CDW phonon. (b) Higgs and Bardasis-Schrieffer
mode. The Bardasis-Schrieffer mode is the amplitude oscillation of
the subleading pairing channel orthogonal to the amplitude (Higgs)
oscillation of the dominant pairing channel.

Egs. (39a) and (39b). If there is a coupling between the modes,
a mixed term Eq. (39¢) occurs, where light couples to both
modes and the modes to each other.

A comparison with the classic coupled oscillator model of
the previous sections in Eq. (32) reveals the exact same struc-
ture except that there, all susceptibilites are constant without
frequency dependence.

After these general remarks, let us now consider specific
examples of two microscopically coupled modes in the next
sections.

IV. HIGGS AND CHARGE DENSITY WAVE

As a first example of two coupled collective modes, we
will consider a coexisting superconducting and charge density
wave (CDW) system. The amplitude modes are schematically
shown in Fig. 6(a) in the picture of the free energy. An ex-
ample for such a scenario is NbSe,, where the coupling of
the Higgs mode to a CDW phonon was observed in Raman
response [34,35] and theoretically investigated by several au-
thors [24,36,37]. Another relevant system are cuprates, where
superconductivity and fluctuating charge order has been re-
ported in the underdoped regime [38,39]. This scenario might
be a possible explanation of the antiresonance behavior ob-
served in recent THG experiments [3].

To model the system, we follow [24] and start from the
BCS Hamiltonian in Eq. (8) where we add a phonon of
momentum @ responsible for creating the charge order and
a coupling to electrons with strength g. The Hamiltonian is
given by

H = Hgcs + Hepw (40)
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with

Hepw = ) wghibg +8 ) 8l oCho(bg + b1 ,).  (41)
q==0 k.q=+0.0

Hereby, b; or b, are the phonon creation or annihilation op-
erators and wg the energy of the CDW phonon. The electron
phonon coupling is controlled by g - g with strength g and
momentum dependence gy.

To simplify the calculation, we will make the follow-
ing assumptions. We consider a 2d square lattice with
a tight-binding dispersion and nearest-neighbor hopping ¢
at half-filling, namely € = —2¢(cosk, + cosky). As it was
shown in Ref. [24], a finite chemical potential leads to a
qualitative similar result. Choosing Q = (w, ) we have
perfect nesting and a commensurate CDW with k + 20=k
where €29 = € and €19 = —€;. We assume an s-wave
superconductor with f; = 1 and an anisotropic s-wave CDW
with gx = | cosk, — cosk,|.

We start from the action of the system, where we introduce
a CDW order parameter Dy = Dgx with D = g (bg + bT_Q>
and the superconducting order parameter A using a Hubbard-
Stratonovich transformation. Details of the calculation can be
found in Appendix D. Please note that we neglect here the
Coulomb interaction and phase fluctuations as we have shown
in Sec. I D that they do not affect the phase signature. Further-
more, in the half-filled case, as considered here, its influence
vanishes completely as the system has perfect particle-hole
symmetry [24].

After integration of the fermions and expansion of the
action at Gaussian level for amplitude fluctuations A(¢) =
A+ 8A(t) and D(t) = D + §D(t), the effective fourth order
action reads

54 = %% 367 (—iomM (i) (ion)

iwy,

+ ¢ (—iwn)bliwy) + b (—iwy)p(iwn))  (42)

with
¢" (—iwn) = BA(=iwy),  SD(—iwy)), (43a)
Mio,) H™ ' (iwn)  xap(iom) 43b)
lwy) = s
xpaliwn)  —5 P (iwn)
ij .
bliw,) = — ZA,?j(iwm)<X4,Az(lwm)), (43¢)
ij Xll)jAz(iwm)

where H is the Higgs propagator and P the renormalized
Phonon propagator. It is defined as

P~ iwy) = Py ' (iwn) — & xpp(ion) (44)

with the bare phonon propagator Py = —2w¢/ (a)é — (iwp)?)
and xpp the susceptibility describing the influence of the
CDW. The susceptibility on the off-diagonal in M leads to
a coupling between Higgs and CDW and the expression is
equivalent to the coupled oscillator system Eq. (29) in the
previous section. An integration of the amplitude fluctuations

finally leads to

§@ _ %% 3 b (—iw)M iw)blio,)  (45)

Wy,
with

-1 _ H gZXADPg
= (i 785" (46)

where we identify the renormalized Higgs and phonon propa-
gator as shown diagrammatically in Fig. 5(d)

1
 H '+ g xapxpaP’
1

p— . (47b)
P~ + & xapxpaH

T

(47a)

The expression of the action follows exactly the general
structure as shown in the previous section and the resulting
diagrams are the ones shown in Figs. 5(a)-5(c).

Let us analyze the result in more detail. First, we evaluate
the expression for the bare Higgs propagator. One finds

VAAT +4D? — @?
4A% — o2 '

For D = 0, we would retain expression Eq. (17). However,
for finite CDW gap D, the Higgs mode energy 2A no longer
coincidences with the quasiparticle excitation gap A + D and,
as already pointed out by Ref. [24], the Higgs mode becomes
stable as its energy is below the gap. This has consequences
for the pole structure, as the Higgs mode now has a simple
pole without square root such that we can expect a & phase
shift when varying the driving frequency @ from below to
above the Higgs mode energy.
The CDW phonon propagator can be evaluated and reads

H(w) x (48)

Za)Q

49)
with

Qp =400 Y &

4D} — (ion)?
Ex(4E} — (iom)?)

tanh(BEx/2). (50)

The phonon propagator has a simple pole leading to a phase
change of .

Assuming linear polarized light in x direction as in
Sec. (II C), we can write the action as

s =2 / do KD @A (~0)A’@). (D)

where the kernel is given by K™ = xy + xp + xu with the
Higgs (H), phonon (P), and mixed (M) contributions

X = XaH. (52a)
xp = —& XprpP. (52b)
xm = EHP(Xa2aXa2pXap + Xaa2XpazXpa).  (52¢)

It has the same structure as Eq. (39c¢) introduced as the general
response for coupled modes. With the insight of the previous
sections, we can expect an antiresonance behavior with a
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FIG. 7. Intensity (top) and phase (bottom) of THG signal in the
coexisting superconducting and CDW state as function of temper-
ature and frequency. The first column shows the full temperature
and frequency dependence. The second column shows the frequency
dependence for selected temperatures (vertical cuts). The third col-
umn shows the temperature dependence for selected frequencies
(horizontal cuts).

negative phase change of 7 in between the two resonances
where a phase change of positive = should occur.

To confirm, we calculate numerically the total THG
response as function of frequency and temperature. The
temperature dependence is necessary to compare with exper-
imental results where only the temperature can be varied for
fixed driving frequency. The calculation for a set of parame-
ters A =2.5meV, wgp=15meV, D =3 meV,t = 10 meV,
w — o+ i0.1 meV is evaluated on a 2d grid with 2000 x
2000 points and shown in Fig. 7. Hereby, the CDW phonon
energy is above the Higgs mode energy. The top row shows the
THG intensity, and the bottom row the THG phase. The first
column is a 2d plot of the THG signal as function of frequency
and temperature. Thus vertical cuts in this plot, shown in the
second column, correspond to varying the frequency for fixed
temperature and horizontal cuts, shown in the third column,
correspond to varying the temperature for fixed frequency.

The result fulfills our expectation of the previous general
analysis. Looking at the 2d plot in the first column, we can
see the Higgs mode as a sharp resonance peak which follows
the temperature dependence of the gap. However, due to the
coupling to the CDW, the energy of the Higgs mode is renor-
malized and shifted to lower frequencies. This resonance peak
is accompanied by a positive phase jump of 7 as the Higgs
mode is a stable mode below the total gap as discussed before.
At a slightly higher energy, we observe an antiresonance be-
havior with a dip in the amplitude and a negative phase jump
of . At higher energy, we observe a second resonance peak at
the renormalized CDW phonon frequency with an associated
positive phase jump of 7. This resonance peak follows the
temperature dependence of the CDW gap. Please note, due
to the residual broadening, the positive phase change at the
Higgs mode and the negative change at the antiresonance is
slightly lower than .

The temperature dependence of both modes are similar
and follow roughly a quarter circle as can be seen in the left
column in Fig. 7. Thus vertical cuts along the frequency and
horizontal cuts along the temperature reveal, in principle, the
same information. Resonance peaks and phase changes are
visible in both signals. Yet, obtaining single cuts at unfavor-
able positions, e.g., in between the modes, or limited variation
range of parameters might miss several features. Experiments
with a large variation of temperature and frequency are there-
fore necessary to reveal the full information.

V. HIGGS AND BARDASIS-SCHRIEFFER MODE

As a second example, we consider a superconducting sys-
tem where the ground state is dominated by one symmetry,
yet fluctuations in a subleading pairing channel are allowed.
These fluctuations are known as Bardasis-Schriefer modes
[40,41] and might exist for example in iron-based supercon-
ductors [42-44], where multiple pairing instabilities occur on
different bands. While most studies investigated the signature
of a Bardasis-Schrieffer mode in Raman spectra, recent work
has shown that such modes can also be excited with THz light
[23]. This mode is schematically shown in Fig. 6(b) and will
be discussed in the following.

Here, we will consider an s-wave ground state and allow
fluctuations in the d-wave channel. We use the BCS Hamilto-
nian in Eq. (8) with a sum of separable pairing interactions

Viw = Vifofo +Vafd £ (53)

with the (anisotropic) s-wave symmetry f; = (cosk, +
cosk,)/2 and d-wave symmetry f,f = (cosk, — cosky)/2.
Choosing € = —2t(cos ky + cosky) — u witht = 6 meV, we
solve the gap equations

i Dk
A;= wakz—Ek (54)
k

with Ay =), Aifli for i = s, d for varying Fermi level u
and symmetry ratio V;/V;. This phase diagram is shown in
Appendix in Fig. 10. In the following, we choose parameters
w=—12meV, V; =V, and A =2 meV, where the ground
state is s-wave but still close to the d-wave transition. The
residual broadening is w — w + i0.05 meV. Please note, for
the chosen parameters, i.e., the anisotropic s-wave and the
energy dispersion, the maximum of the gap at the Fermi level
is Amax & 1 meV, such that the Higgs mode energy is at
wy ~ 2Anax and not at wy = 2A.

If the system is excited, we allow fluctuations in both
symmetry channels

As(t) = Ay + (SAS(I)$
Ay(t) = i6A4(1).

(55a)
(55b)

Hereby, 8 A4(¢) corresponds to the usual Higgs mode of the
dominant symmetry channel, while §A;(¢) are amplitude
fluctuations of the subleading channel orthogonal, i.e., in
the imaginary axis direction. This is the Bardasis-Schrieffer
mode. As shown in [41], subleading fluctuations in the parallel
or real channel do not lead to a finite energy mode.

After integrating out the fermions (see Appendix E), we
obtain the same structure of the effective action as Eq. (42)
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with
¢ (—iwy) = ($A(—iwy), 8Ai(—iwy)),  (56a)
Hﬁl(iwm) _XAB(i(Um)
M(iw,,) = , 56b
(ieom) (—XBA(iwm> B-l(iwm)> (6b)
—x (i)
b(i m) — Az ] m XAA 5 56
(iom) Zj 2 (i )( x;ﬁ,2<iwm>) (56¢)

where H (iw,,) is the usual Higgs propagator and B(iw,,) the
Bardasis-Schrieffer propagator defined as

2
B (iwy) = wt X85 (iwn). (57)

The susceptibilities are defined as

xow(ion) = Y (£) X (k. icon,), (58a)
k
Xaslion) = Y A Xk, ioy), (58b)
k
g 1
Ko liom) = 3 S Kl 0faXas ks i) (58¢)
k

with X,p defined in Eq. (13). In analogy to the previous
sections, the fluctuations are integrated out which leads to

11
) i '
S — EE 2 <b (—la)m)M (lwm)b(lwm)
Y A oo | 9

ijkl
with

-1 _ H XABI—?B
M _<XBAH’B B ) (©0)

and the renormalized propagators

~ 1

A= 61a)
H=' — xapxpaB

o 1

B=————— (61b)

B~ — xapxpaH’

For monochromatic, linear polarized light with polariza-
tion angle 6, the THG current parallel to the light polarization
is given by (see Appendix E)

Ji¥ o (cos* 6 + sin® 0)K,,(2€2)

+ 25sin? 0 cos” OK,,(292) (62)

with the kernel Ki(;” = xu + X8 + xm + xo and the suscepti-
bilities for the Higgs (H), Bardasis-Schrieffer (B), mixed (M),

and quasiparticle (Q) contribution

X = Xip(—0) 2 (@)H (), (63a)
X8 = X (—0)x g (@)B(w), (63b)
xu = —H(@)B(@)[ X} A (@) xa5(@) X} (@)
+Xpp(@)xpa (@)X (@), (63c)
X0 = Xyih (). (63d)

The response has again the same structure of coupled modes
as discussed before.

To get a first insight into the Bardasis-Schrieffer mode,
we evaluate the expression for the propagator analytically
for T =0 and assuming a constant density of states at the
Fermi level. One obtains for continuum implementation (see
Appendix E)

AT — o
(# — F)VAAT —? = 20hsin™" (%)

Using these simplification, one can see that for V; — V; the
pole of the propagator shifts to zero, while for V; — 0 the pole
approaches 2A. Furthermore, due to the +/4A2 — @? term
in the numerator, the expression is always zero at w = 2A,
which leads to a negative phase change of m /2. Thus we
expect a positive phase change of 7 at the Bardasis-Schrieffer
mode energy below 2A and a negative phase change of w /2
at 2A.

As the coupling term xap contains the product of the two
symmetry functions f;} fkd , which are orthogonal, the term
vanishes and the Higgs and Bardasis-Schrieffer modes are
not coupled but contribute individually to the response. How-
ever, for strong pulses beyond the Gaussian level, as used
in pump-probe experiments, a finite coupling between Higgs
and Bardasis-Schrieffer mode can exist [23]. In addition, due
to the symmetry function fkd in leéixz’ the coupling strength
of light to the Bardasis-Schrieffer mode will depend on the
polarization. For our band structure, § = /4 will correspond
to the Aj, symmetry, such that we expend a vanishing of
the d-wave (By,) Bardasis-Schrieffer mode. This polarization
sensitivity has also been discussed in Ref. [23].

Next, we evaluate the THG response at 7 = 0 numerically
for two different polarization angles 6 = 0, 7 /4 and show the
individual contributions in Fig. 8. As we have anticipated,
there is no coupling between Higgs and Bardasis-Schrieffer
mode and the mixed contribution is zero (not shown). Thus
the quasiparticle (blue curve) and Higgs (red curve) response
is the same as in the pure system discussed in Sec. IIC.
The Higgs contribution is polarization independent, while
the quasiparticle contribution gets reduced for 6 = m /4. The
Bardasis-Schrieffer (green curve) mode has a strong polar-
ization dependence. For 6 = 0, the expected phase behavior
originating from the Bardasis-Schrieffer propagator B(w) is
visible. At the resonance energy a positive 7w phase change
occurs and at the energy of the Higgs mode a negative /2
phase change occurs. The intensity shows a strong peak at the
Bardasis-Schrieffer resonance. The small peak at the Higgs
mode energy is a result of the susceptibility xp42. For 8 =
7 /4, the Bardasis-Schrieffer mode is not excited.

B(w) = (64)
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FIG. 8. THG intensity (top) and phase (bottom) for Higgs and
Bardasis-Schrieffer mode system for two light polarizations 6 = 0
(left) and 6 = /4 (right). The individual contributions are shown
separately as quasiparticles (Q), Higgs (H), Bardasis-Schrieffer
mode (B), and total response (T). The Higgs and Bardasis-Schrieffer
modes are scaled to be visible.

Having no coupling between the modes, the resulting phase
signature is influenced only by the interference of the pure,
individual contributions. The total THG signal (yellow curve)
consists of two resonance peaks at the original, unrenor-
malized frequencies each accompanied by a positive phase
change. In between we see an antiresonance behavior with a
dip in the intensity and a negative phase change.

In analogy to the previous section, we also calculate the
frequency and temperature dependence of the total THG sig-
nal. The result is shown in Fig. 9. As before, the temperature
dependence follows roughly a quarter circle (left column).
Thus both vertical and horizontal cuts along the frequency or
temperature axis show a similar result and the resonance and
antiresonance behavior is visible in both cases.

VI. CONCLUSION

In this paper, we investigated the phase signatures of the
third-harmonic (TH) signal generated by driving supercon-
ductors with THz light. Hereby, the phase of the oscillatory
TH signal is measured with respect to the phase of the first-
harmonic. While it is well known that resonances in the
intensity of the signal occur if the driving frequency matches
with the energy of intrinsic modes, in this paper we showed for
the first time that the phase change is a robust feature as well
and additionally encodes intrinsic properties of the system.

From a classical point of view, the resonance peak of a
driven oscillator is accompanied by a positive phase change
of m. This phase signature is more robust against damping
than the peak itself, as it is still observable even if the peak
is heavily suppressed. Coupled modes lead to antiresonance
behavior where the interference of driving force and coupling
leads to a dip in the oscillation amplitude and a negative phase
change of m. Usually, the antiresonance is understood as a
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FIG. 9. Intensity (top row) and phase (bottom row) of total THG
signal for Higgs and Bardasis-Schrieffer mode scenario as func-
tion of temperature and frequency with a polarization angle 6 = 0
analogous to Figs. 8(a) and 8(b). The first column shows the full
temperature and frequency dependence. The second column shows
the frequency dependence for selected temperatures (vertical cuts).
The third column shows the temperature dependence for selected
frequencies (horizontal cuts).

feature of a single oscillator which is externally driven and
coupled to an undriven second oscillator. Yet, for oscillators
which are both driven but uncoupled a similar feature also
occurs in the superposition of the oscillation amplitudes as
a destructive interference of two oscillations.

In a microscopic BCS model for superconductors, the am-
plitude (Higgs) mode can be driven by a nonlinear, quadratic
process such that the effective driving frequency is doubled
which leads to an induced third-harmonic current. This driv-
ing of the Higgs mode is similar to a classical oscillator, yet,
the microscopic details lead to a modification of the phase
signature.

First of all, as the energy of the Higgs mode coincidences
with the quasiparticle excitation energy at the gap 2A it is
intrinsically damped. This leads to a propagator with a square
root pole structure such that the phase change across the
pole is reduced to /2. Secondly, in the microscopic theory,
frequency-dependent susceptibility terms occur which govern
the coupling of light to the condensate. These terms are miss-
ing in the classical theory and can, in principle, modify the
phase signature of the observed signal. In the clean limit, the
influence of the diamagnetic coupling terms is negligible as
they only contribute a small drift above 2A such that the total
phase response is dominated solely by the propagator. Yet,
in the dirty limit, the paramagnetic coupling terms modify
the phase signature and approximately restore the m phase
change. Finally, in addition to the Higgs mode response,
quasiparticles contribute to the TH signal as well which also
show a /2 phase signature.

Considering long-ranged Coulomb interaction, the TH re-
sponse of Higgs and quasiparticles is renormalized. Yet, one
finds that these modifications do not change the phase signa-
ture. Thus, in a BCS superconductor, one can expect a /2
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phase change in the clean limit and a & phase change in the
dirty limit at the resonance frequency.

If in addition to the Higgs mode other modes exist, the
coupled mode scenario with the antiresonance behavior is
applicable. Yet, again, microscopic details may modify the
classical analysis. To get some insight, we investigated two
specific scenarios in this paper: A coupling of the Higgs
mode to a charge density wave (CDW) and a superconducting
system which additionally hosts a Bardasis-Schrieffer mode,
an amplitude fluctuation of a subleading pairing channel.

In the superconductor-CDW scenario, the propagator of
the Higgs mode itself is modified as the energy of the Higgs
mode no longer overlaps with the total energy gap of the
system which consists of the superconducting and CDW gap.
Therefore the propagator obtains a proper pole and the Higgs
mode becomes stable. This restores the usual 7 phase change
at the Higgs mode energy. In this system, both modes are
driven by light and additionally couple to each other such
that an antiresonance effect is expected both from the usual
scenario but also due to the interference of the individual con-
tributions. The structure of the analytically evaluated response
exactly corresponds to the classic coupled oscillator system.
An evaluation of the response as function of frequency and
temperature shows the antiresonance behavior and thus, acts
as fingerprint of the existence of two modes.

The second scenario with the Bardasis-Schrieffer mode
serves as an example of two uncoupled modes. As the
Bardasis-Schrieffer mode is a fluctuation of a subleading pair-
ing channel orthogonal to the dominant pairing channel, the
coupling element vanishes. Nevertheless, the superposition of
the individual contributions leads to an antiresonance behavior
where a dip in the intensity and a negative phase change
occurs.

The considered scenarios are of course not exhaustive but
serve as a proof-of-principle how a careful examination of the
THG signal phase gives insight about the existence and nature
of collective modes. Furthermore, these scenarios may be ap-
plicable in real systems. The superconductor-CDW scenario is
relevant for example for NbSe,, where superconductivity and
CDW coexists [24,35] but might also be relevant for cuprates,
where an antiresonance behavior was observed in recent
THG experiments [3]. On the other hand, Bardasis-Schrieffer
modes might exists in iron-based superconductors. As our
study shows, this coupled mode scenario in a microscopic the-
ory is as generally applicable as in the classic theory. Thus we
expect that it can describe any other collective mode including
Leggett modes in multiband systems [19], Josephson-Plasma
modes in layered systems [22], Carlson-Goldman modes close
to the transition temperature [26—28], or generally phonon and
magnon excitations in the THz regime.

J

One issue one should investigate in more detail in future,
is the influence of impurities in the coupled modes scenario.
We generally expect that impurities will not modify the an-
tiresonance behavior, i.e., the negative phase change, as this
seems to be an universal feature independent of the exact
properties of the involved modes. As the paramagnetic cou-
pling terms may modify the usual, positive phase change
of the individual modes, a quantitative change might be ex-
pected. One feature we expect to change is the polarization
dependence. It was shown in previous studies [31-33] that the
polarization dependence of the Higgs mode and quasiparticles
is changed by varying the impurity strength. However, as
this effect is model dependent, one cannot make a general
prediction for different modes. A detailed calculation in this
matter is beyond the scope of the paper and reserved for future
studies.

So far, THG experiments on superconductors have only
been performed in a setup where the temperature was varied
to reach the resonance condition [2,3,45]. As our calcula-
tion shows, the resonance and antiresonance signature of the
coupled modes is also visible in this case. Yet, to obtain a
full picture, it would be necessary to obtain full temperature
and frequency data to map out the temperature and frequency
dependence of the modes. A further experimental difficulty
in this case is the extraction of the phase from the measured
signal. As the screening of the THz light is temperature de-
pendent, the first-harmonic signal might be shifted such that
a comparison of the relative TH phase could be unreliable.
While the phase change is generally more robust than reso-
nance peaks as a signature, strong damping may decrease or
wash out the antiresonance behavior, especially if a resonance
and antiresonance are positioned close to each other.

To conclude, we have shown that the phase of the THG sig-
nal is an interesting quantity to study as it serves as a signature
of microscopic details and coupled modes in superconductors.
It is a further step in the new field of Higgs spectroscopy and
extracting phase information in future experiments will help
to reveal more details of the investigated systems.
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APPENDIX A: EFFECTIVE ACTION FOR HIGGS MODE

We use the BCS Hamiltonian coupled to light

1 .
H() = Zekc;ack,(, — Z Vk,krc};TCT_k,ic,kwckr,T + 3 Z Z 8i2jekAi(t)Aj(t)c,'(Y”ck'(,
k,o

kK

(AD)

ko i,j

with electron dispersion €; = §; — er measured relative to the Fermi level and c,Tc » OF Ck,o the electron creation or annihilation
operators. We assume that the system is parity symmetric, i.e., € = €_x. The separable BCS pairing interaction is given by

174508-13



SCHWARZ, HAENEL, AND MANSKE PHYSICAL REVIEW B 104, 174508 (2021)

Viw =V fifry with pairing strength V' and symmetry function f;. The coupling to light is obtained by the expansion of the
minimal coupling term in powers of the vector potential A up to second order

h-AG) = €k — ZaekA )+ = Z A (DA (1) + OAR)). (A2)

Hereby, the paramagnetic term linear in A vanishes due to parity symmetry, i.e., d;6_y = —0;€x, while only the diamagnetic term
quadratic in A remains due to 9? €k = 9?2 ;€k- The partition function of the system is given by

Z = / D(c', C)efs(c.‘.’c) (A3)
with the action in imaginary time t
ﬂ .
S, )= / dr| > i ,(D)drcko () + H(T) |. (Ad)
0 k,o

We decouple the pairing interaction with the help of a Hubbard-Stratonovich transformation. Furthermore, we allow amplitude
T
fluctuations via A(t) = A + §A(7). Introducing the Nambu spinor w,j = (:"I;l), the action can be written in the compact form

A
Sy, 50) = f (ﬂ —Zw )Gk, r)%(r)) (AS)

with the inverse Green’s function

1
Gk, T) = 0,70 — exT3s + MgT) — 3 > aAiA[(t)Ts + SA(T) it (A6)
ij
After integration of the fermions, one obtains in frequency representation

2
S(SA, 0, p)-,B——i— ZaA(—lwm) 8 A(iwn) — trIn(=G™), (A7)

iwn

where the trace include summation over momentum and frequency and

Gk, iwp, io,) = Gy (k, iwy, io,) — Bk, i, — iw,), (A8)
Gy ke, iy, iwy) = [iwnTo — €T3 + AkT11Bw, 0, (A9)
Xk, iw, —iw,) = |: Z 8 ekA (la)m iw,)T3 — S A(iw,y, — ia)n)fktl:|. (A10)

Expanding the logarithm for small X, one obtains

S(BA) = Spme + Sa(dA), (A1)

A2
mfzﬁ— —tln (-Gy'), (A12)

(Go )"

Sa(S8A) = IBZBA(—M)M) SA(iwy) + tr Z (A13)

iwy, n=1

Relevant for THG is the fourth order action. Thus we consider the second order term in the sum % tr Go X Gy X which leads to

11 ..
S(4)(3A)=§E > |:8A(—ia)m)Hl(iwm)(SA(ia)m)—z(SA(—ia)m) Y XL i0m)AT (o) + Y AY (—iwn)AL (ion) X, A@(zw,,,)}
i ij ijkl
(Al4)

with the inverse Higgs propagator

2 477 — (iwy)*
H (iwy) = v + xaaliowy) = ka Wf(l())) tanh(BEy/2) (Al5)
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and the susceptibilities

1
Xoplk, K, i) = 5 > " tr[Gok, i)t Go(k' . iy, + iw,)Tp]. (Al6a)
(ion) = Y fiXnlk, k. iwn) ==Y f¢ it tanh(BE /2) (A16b)
lwy) = K, lwy,) = — an s
XAA . K X11 k kEk(4E]?_(iwm)2) k
.. 1 1 3~2~€k4€kAk
Lo (i) = —raXi(k, k, iwy) = —= J tanh(BEy/2), Al6c
X3 (i0n) ijsz eXis( ) Z;kak(4E,f—(iwm)2) (BEx/2) (A160)
.. 1 1 8-2~6k32 6k4A2
ijkl . 2 2 . ij kl k
iwy) = —05 €0, X33k, Kk, iw,y,) = —— tanh(BE/2). Al6d
Xt (iwy) ;4 Zex 0 €rXs3 (. ) 4;&(4@3_(%)2) (BEk/2) (A16d)
Finally, integrating the fluctuations using
/ D", $) o~ 15 Lion ¢ (—iom)M(ion)plion)+¢ T (—iop)blion)+bT (—iomlion) _ 55 Y, b (—ion)M™" (on)blion) (A17)
and after analytic continuation iw,, — @ -+ i0", one obtains
1 i i
59 =3 [ do 3 (e -onle @H@) + i @) o @) (A1)

ijkl

For the following, we will only consider linear polarized light in x direction A(t) = Apé, cos(€2t), such that we can neglect all
polarization indices and the action reads

1
s = 3 / dwK® (0)A*(—w)A*(w) (A19)
where the kernel is given by
KY = xan(=0)H (@) X222 (@) + xan2(@). (A20)
The third-order current is computed via
PG = - ds® x KY2Q) (A21)
dA(—w) |5q

and is proportional to the fourth-order kernel evaluated at 2€2. To analytically evaluate the momentum sums, we assume 7 = 0,
s-wave symmetry, i.e., fy = 1, and a constant density of states at the Fermi level such that we can write >, — A [ de. We use

F) /d 1 2sin”! (%) (A22)
w) = € =
Ve2+ AZ(4€?2 +4A% — w?) wV4AAZ —w?
and expand the derivative term Zk Bizjek = Zk oo + a1 €, which is valid for our band structure. We obtain
H(w) = A @ (A23)

2WVAAT = o?sin! ()]
A (2 2

Xan(ion) = A =ay [ 2 — Z/4A2 — o2 sin~! (%)) (A24)
w

4 \%4
) A%, 2sin”! (%) A? 2 2 /Y. |/ ®
XAZAZ(lC()n) = —)»TQSWZ_ZALUZ — )»?Ol% (V — ; 4A% — »?sin : (ﬂ)) (A25)

APPENDIX B: EFFECTIVE ACTION WITH COULOMB INTERACTION
The susceptibilities for the effective action in Eq. (20) are given in Eq. (A16) and

: : de
n) — X kvkv n) — — h(BEy/2 , Bl
X2 (ieon) ; 13k, ke, i) Aij B (@EL — G ) VB (Bla)

Xpplion) =Y Xsz(k. k. iw,) = —4A7 ) tanh(BEx/2), (B1b)
k k

Ex(4E2 — (i0,)?)
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2
tanh(BEx/2). (Blc)

2

o 1 . 1
Ko ion) = D S aXsy bk k. io) = = 3 = de
k k

4

Ex(4E} — (iwy)?)
APPENDIX C: COUPLED OSCILLATOR

The explicit expressions for the complex amplitudes A; defined in Eq. (32) are given by

_ RPy'—gh Fi(w3 — Q2+ inQ) — gh>

A= —% = : : . (ChH
PIP —g (0 — Q2 +iy1Q) (w3 — Q2+ inQ) — &
i BPT — g B(of - +inQ) — gh €
o PP - (0} - 22+ inQ) () - Q2 +inQ) -
We define
Vi =Fi(0; — Q%) —gh. Va=nQF, (C3)
V3 = F2 (a)% — Qz) — gFl, V4 =Y QFZ, (C4)
Vo = (0] — @) (h — 0) - npn@ - & Vo= nQek — @) + 0w} — ) (©5)
to split the nominator and denominator in the real and imaginary parts
A Vi +iV. . V34V
A = L+ i Az—ﬂ (C6)

Vs +iVe Vs +iVe

Extracting absolute value and phase and using the definition A; = A;e='*, finally yields for the real amplitudes A; and phases ¢;

VZ 4+ V2 17 Vs
A(Q) = [ L2 Q=tan' (=) —tan" ' [ =), C7
&) Vi 4 Vg P8 =tan (Vs) N7 €D

V2+V2 Vs A
Q)= | S—2, Q) =tan' () —tan™" [ ). C8
2(£2) VIt $2(£2) = tan v an {3 (C8)
The total complex amplitude A7 is defined as
Ar = Are ™ = Aje™ ™ 4 Aye 2. (C9)

Thus it follows for the real amplitude A7 and phase ¢r

_ Al sin ¢1 +A2 sin (]52
Ar = JA2 + A3 +24/A — ), = tan”" . C10
r = A3+ A 20y cos(pr — ¢o). b = tan <A100S¢1+A2COS¢2) (€10)
APPENDIX D: HIGGS-CDW MODEL
The action for the BCS and phonon Hamiltonian Eq. (40) reads
. B .
S(e, e, b7, b) = / dr (chm)afck,g(rw > bf,(maqu(rHH(r)). (1)
0 ko , q=10

Rewriting the phonon operator as b, = %(Qq + iP_g), integrating over the momentum variable Py, introducing the CDW field

Dy = Dgy with D = —\/ngq and performing a Hubbard-Stratonovich transformation to decouple the superconducting pairing
interaction, one obtains

P 1
S(c', ¢, A*, A, D*, D) :f df<2c,§g(af + &)k — DPy (T)D”
0 o g

A? s
+ - Yo Acpcl = Y Ak — Y Dicy, g o Cho — ZD;C;_Q!UC,“,) (D2)
k k ko ko
where the bare phonon propagator is defined as

w? —83
Pyl(r) = -2

S0 (D3)
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s-wave d-wave
2 T
1.5
<
N
0.5
0 I
-3 -2 -1 0 1 2 3

w/t

FIG. 10. Phase diagram showing ground state symmetry for sys-
tem with two possible pairing channels described in Sec. V as
function of chemical potential and ratio V,/V;. In the blue region,
the s-wave channel is dominant and in the red region the d-wave
channel.

We rewrite the expression with the four-component Nambu
spinor w,j = (C;LT, c,t+Q’T, C—_k,|» C—(k+0),,) and introduce am-
plitude fluctuations of both fields via A(r) = A + §A(¢) and
D(t) =D+ 5D(t). We obtain in frequency representation
(see also Ref. [16])

SW', v, 8A,8D)

_ ,3 A2 + IBDsz
Y 28

1 1
+ 3 ; OA(—iwn) -8 Aliwn)

- giz% S 6D(—ie, )Py (iwn)8Dicon)

iwpy,

1
—p 3 S W 10n)G k. i, i)Y (ion)

oy, i, k

(D4)
with

Gk, iwp, iw,) = Gy (k, iwy, iw,) — 2k, iw, — iv,),
(D5a)

Gal(k, (W, lw,) = (Iw,To ® 0g — €T3 ® 03 + A 71 ® 0y
+ Dgkt3 ® 01)B80,.0,» (D5b)

Sk, iy — iw,) = % Z O €k (i — iw,)T3 ® 03
LJ

— 8 Aiwy —

— 8D (iwy, — iw,)gkT3 Q 01,

iw,)T] ® 0y
(D5c)
|

1
Xapy(h ion) = 7 > "t [Gok. i)ty ® 0pGolk, i + iy)T, ® 03],

iw,

)
Dy + ¢

where 7; are Pauli matrices in Nambu space and o; Pauli
matrices in the CDW channel. The saddle point equations
are

A=V Z Eék tanh(BEx/2), (D6a)
k

4g% D
D= w0 Xk: giE—k tanh(BEx/2). (D6b)

A diagonalization of the Hamiltonian yields the quasipar-
ticle energy Ey = «/e,% + A% + |Dy|*. After integration of the
fermions and expansion of the logarithm as in Appendix A,

the action is split into a mean-field part and a fluctuation
part

SBA, 8D) = Sps + Sa(8A, 8D) (D7)
with
A2 DZU)Q _
S = ,87 +B 22 —trln(-G;'),  (D8a)
1 1
Sa(8A, 8D) = — ZSA(—iwm)VSA(iwm)
11 ) 1 :
e Z 8D (=i )Py (i) D (i)
o0
GoX)"
+tr2( 2 (D8b)

n
n=1

After evaluating the sum to second order, one obtains the
fourth-order action (42). The Higgs propagator is defined as

2
H (iwy) = v + xaa(ion)

_ 4A? — (iwy,)?
=22 Ex(4E} — (iwn)?)

k

tanh(BE;/2). (D9)

Analogously, the renormalized phonon propagator is defined
as

Q) — (iw,)?
26()Q
(D10)

P (iwy) = Py (iom) — & xpp(ion) = —

with
Q) = W} + 2008 Xpp (i)

4D? — (iwy)?
=4gwo ) G
k

Ex(4E} — (ion)?)
Hereby, the susceptibilities are defined as

tanh(BE/2). (D11)

(D12a)

Xan(iwy) = ) Xioio = —8
N ; 1010 ;Ek(

4E2 — (iwn)?)

tanh(BEx/2), (D12b)
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ADy

iwy) = X =8 tanh(BE;/2),

Xap(iwnm) ng 1031 ngEk (GE2 — Gam)) (BEx/2)
e A
X7 (i) = eaXion = —4 )y 97 k - tanh(B8Ey/2),
AA? Z J Z J (4E13 _ (lwm)Z)
A* + ¢

iwn, X =-8 tanh(BEy/2),
xpp(ioy) = ng 3131 = ng GEZ — (ion)) (BEx/2)
G €D
X (i) = ng 0 eXarn = —4nga 4E2"_ ’El ) (BB /2)

Integration of the amplitude fluctuations finally leads to Eq (45).

APPENDIX E: HIGGS-BARDASIS-SCHRIEFFER MODEL

(D12c)

(D12d)

(D12e)

(D12f)

The phase diagram for varying Fermi level i and symmetry ratio V,;/Vj, as described in Sec. V, is shown in Fig. 10. Using
the ansatz in Eq. (53) for V} including the two pairing channels, the action in imaginary time t after decoupling of the quartic

interaction is given by

B 2
S(c*,c,aAl)zfo dt (Z'A"(/IT” —Zw,j(z)G—l(k,z)wk(z)>
1 k

with

G 'k, 1) = —199, — (1),

1
he(t) = (ek +52 a?jekAia)Aj(r)) 73— (A + 3AM) T + 8841 il 1o
iJ
The usual Higgs mode lives in the 7, channel, while the Bardasis-Schrieffer mode lives in the 7, channel.
In analogy to the previous sections, the fermions can be integrated out which leads to

2
SSA) = ,3— +— ZaA (— la)m) SA (i) + ; ZaAd(—iwm)VidaAd(iwm) —trln(=G™ 1)

l Wiy LWy,
with

G_I(kv Wy, i©,) = Gal(kv IO, I0,) — Xk, iy, — iw,),

Go(k, iwy, iv,) = (iwml’o — €T3 + Asflgfl)ﬂgwm,w,,,

Sk, iwy — iwy) = ( Z A7 (i — i) T3 — S Ay — i) fiT1 + Ay iy — o) f;! z2>.

After expansion of the logarithm for small %, it follows:
SBA)) = Smr + Sa(8A),
A? _
= ﬂv —trln (—G0 1),

s

(Go )y

Sa(8A)) = — ZSA( la)m) SA Jiwp) + — Z(SAd( lwm) (SAd(zwm)—i—tZ

iwn iwn

The second-order term in the sum of the logarithm leads to the fourth-order action S©

2B

i

s =11 Z[W(—iwmw(iwmwawm) + ¢ (—iwn)bliwy) + b (—iwp)P(iw,)

. . ijkli ;.
+ Y AF(—iom)AG (i) X hys (i)
ijkl
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with M, ¢, and b given in Eq. (56¢). The susceptibilities read

. o2 . 2 4e?
xaa(ion) = Zk: () Xn1 Gk, iwn) = — ; (8) e - o) W PE/2), (E12)
xoslion) = O (f&) Xk, ion) = = > (£’ 4B tanh(BEx/2) (E13)
R o o E(4E] — (o)) ’
. . . . Qiex(iwn)
astion) = 3 fefiXiathoion) = 3 R g 4;,?—10()1-@,”)2) tanh(BEi/2), (E14)
ij o I .5 . der Asfy
X (i) = 2}(:5 fidaXis(k, iwy) = Z 37 Ee(4E2 — o)) tanh(BEx/2), (E15)
i 1 . 2Asf( m)
X o) = zkj SH 0 ek i) = Z [ e ;Ez k z‘“ " S PE2), (E16)
4n2(fs)’
XK i) = Z O exdf erXs3 k., i) = Z — 0% exd € ) tanh(BEy /2). (E17)

Ex(4E} — (iwp)?)

After integration of the fermions and analytic continuation iw,, — @ + i0", the action reads

§W =~ / do Y K (@)AF (o)A (@) (E18)
ijkl
with the fourth-order kernel
K@) = xu + xo + xb + xor- (E19)

where the Higgs (H), quasiparticle (Q), Bardasis-Schrieffer (B), and mixed (M) susceptibilities are given in Eq. (63).
We consider monochromatic, linear polarized light with polarization angle 6, i.e., A(f) =ApécosQt with &7 =
(cos®, sin@). For the chosen tight-binding band dispersion e, = —2¢(cos k, + cos k;) — u, the derivative 82 e =0fori#j

such that we can reduce the four polarization indices i jkl to two indices i j, where only 8 +€x terms occur. Thus the action reads

§@ — 3 / deA?(—w)A%(w)Ki(;‘)(w). (E20)
)
The THG current is calculated as
3R 65 'SA '+ 3Q)A3 “ ey 21
Ja'G )=—mm—— dwza(—w+3 )AT (@)K (w)cxzeeaKj( ) (E21)
or
; cos® 0K P (2Q) 4 sin” 6 cos OK P (2Q)
jPCQ | - (E22)
cos? @ sin GKV()‘:)(ZQ) + sin 9Ky(;,‘)(2£2)
Thus it follows for the current parallel to the light polarization
iP6) = (Cflfg) JPGR) = cos* 6K (29) + sin* KD (2Q) + sin® 6 cos? 6 (K (29) + KD (2))
= (cos* 0 sin* 0)KP (2Q) + 2 sin” § cos® 91(53(29), (E23)

where we used K = K} and K} = K.
We evaluate the Barda51s Schrleffer propagator analytically for 7 = 0, and in the limit of constant den51ty of state at the
Fermi level. We assume f; = 1 and fk = cos(2¢) and rewrite the sum over momentum as integral ) _, ( fk Y =2 [de

4 2 4A% + 4¢?
B (w)=——\|de ———=. (E24)
Vd Ek (4Elg — 602)
Using Eq. (A22), one finds
1 2 2 ) 2 2 2 2
B (w) = v — 4AAF (w) — —+(4A — W)AF () = — — v — wAF (). (E25)
d Va

174508-19



SCHWARZ, HAENEL, AND MANSKE

PHYSICAL REVIEW B 104, 174508 (2021)

[1] R. Matsunaga, Y. I. Hamada, K. Makise, Y. Uzawa, H. Terai,
Z. Wang, and R. Shimano, Higgs Amplitude Mode in the BCS
Superconductors Nb;_, Ti,N Induced by Terahertz Pulse Exci-
tation, Phys. Rev. Lett. 111, 057002 (2013).

[2] M. Ryusuke, T. Naoto, F. Hiroyuki, S. Arata, M. Kazumasa, U.
Yoshinori, T. Hirotaka, W. Zhen, A. Hideo, and S. Ryo, Light-
induced collective pseudospin precession resonating with higgs
mode in a superconductor, Science 345, 1145 (2014).

[3] H. Chu, M.-J. Kim, K. Katsumi, S. Kovalev, R. D. Dawson,
L. Schwarz, N. Yoshikawa, G. Kim, D. Putzky, Z. Z. Li, H.
Raffy, S. Germanskiy, J.-C. Deinert, N. Awari, I. Ilyakov, B.
Green, M. Chen, M. Bawatna, G. Cristiani, G. Logvenov et al.,
Phase-resolved Higgs response in superconducting cuprates,
Nat. Commun. 11, 1793 (2020).

[4] L. Schwarz, B. Fauseweh, N. Tsuji, N. Cheng, N. Bittner,
H. Krull, M. Berciu, G. S. Uhrig, A. P. Schnyder, S. Kaiser,
and D. Manske, Classification and characterization of nonequi-
librium Higgs modes in unconventional superconductors, Nat.
Commun. 11, 287 (2020).

[5] C. M. Varma, Higgs boson in superconductors, J. Low Temp.
Phys. 126, 901 (2002).

[6] D. Pekker and C. Varma, Amplitude/higgs modes in condensed
matter physics, Annu. Rev. Condens. Matter Phys. 6, 269
(2015).

[7]1 A. F. Volkov and S. M. Kogan, Collisionless relaxation of
the energy gap in superconductors, Sov. Phys. JETP 38, 1018
(1974).

[8] R. A. Barankov, L. S. Levitov, and B. Z. Spivak, Collective Rabi
Oscillations and Solitons in a Time-Dependent BCS Pairing
Problem, Phys. Rev. Lett. 93, 160401 (2004).

[91 M. H. S. Amin, E. V. Bezuglyi, A. S. Kijko, and A. N.
Omelyanchouk, Wigner distribution function formalism for
superconductors and collisionless dynamics of the supercon-
ducting order parameter, Low Temp. Phys. 30, 661 (2004).

[10] R. A. Barankov and L. S. Levitov, Synchronization in the BCS
Pairing Dynamics as a Critical Phenomenon, Phys. Rev. Lett.
96, 230403 (2006).

[11] E. A. Yuzbashyan and M. Dzero, Dynamical Vanishing of the
Order Parameter in a Fermionic Condensate, Phys. Rev. Lett.
96, 230404 (2006).

[12] E. A. Yuzbashyan, O. Tsyplyatyev, and B. L. Altshuler, Re-
laxation and Persistent Oscillations of the Order Parameter in
Fermionic Condensates, Phys. Rev. Lett. 96, 097005 (2006).

[13] T. Papenkort, V. M. Axt, and T. Kuhn, Coherent dynamics and
pump-probe spectra of BCS superconductors, Phys. Rev. B 76,
224522 (2007).

[14] H. Krull, D. Manske, G. S. Uhrig, and A. P. Schnyder, Sig-
natures of nonadiabatic BCS state dynamics in pump-probe
conductivity, Phys. Rev. B 90, 014515 (2014).

[15] N. Tsuji and H. Aoki, Theory of Anderson pseudospin reso-
nance with Higgs mode in superconductors, Phys. Rev. B 92,
064508 (2015).

[16] T. Cea, C. Castellani, and L. Benfatto, Nonlinear optical ef-
fects and third-harmonic generation in superconductors: Cooper
pairs versus Higgs mode contribution, Phys. Rev. B 93,
180507(R) (2016).

[17] L. Schwarz and D. Manske, Theory of driven Higgs oscillations
and third-harmonic generation in unconventional superconduc-
tors, Phys. Rev. B 101, 184519 (2020).

[18] R. Matsunaga, N. Tsuji, K. Makise, H. Terai, H. Aoki, and
R. Shimano, Polarization-resolved terahertz third-harmonic
generation in a single-crystal superconductor NbN: Dominance
of the Higgs mode beyond the BCS approximation, Phys. Rev.
B 96, 020505(R) (2017).

[19] Y. Murotani, N. Tsuji, and H. Aoki, Theory of light-induced res-
onances with collective Higgs and Leggett modes in multiband
superconductors, Phys. Rev. B 95, 104503 (2017).

[20] Y. Murotani and R. Shimano, Nonlinear optical response of
collective modes in multiband superconductors assisted by non-
magnetic impurities, Phys. Rev. B 99, 224510 (2019).

[21] R. Haenel, P. Froese, D. Manske, and L. Schwarz, Time-
resolved optical conductivity and Higgs oscillations in two-
band dirty superconductors, Phys. Rev. B 104, 134504
(2021).

[22] F. Gabriele, M. Udina, and L. Benfatto, Non-linear Terahertz
driving of plasma waves in layered cuprates, Nat. Commun. 12,
752 (2021).

[23] M. A. Miiller, P. A. Volkov, I. Paul, and I. M. Eremin,
Collective modes in pumped unconventional superconductors
with competing ground states, Phys. Rev. B 100, 140501(R)
(2019).

[24] T. Cea and L. Benfatto, Nature and Raman signatures of the
Higgs amplitude mode in the coexisting superconducting and
charge-density-wave state, Phys. Rev. B 90, 224515 (2014).

[25] P. W. Anderson, Plasmons, gauge invariance, and mass, Phys.
Rev. 130, 439 (1963).

[26] R. V. Carlson and A. M. Goldman, Superconducting Order-
Parameter Fluctuations below 7., Phys. Rev. Lett. 31, 880
(1973).

[27] A. Schmid and G. Schon, Collective Oscillations in a Dirty
Superconductor, Phys. Rev. Lett. 34, 941 (1975).

[28] S. N. Artemenko and A. F. Volkov, Collective excitations with
a sound spectrum in superconductors, JETP 42, 896 (1975).

[29] A. Altland and B. Simons, Condensed Matter Field Theory
(Cambridge University Press, Cambridge, 2010).

[30] T. Jujo, Two-photon absorption by impurity scattering and am-
plitude mode in conventional superconductors, J. Phys. Soc.
Jpn. 84, 114711 (2015).

[31] M. Silaev, Nonlinear electromagnetic response and Higgs-mode
excitation in BCS superconductors with impurities, Phys. Rev.
B 99, 224511 (2019).

[32] N. Tsuji and Y. Nomura, Higgs-mode resonance in third har-
monic generation in NbN superconductors: Multiband electron-
phonon coupling, impurity scattering, and polarization-angle
dependence, Phys. Rev. Res. 2, 043029 (2020).

[33] G. Seibold, M. Udina, C. Castellani, and L. Benfatto, Third
harmonic generation from collective modes in disordered su-
perconductors, Phys. Rev. B 103, 014512 (2021).

[34] R. Sooryakumar and M. V. Klein, Raman Scattering by
Superconducting-Gap Excitations and Their Coupling to
Charge-Density Waves, Phys. Rev. Lett. 45, 660 (1980).

[35] M.-A. Méasson, Y. Gallais, M. Cazayous, B. Clair, P. Rodiere,
L. Cario, and A. Sacuto, Amplitude Higgs mode in the
2H — NbSe, superconductor, Phys. Rev. B 89, 060503(R)
(2014).

[36] P. B. Littlewood and C. M. Varma, Gauge-Invariant Theory
of the Dynamical Interaction of Charge Density Waves and
Superconductivity, Phys. Rev. Lett. 47, 811 (1981).

174508-20


https://doi.org/10.1103/PhysRevLett.111.057002
https://doi.org/10.1126/science.1254697
https://doi.org/10.1038/s41467-020-15613-1
https://doi.org/10.1038/s41467-019-13763-5
https://doi.org/10.1023/A:1013890507658
https://doi.org/10.1146/annurev-conmatphys-031214-014350
https://doi.org/10.1103/PhysRevLett.93.160401
https://doi.org/10.1063/1.1789939
https://doi.org/10.1103/PhysRevLett.96.230403
https://doi.org/10.1103/PhysRevLett.96.230404
https://doi.org/10.1103/PhysRevLett.96.097005
https://doi.org/10.1103/PhysRevB.76.224522
https://doi.org/10.1103/PhysRevB.90.014515
https://doi.org/10.1103/PhysRevB.92.064508
https://doi.org/10.1103/PhysRevB.93.180507
https://doi.org/10.1103/PhysRevB.101.184519
https://doi.org/10.1103/PhysRevB.96.020505
https://doi.org/10.1103/PhysRevB.95.104503
https://doi.org/10.1103/PhysRevB.99.224510
https://doi.org/10.1103/PhysRevB.104.134504
https://doi.org/10.1038/s41467-021-21041-6
https://doi.org/10.1103/PhysRevB.100.140501
https://doi.org/10.1103/PhysRevB.90.224515
https://doi.org/10.1103/PhysRev.130.439
https://doi.org/10.1103/PhysRevLett.31.880
https://doi.org/10.1103/PhysRevLett.34.941
https://doi.org/10.7566/JPSJ.84.114711
https://doi.org/10.1103/PhysRevB.99.224511
https://doi.org/10.1103/PhysRevResearch.2.043029
https://doi.org/10.1103/PhysRevB.103.014512
https://doi.org/10.1103/PhysRevLett.45.660
https://doi.org/10.1103/PhysRevB.89.060503
https://doi.org/10.1103/PhysRevLett.47.811

PHASE SIGNATURES IN THE THIRD-HARMONIC ...

PHYSICAL REVIEW B 104, 174508 (2021)

[37] D. A. Browne and K. Levin, Collective modes in charge-
density-wave superconductors, Phys. Rev. B 28, 4029 (1983).

[38] D. H. Torchinsky, F. Mahmood, A. T. Bollinger, 1. BoZovi¢,
and N. Gedik, Fluctuating charge-density waves in a cuprate
superconductor, Nat. Mater. 12, 387 (2013).

[39] J. P. Hinton, J. D. Koralek, Y. M. Lu, A. Vishwanath, J.
Orenstein, D. A. Bonn, W. N. Hardy, and R. Liang, New
collective mode in YBa,Cu30q,, observed by time-domain
reflectometry, Phys. Rev. B 88, 060508(R) (2013).

[40] A. Bardasis and J. R. Schrieffer, Excitons and Plasmons in
Superconductors, Phys. Rev. 121, 1050 (1961).

[41] Z. Sun, M. M. Fogler, D. N. Basov, and A. J. Millis, Collective
modes and terahertz near-field response of superconductors,
Phys. Rev. Res. 2, 023413 (2020).

[42] D. J. Scalapino and T. P. Devereaux, Collective d-wave
exciton modes in the calculated Raman spectrum of

Fe-based superconductors, Phys. Rev. B 80, 140512(R)
(2009).

[43] S. Maiti and P. J. Hirschfeld, Collective modes in superconduc-
tors with competing s- and d-wave interactions, Phys. Rev. B
92, 094506 (2015).

[44] S. Maiti, T. A. Maier, T. Bohm, R. Hackl, and P. J.
Hirschfeld, Probing the Pairing Interaction and Multiple
Bardasis-Schrieffer Modes Using Raman Spectroscopy, Phys.
Rev. Lett. 117, 257001 (2016).

[45] S. Kovalev, T. Dong, L.-Y. Shi, C. Reinhoffer, T.-Q. Xu, Y.
Wang, H.-Z. Wang, Z.-Z. Gan, S. Germanskiy, J.-C. Deinert,
I. Ilyakov, P. H. M. van Loosdrecht, D. Wu, N.-L. Wang, J.
Demsar, and Z. Wang, Band-selective third-harmonic genera-
tion in superconducting MgB,: Possible evidence for the Higgs
amplitude mode in the dirty limit, Phys. Rev. B 104, L140505
(2021).

174508-21


https://doi.org/10.1103/PhysRevB.28.4029
https://doi.org/10.1038/nmat3571
https://doi.org/10.1103/PhysRevB.88.060508
https://doi.org/10.1103/PhysRev.121.1050
https://doi.org/10.1103/PhysRevResearch.2.023413
https://doi.org/10.1103/PhysRevB.80.140512
https://doi.org/10.1103/PhysRevB.92.094506
https://doi.org/10.1103/PhysRevLett.117.257001
https://doi.org/10.1103/PhysRevB.104.L140505

