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Influence of scattering on the optical response of superconductors
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By using the gauge-invariant kinetic equation [Yang and Wu, Phys. Rev. B 98, 094507
(2018); 100, 104513 (2019)], we analytically investigate the influence of the scattering on the optical
properties of superconductors in the normal-skin-effect region. Both linear and second-order responses are
studied under a multicycle terahertz pulse. In the linear regime, we reveal that the optical absorption o(®),
induced by the scattering, exhibits a crossover point at @ = 2|A|. Particularly, it is further shown that when
w < 2|A|, o15(w) from the scattering always exhibits a finite value even at low temperature, in contrast to the
vanishing o;(w) in the anomalous-skin-effect region as the Mattis-Bardeen theory [Mattis and Bardeen, Phys.
Rev. 111, 412 (1958)] revealed. In the second-order regime, responses of the Higgs mode during and after the
optical pulse are studied. During the pulse, we show that the scattering causes a phase shift in the second-order
response of the Higgs mode. Particularly, this phase shift exhibits a significant 7 jump at w = |A|, which
provides a very clear feature for the experimental detection. After the pulse, by studying the damping of the
Higgs-mode excitation, we reveal a relaxation mechanism from the elastic scattering, which shows a monotonic
enhancement with the increase of the impurity density.
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I. INTRODUCTION

In the past few decades, the optical properties of the su-
perconducting states have attracted much attention in both
linear and nonlinear regimes. The linear response is focused
on the behavior of the optical conductivity [1-20], which
was first discussed by Mattis and Bardeen (MB) within the
framework of the Kubo current-current correlation approach
in the anomalous-skin-effect region [21,22]. In this region,
the excited current at one space point, depends not only on
the electric field at that point but also on the ones nearby. This
nonlocal effect dominates in systems with a small skin depth
8 in comparison with the mean free path /, as usually the case
in thin-film superconductors or clean type-I superconductors,
whereas the scattering effect in this circumstance is marginal.
The MB theory suggests that the optical absorption at zero
temperature is realized by breaking the Cooper pairs into
quasiparticles when the optical frequency w is larger than
twice the superconducting gap amplitude |A| [21]. Thus the
real part of the optical conductivity ois;(w) vanishes at T =
0K when w < 2|A| but becomes finite above 2|A|, leading to
a crossover point at 2|A|. At finite temperature, an additional
quasiparticle contribution appears below 2|A|. This theory
so far has successfully described the observed data in the
anomalous-skin-effect region, as experiments in In [1], Pb
[2,6,7], Al [8], thin-film Nb [5], and NbN [3,4,9] supercon-
ductors demonstrated.
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The counterpart of the anomalous-skin-effect region is
known as the normal-skin-effect one [9,23] (I < §) where the
dirty type-II superconductors lie in and the scattering effect
becomes important. The optical absorption in the normal-
skin-effect region, as experiments in dirty Nb [9,11], MgB,
[12,13], NbTiN [14,15], NbN [16,18], MoN [19], and Al
[17,20] superconductors, always exhibits a finite o1,(w) even
at low temperature for w < 2|A|, in contrast to the vanishing
o15(w) in the anomalous-skin-effect region. Moreover, with
the decrease of w in terahertz (THz) regime from w > 2|A|,
the observed o,(w) first decreases at w > 2|A| and then
shows an upturn below 2|A|, leading to a crossover point at
2|A|. Although the experimental observations are very con-
vincing, theories in the normal-skin-effect region where the
scattering effect dominates, are still in progress. The diffi-
culty within the Kubo formalism comes from the inevitable
calculation of the vertex correction due to the scattering,
which becomes hard to tackle in superconductors [23,24].
Whereas the Eilenberger equation is restricted by the nor-
malization condition [25-28], and is also hard to handle for
calculation of the scattering. So far, to fit the experimental
data, the MB theory derived from the anomalous region is
excessively used [9,11,13-20]. Nevertheless, such an unphys-
ical fit underestimates o|(w) below 2|A| particularly at low
temperature where the quasiparticle contribution from MB
theory is too small to count for finite experimental result
[9,11,13-20]. To explain the residual o),(w), several works
[16,17,20] considered the influences of the collective gap-
ful Higgs [29-33] and gapless Nambu-Goldstone [32—45]
(NG) modes, which describe the amplitude and phase fluc-
tuations of the order parameter, respectively. However, the
Higgs mode is charge neutral and does not manifest itself
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in the linear regime [29,32,33] unless under the dc super-
current injection [46]. The linear response of the NG mode
does not occur either due to its coupling with the long-range
Coulomb interaction [29,32,34,35,38,39,43], which causes
the original gapless energy lifted up to the plasma frequency
as a result of Anderson-Higgs mechanism [47]. Therefore a
detailed study capable of clarifying the scattering effect is
necessary.

As for the nonlinear regime, it was recently realized that
through the intense THz pulse, one can excite the oscillation
of the superfluid density in the second-order response, which
is attributed to the excitation of the Higgs mode [48-54]. The
most convincing evidence comes from the observed resonance
at 2w = 2|A| [49-51], in consistency with the energy spec-
trum of the Higgs mode [29,31,32]. After the THz pulse, a fast
damping of this oscillation is observed, and then, a suppressed
gap is further observed as a consequence of the thermal effect
[48-50]. Theory in the literature for these findings is based
on Bloch [50-60] or Liouville [61-64] equation derived in
the Anderson pseudospin picture [65]. The vector potential
A naturally involves in this description as a second-order
term, which pumps up the fluctuation of the order param-
eter (pump effect). Nevertheless, the microscopic scattering
is absent in the literature. In order to describe the observed
damping after the optical pulse, the phenomenological relax-
ation time is further introduced into the Anderson pseudospin
picture [53,54]. Very recently, this whole set of approach is
challenged. On one hand, this approach with no drive effect
fails in the linear regime to give the optical current. On the
other hand, symmetry analysis from the Anderson pseudospin
picture implies that the pump effect excites the NG mode
rather than the observed Higgs mode [66]. Besides these
deficiencies, without the microscopic origin, the introduced
phenomenological relaxation mechanism is not exact and
convincing.

Very recently, by using the equal-time nonequilibrium -
Green function, the gauge-invariant kinetic equation (GIKE)
of superconductivity with the microscopic scattering is devel-
oped in our previous papers [67-71]. We have proved that
the retained gauge invariance in this theory directly leads
to the charge conservation in the electromagnetic response
[71], in consistency with Nambu’s conclusion that the gauge
invariance in superconductors is equivalent to the charge con-
servation [34]. In fact, neither the Bloch [50-60] nor Liouville
[61-64] equation mentioned above are gauge invariant under
the gauge transformation in superconductors [34]. In contrast,
in the GIKE, thanks to the gauge invariance, both pump and
drive effects mentioned above are kept [67-71]. Moreover,
both superfluid and normal-fluid dynamics are involved in the
GIKE [70,71], beyond the previous Boltzmann equation of
superconductors with only the quasiparticle physics retained
[72-74].

Consequently, the well-known clean-limit results such as
the Ginzburg-Landau equation and Meissner supercurrent in
the magnetic response as well as the optical current cap-
tured by the two-fluid model can be directly derived from
the GIKE [70]. Particularly, we show that the normal fluid
is present only when the excited superconducting velocity v,
is larger than a threshold [70]. Moreover, the linear responses
of the collective modes from the GIKE also agree with the

well-known results in the literature [71]. Whereas the second-
order response from the GIKE exhibits interesting physics. On
one hand, a finite second-order response of the Higgs mode,
attributed solely to the drive effect rather than the widely
considered pump effect, is revealed [71], in contrast to the
above theory from Anderson pseudospin picture [5S0-64]. On
the other hand, a finite second-order response of the NG mode,
survived from the Anderson-Higgs mechanism, is predicted
as a consequence of charge conservation. An experimental
scheme for this response is further proposed [71]. Actually,
thanks to the equal-time scheme, the microscopic scattering
in superconductors, which is hard to deal with in the litera-
ture as mentioned above, becomes easy to handle within the
GIKE approach. Thus rich physics from the scattering can
be expected. Particularly, at low frequency (i.e., large vy), we
have analytically shown that due to the scattering, there exists
viscous superfluid besides the nonviscous one [70]. Then,
together with the normal fluid, a three-fluid model is proposed
[70].

In this work, by extending the previous scattering terms
in Ref. [70] into the THz regime via carefully implementing
the Markovian approximation, we further apply the GIKE
to investigate the influence of the scattering on the opti-
cal properties of superconductors in the normal-skin-effect
region (I < §). Both linear and second-order responses are
analytically studied under a multicycle THz pulse. In the
linear regime, we show that the optical absorption o(w),
induced by the scattering, always exhibits a finite value even
at low temperature when @ < 2|A|, in contrast to the vanish-
ing o4(w) in the anomalous-skin-effect region as MB theory
revealed [21]. Moreover, with the decrease of the optical
frequency from w > 2|A|, o14(w) first increases and then
drops abruptly around 2|A|. By further decreasing @ below
2|Al, an upturn of oj;(w) is observed, leading to a crossover
point at 2|A|. In the second-order regime, responses of the
Higgs mode during and after the optical pulse are revealed.
During the pulse, it is found that the scattering causes a phase
shift in the optical response of the Higgs mode. Particularly,
this phase shift exhibits a significant 7 jump at w = |A|,
which provides a very clear feature for the experimental
detection. After the pulse, the damping of the Higgs-mode
excitation is studied. In this situation, we reveal a relax-
ation mechanism due to the elastic scattering, which shows
a monotonic enhancement with the increase of the impurity
density.

This paper is organized as follows. We first present the
GIKE of superconductivity in Sec. II. Then, we perform the
analytic analysis of the influence from the scattering on the
optical properties of superconductors in Sec. III. We summa-
rize in Sec. IV.

II. MODEL

In this section, we first introduce the complete GIKE.
Then, we present a simplified GIKE to study the opti-
cal response of superconductors in the normal-skin-effect
region. The microscopic scattering terms of the non-
magnetic impurity scattering are also addressed in this
section.
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A. GIKE

The GIKE of the s-wave BCS superconductors, which is
developed in our previous papers [70,71], reads:

3z,0ﬁ+i|:(§k+€¢+ﬂﬂ +ur)t+ AR), ,0§1|

e’A? J 1 2 . Ik B
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Here, [, ] and {, } represent the commutator and anti-
commutator, respectively; & = 5= — p with m and u being
the effective mass and chemical potentlal, A(R) AR)T: +
A*(R)T_; R = (t,R) stands for the center-of-mass coordi-
nate; 7; are the Pauli matrices in the particle-hole space; ¢
and A denote the scalar and vector potentials, respectively; oy
is the density matrix in the Nambu space; on the right-hand
side of Eq. (1), the scattering term 0; oy |sc is added for the
completeness, whose explicit expression is shown in Sec. II C.
The superconducting order parameter A, Fock field pr and
Hartree field g in Eq. (1) are written as

AR) = —g)_ Tr[pir ], @)
k
A'R) = —g) | Tr[pir.]. (3)
i B) = (R 4)
ur(R) =Y Ve rén(R'), 5)
-

where 6n(R) represents the density fluctuation; Vg_g de-
notes the Coulomb potential whose Fourier component V, =
e?/(q%€o); g stands for the effective electron-electron attrac-
tive potential in the BCS theory [75]. Z;( here and hereafter
represents the summation restricted in the spherical shell
(|&x] < wp) with wp being the Debye frequency [75].

The effective electric field E in Eq. (1), as a gauge-invariant
measurable quantity, is given by

eE = —Vg(ep + uy + r) — 9eA. (6)
The gauge-invariant density n and current j read [70]
en=e Z [1+ Tr(pfts)]. (7
k

k
j= ZTr(%p.i). ®)
k

We emphasize that Eq. (1) is gauge-invariant under the
gauge transformation first revealed by Nambu [34]:

eA[l. e eAM - B[LX(R)a 9)

0(R) — 0(R) +2x (R), (10)

where the four vectors A, = (¢, A) and 9, = (9;, —VR); 0
denotes the phase of the superconducting order parameter.
Thanks to the retained gauge invariance, the charge conser-
vation:

dedn+ Vg -j=0, (1D

is naturally satisfied during the electromagnetic response as
we proved in our latest work [71]. This agrees with the
Nambu’s conclusion via the Ward’s identity that the gauge
invariance in the superconducting states is equivalent to the
charge conservation [34]. Moreover, due to the gauge invari-
ance, both the pump [third term in Eq. (1)] and drive [sixth and
seventh terms in Eq. (1)] effects mentioned in the introduction
are kept.

B. Simplified GIKE in normal-skin-effect region

In this part, we present a simplified GIKE in the normal-
skin-effect region. We first choose a specific gauge by
transforming Eq. (1) under the gauge transformation px(R) =
e~ ImIB2 pe(R)e™R)/2 Then, under a spatially uniform (i.e.,
long-wave-limit) optical field in the normal-skin-effect region,
the spatial gradient terms in the kinetic equation can be ne-
glected. Consequently, Eq. (1) becomes

. i
0w + il + per)Ts + [AIT1 o] + 2 lAIT (s - ) okl

1
+ E{eEE + psl Al ok} = 0 k| (12)

sC

with the gauge-invariant superconducting momentum p, and
effective field peg written as

Ps = VRO — 2€A, (13)
0,6 pf

Meff = —— +ep + up + pnr + —. (14)
2 8m

Moreover, by expanding the density matrix as px =
Z?:o PkiTi, the gap equations [Eqgs. (2) and (3)] correspond-
ingly read

g ma = —lAl (15)
k
/
k

As shown in our latest work [71], Eq. (15) gives the gap equa-
tion, from which one can self-consistently obtain the Higgs
mode. The NG mode can be self-consistently determined by
Eqg. (16). Moreover, under the uniform optical response, one
finds that Vg - j = 0. Therefore, as a consequence of the
charge conservation [Eq. (11)], the density fluctuation §n and
hence both the Hartree iy and Fock ur fields vanish.

C. Microscopic scattering

We next present the scattering terms 9, pk|sc in Eq. (12)
which are derived based on the generalized Kadanoff-Baym
ansatz [76-79]. Considering the fact that the electron-phonon
scattering is weak at low temperature, we mainly consider the
electron-impurity scattering. The specific impurity scattering
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terms read (detailed derivation can be found in Refs. [77-79]):
0 pxlse = —[Sk(>, <) — Sk(<, >) + h.c], (17)

with
t
Si(>. <) =ni ) / dr'[Uaee'* ™™ pig (1 Y Uie
kK VT

X oS (t")e D ], (18)

Here, p = px and o =1 — px; Hx = Sk, 1373 + |AT
denotes the BCS Hamiltonian in the presence of the supercon-
ducting velocity vy; n; is the impurity density; U = Vk—k' T3
stands for the electron-impurity interaction in the Nambu
space. This scattering term [Eq. (17)] is non-Markovian.

It is well established in semiconductor optics [77] and spin-
tronics [78] that the clean-limit solution of the corresponding
kinetic (i.e., Liouville) equation:

pk>/<(t/) _ e—i(r'—l)Hkpk>/<(t)ei(f’—l)Hk, (19)

is substituted into the scattering terms as the Markovian ap-
proximation to obtain the conventional energy conservation
in the scattering. In our previous works [67-70], we also take
such approach in Eq. (18) to derive the scattering in super-
conductors. In the present work, this approach is sublated in
the presence of the multicycle THz optical field, since the free
coherent oscillation in this circumstance does not hold, i.e.,
Eq. (19) is no longer the clean-limit solution of the GIKE
in superconductors [Eq. (12)]. In fact, as shown in the next
section, during the multicycle THz pulse, the response of the
density matrix is forced to oscillate with the multiples of the
optical frequency.

III. ANALYTIC ANALYSIS

In this section, by solving the simplified GIKE [Eq. (12)]
in the normal-skin-effect region, we analytically investigate
the scattering effect in the optical response of superconductors
under multicycle THz pulse. In this circumstance, analytic
analyses for two extreme cases: during and after the pulse, are
performed to carefully handle the Markovian approximation
in order to turn the non-Markovian scattering in Eq. (17) into
the Markovian one. The multicycle THz pulse, as applied
in recent experiments [54], possesses a stable phase as well
as a narrow frequency bandwidth. Consequently, during the
optical pulse, the system is under a periodic drive scheme at a
well-defined frequency, similar to the case under a continuous
waveform field. In this situation, the response of the supercon-
ductivity is forced to oscillate with the multiples of the optical
frequency. Whereas after the optical pulse, the system is free
from the optical field, and the study in this situation reveals the
relaxation mechanism of the optically excited nonequilibrium
states.

A. Forced oscillation

During the multicycle THz pulse, by assuming the electro-
magnetic potential ¢ = ¢o(R)e'™ and A = Age', the density
matrix pg reads

w ot

o = Py + P + ppe (20)

with the equilibrium-state density matrix pp given by
[67,70,71]

- Ko+ 22y @1

=3 2 \E"TE
Here, p,’ ) denotes the linear (second-order) response of the
density matrix; E; = \/5,(2 + AZ: f(x) represents the Fermi-
distribution function.
Correspondingly, the responses of the phase 6 and ampli-
tude |A| of the superconducting order parameter are written
as

oL LY E (B )

6 = eweiwt + 92w62iwt’ (22)
|A] = Ag + 8|A|2€™ + §| AP e, (23)
From Egs. (15) and (21), with g(E) = —1’32@), the
equilibrium-state order parameter A is determined by
Aog=—gy o =gy [AogEx)], 24)
k k

which is exactly the gap equation in the BCS theory [75].
Moreover, as shown in our latest work [71], the Higgs mode
dose not manifest itself in the linear regime (§|A|” = 0). The
linear response of the NG mode from the GIKE [71], due to
its coupling to the long-range Coulomb interaction, does not
effectively occur either (i.e., u&; = 0 and p? = —ZeA(J)- with
A7 being the physical transverse vector potential) as a result
of the Anderson-Higgs mechanism [47], in agreement with
the previous works in the literature [29,32,34,35,38,39,43].

Furthermore, it is noted that in the presence of the multicy-
cle THz pulse, the response of the density matrix [Eq. (20)],
as the solution of the kinetic equation, is forced to oscillate
with the multiples of the optical frequency, rather than the free
coherent oscillation mentioned above. Then, substituting this
forced oscillation [Eq. (20)] into the scattering term [Eq. (17)],
the nth order of the scattering during the optical pulse can be
obtained (refer to Appendix A):

2
0 Pklye = —mimw Z Vi P[0 (o — o t3)
K'ninz

xTPS(E) + nw — E)
+ T2 (0t — tapp’ )T 38 (B — nw — E?) ]

3
= Y Y Viw P [Be o) (0 — pi7)

K i=0
+ Nigo (na) o] (25)
with
i _ m 2 -2 !
Yoo (nw) = Z (1:31"k, unl + T Pl r3)
mn2
X S(E]:',‘ + nw — E]Z’Z), (26)

Nigo (o) = > (x5, TI0E + T 21, 1310 " 1)
mnz

x 8(E) + nw — E). (27)

Here, n = =; the projection operators F,ﬁt are written as F,f =
U,jQiU/< with 0F = (1 +13)/2 and U = wxtg — w4 +
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v T— being the unitary transformation matrix from the particle

space to the quasiparticle one. uy = /1/2 4 & /(2E;) and
v = /1/2 — &/QEY); EkﬁE =Kk - v, £ E} denotes the tilted
quasiparticle energy. It is noted that at low frequency w<< Ay,
the scattering term in Eq. (25) recovers the one in our previous
work where we propose the three-fluid model as mentioned in
the introduction [70]. In the present work for the optical prop-
erties, we focus on the THz regime where w~A . Moreover,
considering a weak and fast-oscillating optical field, the tilt
in quasiparticle energy (i.e., Doppler shift k - vy), related to
electromagnetic field [70], can be neglected (i.e., E, +— +E).

Then, as seen from Eq. (25), due to the forced oscilla-
tion of the density matrix by the influence of the multicycle
THz pulse, the optical frequency w is involved in §(E,) +
nw — E”) (ie., the energy conservation of the scattering).
Consequently, besides the intraband scattering (n; = 1,), the
interband scattering channel (17, = —n;) is opened.

1. Linear response: optical conductivity

We first investigate the optical conductivity in the linear
regime. The linear order of the GIKE [Eq. (12)] reads

iwpy + i[5t + Ao, o] + (eEo - i3 T0 = By ol
(28)
From above equation, it is noted that only the 7y component
of py is optically excited:

n;
Pl = Pola = —— D Miew Yo (@) (o = pito). 29
k/
and the other components of p;’ are zero, in consistency
with the above mentioned Vanlshlng S|A|” [Eq. (15)] and
n& [Eq. (16)]. Here, pyle = kl(Ek) is the clean-limit so-

lution with [(Ey) = 3¢ [£x8(Ex)] = ——BEkg(Ek) — g f(Ex)

consisting of superfluid [—g—fa@ g(Ex)] and quasiparticle
[—0g, f(Er)] contributions, exactly same as the one in our
previous works [70,71]. The second term on the right-hand
side of Eq. (29) comes from the scattering.

The exact analytic solution of py;, from Eq. (29) is difficult
in the presence of the scattering. Nevertheless, at the rela-
tively weak scattering (i.e., & < [ with £ being the coherence
length), after the first-order iteration by substituting o) |c1 into
the scattering term [second term on the right-hand side of
Eq. (29)], oy can be directly solved:

E, - k E) - k
el - Fl(Ek) eko

® F
Pxo Nk, 30)
with m = mw Dy |Vk—k’|2Yk0kf(w)[l(Ek) — cos O L (Ep)].
Then, substituting the solved py;, into Eq. (8), the optical
conductivity in the superconducting states os(w) = oj5(w) +
ioys(w) is obtained (refer to Appendix B):

Gls(w)

Uln(w)
/°° [E(E + ) — AZ]I(E) + I(E + w)]

= | dE
80 JE + 02— a3 JE2 - A3
~A[E(E + ) — AJJIE + )
[ ae

Ao~ \/(E +w)?> — A(z)\/EZ — A}

9(0) — 2A0),

€1V}

2

ne
o2(w) = —— + o1,(w)
mw

Ao E(E +w)— AZ|I(E+ o

9 /‘ dE[ ( ) — AFIC )

max(—Ag, Ag—w) \/(E + w)2 A2\/A2 E2
(32)
where 6(x) is the step function; o},(w) = m’c’f;r with tl =

'y — I'y exactly being the momentum relaxation rate in nor-
mal metals and T; = 2n;7wD [ 2 Ay [Vie—k, |* cos ihge . D is the
density of states. It is noted that the first term in oy5(w)
recovers the clean-limit one in the superfluid as revealed in
our previous work [70].

Firstly, we point out that the obtained optical conductivity
from the GIKE [Egs. (31) and (32)] becomes o, = ne 4

mw?t,

-= in the normal states at T > T, with Ay = 0 (refer to Ap-
pendlx C), exactly recovering the one in normal metals as the
Drude model or conventional Boltzmann equation revealed.
To the best of our knowledge, so far there is no theory of
the optical conductivity in the literature that can rigorously
recover the conductivity in normal metals from7 < T, to T >
T, due to the difficulty in calculating the vertex correction in
superconductors [23,24,80]. The GIKE here actually provides
an efficient approach to deal with the scattering.

We then discuss the frequency dependence of the op-
tical absorption oj;(w) in the superconducting states. In
Eq. (31), the first term originates from the intraband scat-
tering. Whereas the second one comes from the interband
scattering, leading to the step function. The frequency de-
pendence of o;(w) is plotted in Fig. 1. As seen from the
figure, o1,(w) shows a significant crossover at w = 2A(7T),
which comes from the step function (i.e., opened interband-
scattermg channel) for w > 2Aq in Eq. (31). Secondly, at

= 0 K with the finite superfluid contribution /(Ey) = 2E‘

in Eq. (31), one finds that o,(w), shown by the solid curve in
Fig. 1, always exhibits a finite value even when w < 2Ay, in
sharp contrast to the vanishing o;(®) in the anomalous-skin-
effect region as MB theory revealed. Moreover, as shown in
Fig. 1, with the decrease of w from w > 2Ay, os(w) first
increases and then drops abruptly around 2A,. By further
decreasing w below 2A(, due to the fast increase of oy,(w)
in Eq. (31), a significant upturn of o,(w) is observed.

Results in the dirty limit (/ < &) require a full numerical
calculation of Eq. (29) and go beyond the analytic analy-
sis. Nevertheless, from Eq. (29), thanks to the finite value
of superfluid contribution in [(E;) at T =0 K, the finite
o1s(w) at low temperature when w < 2A is unlikely changed
even in the dirty limit. In addition, due to the existence of
8(w — Ep+ Ep) in Yl?k, (w) [Eq. (26)], the crossover point at
w = 2A((T) can also be obtained in the dirty limit. These
two points, by the full numerical calculation of Eq. (29) in the
dirty limit, are justified (refer to Appendix D), in qualitative
agreement with the experimental findings [9-20].

As mentioned in the introduction, the MB theory derived
from anomalous-skin-effect region is excessively used in the
literature [10,11,13-20] to fit the experimental data in the
normal-skin-effect region where the scattering effect domi-
nates. Nevertheless, as shown by the dotted curve in Fig. 1, at
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FIG. 1. Frequency dependence of oy,(w) at different tempera-
tures by calculating Eq. (31). Constant oy = nge?/(mep). In our
calculation, A is calculated from Eq. (24); r" = 0.6A¢y with Ay
denoting the order parameter at zero temperature on(w) = “O‘T".
Other parameters used in our calculation are listed in Table I. The
black dotted curve denote the results from the MB theory, in which
we artificially set o1, (w) = 22 to enhance o,(w). The inset shows
the temperature dependence ofpthe superconducting order parameter
Ay to confirm the crossover point in the frequency dependence of

Uls(w)-

low temperature, when w < 2A, o15(w) from MB theory de-
rived at the anomalous-skin-effect region, which comes from
the quasiparticle contribution [21], is too small in compari-
son with the finite experimental observation [10,11,13-20].
Therefore, such an unphysical fit underestimates the upturn of
o1s(w) below 2A particularly at low temperature, and hence,
is incapable of capturing the experimental findings [10-20].

2. Second-order response: excitation of Higgs mode

We next investigate the second-order response of the Higgs
mode. The second-order GIKE is written as

2iwpy” + i[&Ts + Ao, pr] + i udiTs + S AT, oy ]
1 i
+ §{€E0T3+p§”f2Ao, o} + g[AOTI» Y - )’y

= 3ol (33)

from which p}*
weak scattering.

can be analytically solved at the relatively

TABLE I. The used parameters in our calculations. With the spe-
cific values of Agy and wp, the effective electron-electron attractive
potential g is determined by Eq. (24) at T = 0 K.

Ago 1.268 meV wp 15.856 meV
Er 700 meV e 8 meV
(eEy/iw)? /m 10~ Ao Ag 0

Substituting the solved p “ into Eq. (15), the second-order
response of the Higgs mode can be self-consistently derived
(refer to Appendix E):

viﬂ(@_

P22 .
- =)7d,(1—1is
8|A|2w= 6 iw 2) ( H)

A} — & + ioyy

, (34)

where
Jue * EdEo(E)d(E)
U [ EdESEEE
oF[g]

o0 (E)o(E) ’
Ja, EAESRES
B wToF[d]

N Jn  EAEO(E)d(E)’

, (35)

YH = (36)

sy 37)

h / _ A2
with d(E) = @, o(E) = Ef%ﬁ” and functional function

Flg] = f dEo(E)o(E +20)[g(E) + g(E + 20)]
A

0

2w Ao
- f dEo(E)o(2w — E)g2w — E)(w — Ag).
AW

(38)

It is noted that in the absence of the scattering (i.e., 'y = 0),
Eq. (34) exactly reduces to the clean-limit one revealed in our
latest work [71].

As seen from Eq. (34), yy from the scattering causes
the broadening of the Higgs-mode spectrum whereas sy
represents the second-order optical absorption through the
scattering. The existences of sy and yy result in an imaginary
part in the second-order response of the Higgs mode, and
hence, lead to a phase shift in this response. The magnitude
A%I“’(a)) and phase shift ¢(w) of the second-order response of
the Higgs mode §|A[>** = A%°¢®@) are plotted in Fig. 2(a)
and (b), respectively. As seen from Fig. 2(a), the magnitude
of the second-order response of the Higgs mode exhibits a
resonant peak at 2w = 2A((T), in consistency with the ex-
perimental observation [49-51]. The phase shift ¢ of this
second-order response [Fig. 2(b)] exhibits a 7 jump at w =
Ao(T). This is natural since from Eq. (34), the real part of
8| A|* at the weak scattering is proportional to (o> — A(z))’l,
whereas the imaginary one is proportional to (w® — A3)~2,
leading to tan ¢ o (w® — AZ) 7.

B. Free decay

In the previous subsection, we have investigated the re-
sponse of the superconducting states during the optical pulse.
In this part, we focus on the situation of the temporal evolu-
tion of the optically excited collective modes after the optical
pulse.

1. Simplified model
The GIKE after the optical pulse is written as

0ok + i[5k + pett)Ts + |AlT1 + 8| AlT1, px] = 0; Ok sc-
(39)
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FIG. 2. Frequency dependence of the magnitude A%°(w) and
phase shift ¢(w) of the second-order response of the Higgs
mode at differzent temperatures. The dimensionless parameter 7y =
vZ By
203, " iw
tion are listed in Table I.

— %) . Ty = 0.6A¢. Other parameters used in our calcula-

The density matrix is given by
Pk = pp + 80k, (40)

where § px denotes the part deviated from the equilibrium state
due to the optical excitation. The fluctuations of the amplitude
(i.e., 8|A|) and phase (i.e., uefr) of the order parameter can be
obtained from Eqgs. (15) and (16), respectively.

It is noted that in Eq. (39), the second term on the left-
hand side causes the coherent oscillation of the density matrix
whereas the one on the right-hand side provides the scattering.
In this circumstance, as established in the semiconductor op-
tics [77] and spintronics [78], Eq. (19) as a clean-limit solution
of Eq. (39), can be safely used into Eq. (18) as the Markov
approximation to further derive the scattering terms. Then,
the scattering which becomes free from the influence from the
optical frequency, is given by

— 2 n n n n
0 pxlse = —mimw E kx| (3l ok — 3o T 130y
k'n

+ o vl v — T 3T o 13)8 (B — E)

—mT Z Vit I [73 (i ok — ok wier) + (prcwis
k/

— Wi P )T318(Ep — Ey), 41

where ww =Y, T} 6l = w4+ wi w3 with wy, =
Ao(Ep+&)
2EEy

Since only the isotropic part of the density matrix in the
momentum space survives the summation in Egs. (15) and
(16), i.e., contributes to the calculations of the amplitude and
phase of the order parameter, we neglect the anisotropic part in
8 px. Then, considering the fact wyy |g,——g, = 0, the scattering
term in Eq. (41) is simplified after the summation of k’, and
the GIKE becomes

3 2.2 2,2
and wy,, = uj,u; + Vi vy — 2up Vgt Vg .

0o + 1[5k + Mefr)T3 + |AlTE + 8| AlT1, ]

£k £k Ag
= —2I = — — P33 . (42
osgn(fk)[l)kz E, T+ | Pri B OE 71| (42)
Particularly, it is pointed out that Eq. (42) in the Anderson
pseudospin picture [65] is written as

S — 2by x 8 = —2F03gn(§k)[(sk cap)X + %(Sk . 31)3’:|,
43)

where by = (Ag +8A, 0, & + perr) and sg = (ox1, Ok2, Ok3)
denote the Anderson pseudo field and spin, respectively; a; =
(0,1,0) and a; = (&/Ex, 0, —Ao/E}) are two transverse di-
rections to the equilibrium-state pseudo field bg. It is noted
that in Eq. (43), the second term on the left-hand side of the
equation causes the coherent precession of the Anderson pseu-
dospin, exactly same as the one in the previous works [50-60].
The terms on the right-hand side come from the scattering,
which provide the relaxation of the nonequilibrium states.
Particularly, since s} and s; contribute to the calculations of
the Higgs [Eq. (15)] and NG [Eq. (16)] modes separately, one
immediately finds that the first term on the right-hand side
of Eq. (43) provides the damping of the excited Higgs mode
whereas the second term causes the damping of the NG mode.

We point out that in the present work, the relaxation
terms on the right-hand side of Eq. (43), exactly come from
the microscopic scattering, differing from and going beyond
the previous phenomenological relaxation in the Anderson
pseudospin picture mentioned in the introduction [53,54]. In
fact, the previous phenomenological relaxation mechanism,
without the microscopic origin, is not exact and convincing.
Specifically, in Ref. [53], in analogy with the real spin pre-
cession, the longitudinal and transverse relaxation processes,
which describe the damping of the components of §s; along
and perpendicular b, are introduced into the Anderson pseu-
dospin picture through the phenomenological relaxation time.
Nevertheless, one finds that the longitudinal component of
the pseudospin Js - bg/Ek = (Apdpor1 + E6013)/Er = 5[);33.
Since the diagonal § p,’é is related to the quasiparticle distribu-
tion, the longitudinal relaxation process [i.e., terms like (8sy -
bg)] directly describes the damping of the quasiparticles in
which only the inelastic scattering contributes and the elastic
scattering makes no contribution at all. Hence, in super-
conductors, considering the weak inelastic electron-phonon
scattering at low temperature, the longitudinal relaxation pro-
cess is marginal and only the transverse ones [i.e., terms
like (8sy - a;) and (s - a»)] play the important role. Partic-
ularly, there is no reason for the two transverse relaxation
processes, which provide the damping of the two collective
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FIG. 3. Temporal evolution of Higgs mode §|A| after the optical
pulse at different scattering strengths. The inset shows the compari-
son between the analytic solution from Eq. (47) and full numerical
results from Eq. (42). In the calculation, § ok (t = 0) = p + pﬁw with

o = Ag and T = 1K. Other parameters used in our calculation are
listed in Table I.

modes separately as mentioned above, to share the same rate.
Most importantly, since &s;, is related to the density fluctuation
[i.e., én = Zk 8si = 0 from Eq. (7)], as a consequence of the
charge conservation, the relaxation terms should not have any
component along z direction. All above features, unsatisfied
in Ref. [53], are well kept in our relaxation terms in Eq. (43),
thanks to the microscopic scattering in the GIKE.

2. Damping of Higgs mode

By taking the optical response of the density matrix
Spx(t =0)=p + pﬁ“’, we first perform the numerical cal-
culation to self-consistently solve Eq. (42) with Egs. (15) and
(16). Then, the temporal evolution of the Higgs mode §|A|(?)
and NG mode p.s(¢) can be self-consistently obtained. We
focus on the measurable Higgs mode in this part.

The temporal evolution of the Higgs mode after the optical
pulse is plotted in Fig. 3 at different scattering rates. As
seen from the figure, §|A|(¢) exhibits an oscillatory decay
behavior, in consistency with the experimental observation
[48-51,53,54]. The frequency of the oscillation is around 2 A,
in agreement with the energy spectrum of the Higgs mode.
Moreover, it is also found that the damping of §|A|(¢) shows
a monotonic enhancement with the increase of the scattering
rate.

To further understand the temporal evolution of §|A|(t), we
analytically derive the solution of Eq. (42) by first transform-
ing Eq. (42) into the quasiparticle space through the unitary
transformation ,oz = U pkU:. Then, under a weak excitation
(i.e., small 6 px), one has the components of the equation:

d8py, + 2ESpl 4+ wdpl, = 2ia, (44)
= —2iay, 45)

a8p!_ — 2iE8p]_ + vidp]_

A
adols + (3pf, +8pl_)  Tosen(&) =0, (46)

with yj = Dosgn(&x) 3 and a; = (— 22 2 et + NS )i

An exact solution from above equatlons is dlfﬁcult How—
ever, at the weak scattering, similar to the Elliot-Yafet
mechanism in the spin relaxation of the semiconductor spin-
tronics [78], the coupling terms between p; and p/, in
Eq. (46) can be effectively removed through the unitary trans-
formation as the Lowdin partition method showed [81]. Then,
pg (t) and hence p(f) can be solved (refer to Appendix F).
Consequently, from the gap equation [Eq. (15)], the temporal-
evolution equation of the excited Higgs mode is given by

S|A
| | _ Z {—Ck3 + —ac cos(2Ext + 6.)e "

A2 t %-2
- [ng(Ek)—S} / 8IAI(t"dt' + 2Erg(Ex) 2
E; 1Jo E;

t
x / SIA|(F) sin(zEkat)e—W”dt’}, 47)
0

with a, = Vc,%l + 0132 and tan 6, = ¢y /¢y and 8t =1 — 1.
The coefficients c;; are determined by the initial optical ex-
citation:

C —&8 (t—O)—é—k(S t=0) (48)
kl—Ek Pi3l = By Pr1t =),

2 = —0pr2 =0), (49)

C ——&8 (t—O)—g—k(S (tr=0) (50)
k3 = E, Pr1l = Ey Pir3l =0).

As seen from the right-hand side of Eq. (47), the first
and second terms are related with the initial excitation;
By only considering the third term, one has 9,8|A| =

—[g> k ykg(Ek) ]8|A| Thus, the third term on the right-

hand side of Eq. (47) causes the damping of §|A| with the
relaxation rate proportional to y,. The last term show the
oscillatory decay with the time evolution, and hence, directly
lead to the oscillating damping of §|A| with the relaxation
rate proportional to y;. The relaxation rate of the Higgs mode
therefore increases by increasing the impurity density, similar
to the Elliot-Yafet mechanism in the spin relaxation of the
semiconductor spintronics [78]. Comparisons between the an-
alytic solution [Eq. (47)] and full numerical results are plotted
in the insets of Fig. 3, where the results from the two sets of
calculations agree well with each other.

Finally, from Eq. (47), it is found that the long-time dy-
namic of the Higgs mode behaves as (refer to Appendix G)

cos(2Apt)e V!

SA() N , (51)
exhibiting an oscillatory decay behavior with oscillating fre-
quency at the Higgs-mode energy 2A . Here, y is the average
of yk in the momentum space. In the absence of disorder (y =
0), Eq. (51) reduces to the previous coherent BCS oscillatory
decay [56,57,82—85] as it should be, since our kinetic equation
[Eq. (43) or Eq. (42)] without the scattering exactly recovers
the linearized Bloch (i.e., Anderson-pseudospin) equations
around the equilibrium state [56,57,84,85]. Whereas the pres-
ence of the impurity leads to exponential decay.
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IV. SUMMARY AND DISCUSSION

Within the GIKE approach, we analytically investigate the
influence of the scattering on the optical response of supercon-
ductors in the normal-skin-effect region (/ < §). Two extreme
situations: during and after a multicycle THz pulse pulse,
are considered with a careful implementation of the Marko-
vian approximation for the microscopic scattering. During
the pulse, the multicycle optical field with the stable phase
and narrow frequency bandwidth as applied in recent ex-
periments [54], exhibits the continuous-wave-like behavior.
Then, response of the density of matrix, as the solution of
the free GIKE in superconductors, is forced to oscillate with
the multiples of the optical frequency. Consequently, due to
this forced oscillation, after the Markovian approximation,
the energy conservation of the scattering is influenced by the
optical frequency. Whereas after the optical pulse, the system
is free from the optical field, and the density of matrix in
this situation exhibits the free coherent oscillation in the clean
limit. Then, after the Markovian approximation, the energy
conservation of the scattering becomes free from the influence
from the optical frequency. Rich physics in both extreme cases
is revealed.

Specifically, during the pulse, responses of the supercon-
ductivity in linear and second-order regimes are studied. In the
linear regime, we analytically derive the optical conductivity
from the GIKE at the weak scattering (I > £). We show that
by taking T > T, the optical conductivity from our theory
obtained at 7 < T, exactly recovers the one in normal met-
als as the Drude model or conventional Boltzmann equation
revealed. To the best of our knowledge, so far there is no
theory in the literature that can rigorously make this recov-
ery. Whereas in the superconducting states, we find that the
optical absorption o4(w), due to the contribution of super-
fluid density, always exhibits a finite value when w < 2A
even at low temperature, and shows an upturn with the de-
crease of frequency below 2A, in contrast to the vanishing
o15(w) in the anomalous-skin-effect region as MB theory re-
vealed [21]. Moreover, o},(w) shows a significant crossover at
w = 2A¢(T), which comes from opened interband-scattering
channel for @ > 2A. Through the full numerical calculation,
we further show that both the upturn of the finite o(w)
below 2A( and the crossover point at w = 2Ao(T) in o14(w)
also appear in the dirty-limit regime (§ < /), in qualitative
agreement with the experimental observations in disordered
type-II superconductors like Nb [10,11], NbN [18], MgB,
[9,12,13,19], NbTiN [14-16], and Al [17,20].

As for the second-order regime, we study the response of
the Higgs mode. We show that the scattering causes a phase
shift in this second-order optical response. Particularly, we
find that this phase shift exhibits a significant 7 jump at w =
Ao, which provides a very clear feature for the experimen-
tal detection. Recently, thanks to the advanced pump-probe
technique, a 7 jump of the phase shift has been experi-
mentally observed at @ = Ay(7T) in the second-order optical
response of the disordered high-7, cuprates-based supercon-
ductors [54]. The origin of this jump is still controversial.
Whereas our present work suggests that the 7 jump of the
phase shift in the second-order optical response can also be
realized in the conventional superconductors through the scat-
tering effect.

Finally, we study the relaxation mechanism of the excited
collective modes after the pulse. In this situation, based on the
complete GIKE, a simplified model with the damping terms
in the Anderson pseudospin picture is proposed. The damping
terms in this model exactly come from the microscopic scat-
tering, differing from and going beyond the phenomenological
relaxation mechanism in the previous works [53,54]. Particu-
larly, both the charge conservation and the unique feature of
the dominant elastic scattering in superconductors: vanishing
longitudinal relaxation process, are kept in our relaxation
terms, in sharp contrast to Ref. [53]. Then, by studying the
damping of the Higgs-mode excitation, we reveal an expo-
nential relaxation mechanism due to the elastic scattering,
which shows a monotonic enhancement with the increase
of the impurity density. In addition, we also investigate the
damping of the NG mode (refer to Appendix H). It is found
that in the conventional BCS superconductors, the damp-
ing of the phase fluctuation (NG mode) is much faster than
that of the amplitude fluctuation (Higgs mode) of the order
parameter.

Note added. Recently, we became aware of a very recent
paper by Silaev [86]. In that paper, by separately using Eilen-
berger equation and diagram formalism, the author studied
the Higgs mode excitation in the presence of the scattering.
This is indeed the very first paper that rigorously calculates
the scattering influence on optical properties within the Eilen-
berger equation in the literature, even though it is too complex
to obtain final analytic solution. Nevertheless, based on the
following reasons, the results in that paper are not correct.
Firstly, in Ref. [86] by Silaev, the claimed conclusion that
the Higgs-mode generation is zero without impurity is based
on the incomplete electromagnetic effect in his approach.
Specifically, both the Hamiltonian used in his diagram for-
malism and the Eilenberger equation are not gauge invariant
with vector potential A alone [87]. It is well known that the
gauge invariance is the basic character of the electromag-
netic field. The absence of the gauge invariance indicates
that the incomplete electromagnetic effect. Secondly, another
conclusion in Ref. [86] that the Higgs mode is not sensitive
to disorder, is also incorrect. This can be easily seen by the
following simple analysis through the general physics. In the
Nambu space, the BAG Hamiltonian in the presence of the
Higgs mode excitation is written as Hpqg = £573 + Ao(r)7) +
8|A(r)|T; in the real space, and the electron-impurity inter-
action is given by V (r)rs. Then, due to the noncommutation
relation

[8|A(r)[z1, V(r)T3] # 0, (52)

the Higgs mode must be sensitive to the disorder. In fact, the
scattering influence on the Higgs mode in the present work
exactly comes from this noncommutation relation. Specifi-
cally, our scattering term of the isotropic part [Eq. (41) with
Wik |g=—g, = 0] is given by

r
0 Prlse = — f/dék/(rs[ZFZrar”, 5,0k1|
n

+ h.c.)S(Ek — Ep), (53)
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APPENDIX A: DERIVATION OF EQ. (25)
In this part, we derive Eq. (25). From Eq. (18), one has

t
ho=Si(> <) = Su(<.>)=nm Y / dt' Vi Pe OB B G [m () — po@)nIT). (AL

Ko ¥ T

in which ¢ = 3 T/« is used.
The nth order of above equation during the optical response is written as

0 F _ l—"}z
2 (E] —E? 2 BT (3o — o' T3)
L™ = n; § Vi P[0 (T — o) T2 / dt' e B —BEHnen’ — § Vi—i| = -
K'nim - mn2 E B Ao — 10+)

= Z Vik P[6 T (T30l — o wa) T |8 (B — B + nw). (A2)
k'nimy

Similarly, one also finds
EI" =mn Y View [T (01t — t30p )Tl 3] x 8(By — B — no). (A3)
K'nin
Consequently, Eq. (25) is derived. For completeness, The explicit expressions of Ylfk,(na)) [Eq. (26)] are given by
Yl?k, = Io[(ukuk, + vkvk Zukuk/vkvk/)S(Ek/ +nw—E)+ (ukuk, + vkvk Zukuk/vkvk/)S(Ek + nw — Ey)
+ (I/lk v+ Uk I/tk, + 2uup v v )5(Ek + nw + Ey) + (I/lk v+ vk uk/ + 2u i v v )5(?10) E;, — Ekr)], (A4)
Yo = [(upup + vivg + 2ueupvive )13 + Ag(E — &)/ QEER)T1 + i(uev + upvp )12 |8(Ep + nw — Ey)
+ [(uup, + vevp + 2upup vive ) T3 + Ao(Er — &)/ QEEr)T — i(uve + wpve) T2 |8 (Ey + nw — Ey)
+ [(ugvp + viup — 2ugvevi) T3 — Ao — £/ QEER)T) + i(up v — upv) T2 |8(Ex + no + Ep)
+ [ (v + viup — 2ugvevi)ts — Ao — &)/ QEER)T + i(ux vk — v 12 |8(nw — Ep — Ey), (AS)
Yklk, = [Ao(ékf — &)/ QEEY)Ts + (u,%v,% + v,%u,% — 2ukuk/vkvkr)t1 + i(ui,v,f — u,%v,%,)tz]S(Ekr + nw — Ey)
[Ao(ék« — &)/ QEEY)Ts + (ukvk + vkuk, — 2uguy vkvk/)r (u,%v,f uivf)tg]ﬁEk +nw — Ep)
+ [Ao(E — &)/ QEEr)Ts + (upup + vive + 2uuvgvr )T+ i(upup — vive )12 |8(Ex + no + Ex)
+ [Ao(E — &)/ QEEW)Ts + (ufui + vivy + 2w vevp) T — i(upui — vive)w]8(nw — Ex — Ep),  (A6)
iYkzk/ = [(ukvk + up v )3 + (u,%vf — u,%v,f,)rl + i(u,%v,f, + v,fuz, + 2uguy vkvk«)Iz]S(Ek/ +nw — E)
- [(ukvk + upvp)T3 + (u,%,v,% - M,%U%)‘L’] — i(u,%v,% + v,%u%, + 2uguy vkvk/)rz]S(Ek +nw — Ep)
+ [(Mk/ka — ukvk)rg + (MI%/M% — v,%v,%,)rl + i(u,%ui, + v,%v,%/ — 2ukukr vkka)Tz](S(Ekf + nw + Ek)
— [(uk/vkr — Upv)T3 + (u,%u,% — v,fv,f,)rl l(ukuk, + vk vk, 2uy Uy vkvk/)tz]é(na) —E. — Ep). (A7)

One also has N}, (nw) = 2Y\ (nw), N (nw) = 2,3, (nw) and Ny, (nw) = N (nw) = 0.

APPENDIX B: DERIVATION OF EQS. (31) AND (32)
We derive Egs. (31) and (32) in this part. At the weak scattering, substituting the solved py, [Eq. (30)] into Eq. (8), one has

i=Ji+ (BI)
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with

b= 3iwm?

>

| 1Y

262 EoDk2 /

=00 Vi | Yo (@)1 (Ex) — cos fiael (Ex )] = Z

2

A&l (Ey) = .”iEo, (B2)

I’lEO

f A5 Yo ()Tl (E) — T (E)]. (B3)

Then, with the explicit expression of Ykk, in Eq. (A4), the above equation becomes

ne’E, 1

o=

A 2
P Z/dé:k/dé:k [Fol(Ek)_Fll(Ek’)]Z (1+En1En2)8(w+E,?‘ +E)

mn2

_ ne*E, /dE/dE JEE'[Tol(E) — T 1(E")]

JE - M JEP - 3

maw?

nm Ao
<1+ EE )8(w+n1E+n2E) (B4)

in which we have taken care of the particle-hole symmetry to remove terms with the odd orders of &, and & in the summation
of k and k’. After the mathematical integral, above equation becomes

[(E 4+ ©)E — AF|I(E + w) + (E)]
\/EQ _ Ag\/(E +oP - A2

o =o0uEo / dE
Ao

/ pl@ = BE + AfJll@ — E) + 1(E)]
Ao

0(w — 2A¢)

2\/E2 _ A%\/(w —EQ - A2

+-

U Jmax(w—Ag,Ag)

1 /erAo i [(w — E)E + A][l(w — E) + I(E)]
2\/E2 - Ag\/Ag —(w—E)?

(B5)

Consequently, the optically excited current j in the linear regime and hence the optical conductivity o,(w) = o4(@) + iors(w)

are derived.

APPENDIX C: OPTICAL CONDUCTIVITY ATT > T,
We give the optical conductivity at 7 > T,. In the normal
state at T > T, with Ay = 0, one finds that [(E) = —0g f(E)
E(E+w)—A} .
o i E(E 4+ w)/(|[E||E + w|). Then,
thanks to the constant density of states in normal states,
Egs. (31) and (32) become
Uls(a})
o1 (@)

and

__ /0 dE[3s f(E) + 9540 f (E + @)]

0
_ / dEdgs0f (E + o)

—w

= —Z/OOdEaEf(E)z 1, (CD)
0
n62
ox(@) = ——, (€2)
mw

which are exactly the optical conductivity in normal metals
as the Drude model or conventional Boltzmann equation re-
vealed.

APPENDIX D: OPTICAL ABSORPTION IN THE DIRTY
LIMIT

By full numerical calculation of Eq. (29), the frequency
dependence of the optical absorption towards the dirty limit
are plotted in Fig. 4. As seen from Fig. 4(a), both the upturn
of the finite o,(w) below 2A and the crossover point at w =
2A¢(T) in o1(w) appear in the dirty-limit regime (§ < /),
justifying our analysis in Sec. II A 1 and in qualitative agree-
ment with the experimental findings [9-20]. Thus the GIKE

(

provides an efficient approach to capture the optical conduc-
tivity in the normal-skin-effect region. To quantitatively fit the
experimental data in the dirty limit, the specific parameters of
the density, effective mass and momentum-relaxation rate are
necessary, and this goes beyond the scope of the present work.

APPENDIX E: DERIVATION OF EQ. (34)

We derive Eq. (34) in this part. Following the approach in
our previous work in the clean limit [71], the solution of ,0]%‘“
from Eq. (33) in the presence of the scattering is written as

iy = iwAx + S, (E1)
® &Sp  dpl2om
PRy = —EAk — T 4 S (E2)
iw 2iw
AnS¢ 9 2w,713
P2 = Doy + By 20k WALTT g
iw 2iw

where 9, pk|2‘° "% denotes the 7; component of the scattering

term o; Pk|sc ; Ak, By and S, are given by

ak — AO[(U - ps) akpl?() —(ps - 8k)2pl(23/4]

Ax = , (E4)
20—
By = — 0 Mo (ES)
2iw
0, pi |29 + i, pi |29 — Ao, pi |20
S = e (E6)
2(Ek - )
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1.8

Gls/Gln

/Ay

FIG. 4. w vs 015,(w)/01,(w) at different temperatures by numeri-
cally calculating Eq. (29) for (a) ', = 1.5A and (b) '), = 0.5A.
In our calculation, A is calculated from Eq. (24). Ay denotes the
order parameter at zero temperature. Other parameters used in our
calculation are listed in Table I. The inset in (b) shows analytic
solution from Eq. (31).

The scattering term 0, pk|§g) [Eq. (25)] reads
a2 = —mim Y Vi P [Hie Qo) (pig — pit)

k/
+ Y Qo) (05 — 0i5) + Vg Qo) (0i + pi?)
+ Ko Qo) (05 + 05 ]- (E7)

At the weak scattering, by substituting the clean-limit solu-
tion of pﬁ"’ into the scattering terms as the first-order iteration,
Eq. (E7) becomes

dpul2 = —mim Y Vi [ Ao¥ig Qo) (Ax — Ax)
k/

+ ioYa o)Ak + Ax) — Yo Qo) (& Ak + EvAk)
+ Y3 2w)(Bi — By))- (E8)

Then, pp® is solved.
Consequently, with ¥}, (2w) given by Egs. (A4)—(A7), sub-
stituting p2% into Eq. (15), one has

. 262
"5 in;ww §CEC 5
= E §Ck — ) E EE Ve —x;, |
k Kk kEK

8|A|2w
8

Cid(Epy + 20 — E)
(Ex — w)(Ey — o)

y |:Ckr5(Ek/ + 2w — Ey)
(Ex + o)(Ep + o)

CoS8(Ey + 2w — Ey)
(B — o)(Ep — )

CeS8(Ey + 2w + Ey)
(Ex — o)(Ep + o)
Co8Qw — Ev — Ey)
(Bx + o)(Ep — )

Cu8(Ey + 2w — Ey)
(Ex + 0)(Ery + o)
C8(Ey + 20 + Ey)
(Ex + 0)(Ep — w)
CdQw — Ey — Ey)
(Ex — w)(Ep + ) ]

(E9)
where C; is given by
e 2\ 2
o _ SIAPgEY) | Aovp (5 — ) d(EY
k= 2_ 2 2 2 (E10)
Ef —w 6(Ek —w )

Here, we have taken care of the particle-hole symmetry to re-
move terms with the odd orders of &, and & in the summation
of k and k’; we also take 7y in p° [Eq. (30)] as its average
value 7k in the momentum space. Then, after the mathematical
integral, Eq. (34) is obtained.

APPENDIX F: SOLUTION OF EQS. (44)—(46)

In this part, we analytically solve Eqs. (44)—(46). Consider-
ing the weak scattering, we only keep zeroth and first orders of
the scattering strength I'y in the following derivation. Similar
to the Elliot-Yafet relaxation mechanism in the semiconduc-
tor spintronics [78], following the Lowdin partition method
[81], through a unitary transformation (8o} + 3p;_, 9 p)§3)T =
a1- S)(Sp,ir, §p]_, 8p5)" with

0
Aol

S= —Sgnf’%z 000 0o ol, (F1)

i 1 -1 0

Eqgs. (44)—(46) become
9801, + (2UESpL, + vi)8pp, = 2iay, (F2)
Op;_ — (2iESp;_ — vi)dpi_ = —2iay, (F3)
A r

9,800, = —2 osgn(&r) %, (F4)

2
Ek

from which § o} can be directly solved:

t
8ppy = —Cix eXp[—(£2iE; + yi)t] + / 2iar(t)
0

x expl—(+2iE; + y)st1dr, (F5)
2 r
8% = —ciz — / 22050 | nar. (F6)
0 Ek

Through the inverse transformations §p; = UkT 3,o,ka and
(8p{,. 8p{_. 8p()" = (1 +5)(8p}. 8p}_. 8p3)" . one has

& . . Ao, s sgn(€)Aoly .
Spr1 = E—kr?pkl + i 8pi5 — E—sz,okz , (F7)
8pr2 = 8ppy, (F8)
& [ s sgn(&)Aolo Ao
8oz = E, 83 — E—szslokz - E—k5pk1- (F9)
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Finally, substituting Eq. (F7) into Eq. (15), by taking care
of the particle-hole symmetry to remove terms with the odd
order of & in the summation of Kk, one obtains

5|A| B

Z {_CH + 2K e e cosQEr + i)

AZ t
— C2 SINQ2ERt — )] — [ng(Ek)E—g] / S|Al("dt
0

k
+ 2g(Ek)sk f S|A|(¢") sin(RE St + gy e o' dr’ }

(F10)

where the phase shift ¢, = arctan[sgn(&;)/& A%Fo /Ekz] can
be neglected at the weak scattering. Then, Eq. (47) is derived.

APPENDIX G: DERIVATION OF EQ. (51)

In this part, we derive Eq. (51). To consider the long-time
dynamic behavior of the Higgs mode, by approximately tak-
ing the starting point of time as —oo in Eq. (47), one has

8|A|(1)
8

t 2

’ ’ Sk

=A;-T SIA|()dt + 2FE, 9(E ) ==
H/_oo NG §k (6(E)

t
x / S|A|(t) sin(RE 8t )e " dt’ (G1)
—0o

. 2
with A; = 3y Fees and Ty = Yy | ng(Ek)%]

In the frequency space 3|A|(f) = f 8|A|Qe”9‘+0+’ the

above equation becomes

1 T 4g(EE}
A = [— - ﬁ(—k)"’&k.z]amm. G2)
g i - 4E; — (2 +iyx)
By using Eq. (24) to replace g, one has
[ (2407 — (R + i)
Aig = 8(Ex) +24 §1Alq
_Xk: 4E} — (2 + in)? Q
[ (2A0)* = (2 +ip)’ il'y
=|D | dég(E S|A
i / 4 k)4§2+4A2 RN y)2+ |Ale
[ i
= |EJ/QA — (@ +i7) + ?”]smm. (G3)
’:‘ — D
Here, & —m Considering the weak scattering, the

second term on the right-hand side of the above equation can
be neglected. By keeping the zeroth and first orders of the
scattering, one obtains

dQ AiQ e—in-&-()*t
7 28 /A0 — (Q+i7)
+iy —i2
_ /o" VdQA,Q e it
ootiyp T 28 [(2A0)% — Q2
_yt/-m+ly @ e—iQt .
—ootip T /(200)? — Q2

It is noted that for the integrand in Eq. (G4), in the complex
plane of €2, there exist two branching points at 2 = +2A,.

8|A[() ~

(G4

Then, similar to the previous work [84], after the standard
construction of the closed contour, one obtains

 2ilt —2iAot - cos(2Apt
saltrre T g OMD g
0 0

APPENDIX H: RESPONSE OF NG MODE

As mentioned in the introduction, in our latest work for
the clean limit [71], a finite second-order response of the NG
mode, free from the influence of the Anderson-Higgs mech-
anism, is predicted as a consequence of charge conservation.
An experimental scheme for this response is further proposed
based on Josephson junction. In this part, for completeness,
we study the influence of the scattering on this response dur-
ing and after the THz pulse.

a. Excitation of NG mode in second-order response

During the pulse, substituting pZ% into Eq. (16), the NG
mode can be self-consistently derived:

. w OFiyit+i eE ») €E
(@ + i)y = #(—0 - S) g,
w Lwom
E @\ 2 j
(e By et (H1)
iw 2 6m
Here, 8o = [d&L(ENZ(E)/L [ d&g(Er)z(Ex)] and

ly = [d&m(E)z(E)/1 [ d&g(E)z(Ey)]  with  z(Ey) =
(E} — »*)™" and m(Ey) = (2&0g, + 1)I(Ey). The scattering
contributions are given by

3 [ dé&nikz(Ex)
= TR R H2
- 2 [d&d(Ep)z(Ex) (H2)
4F0 /’00
=2 | dEoE)(E + 20)0(E
Y0 fdgkg(Ek)z(Ek){ N o(E)o(E + 2w)w(E + )

X [S(E + 20)z(E + 2w) — g(E)z(E)]

2w—Ag
— / dEo(E)o(E — 2w)w(w — E)

Ao

x 82w — E)zQ2w — E)0(w — Ao)}, (H3)
and y; and y, are determined via replacing function g(x) on
the right-hand side of Eq. (H3) by /(x) and m(x), respectively.
It is noted that in the absence of the scattering, Eq. (H1)
exactly reduces to the clean-limit one revealed in our previous
work [71].

Consequently, similar to the investigation of the Higgs
mode in Sec. III A 2, the scattering also causes a phase-shift
in the second-order response of the NG mode. Nevertheless,
this phase shift is hard to detect, differing from the measurable
optical response of the Higgs mode in Sec. II[ A 2.

b. Damping of NG mode

After the pulse, by numerically solving our simplified
model in Sec. I B 1 [Eq. (42) with Eqs. (15) and (16)], the
temporal evolution of the optically excited NG mode is plotted
in Fig. 5 at different scattering rates. As seen from the figure,
the NG mode . (t) = 9,0(¢), i.e., the phase fluctuation, after
the optical excitation exhibits an oscillatory decay behavior.
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FIG. 5. Temporal evolution of NG mode p.g after the optical
pulse at different scattering strengths. The inset shows the compari-
son between the analytic solution from Eq. (47) and full numerical
results from Eq. (42). In the calculation, § px (t = 0) = p’ + pﬁw with
w = Ag and T = 1K. Other parameters used in our calculation are
listed in Table 1.

The oscillating frequency is around 2A, and the damping
shows a monotonic enhancement with the increase of the
scattering rate. Particularly, by further comparing Figs. 3 and
5, it is interesting to find that the damping of the phase fluc-
tuation (NG mode) is much faster than that of the amplitude
fluctuation (Higgs mode) of the order parameter.

Substituting the analytic solution of §px; [Eq. (F8)] into
Eq. (16), by taking care of the particle-hole symmetry to
remove terms with the odd order of & in the summation of
k, the analytic solution of pg(#) is derived:

t
/ et (t') ) Aog(Ex) cosQESt)e " i’
0 k

= Z a. sSin(Et + 6, )e 7. (H4)
k

As seen from Eq. (H4), terms on both the left- and right-hand
sides show the oscillatory decay with the time evolution, and
hence, directly lead to the oscillating damping of p.f (¢) with
the relaxation rate proportional to I'y. Comparisons between
the solution from Eq. (H4) and the full numerical results from
Eq. (42) are plotted in the insets of Fig. 5, and the results from
the two sets of calculations agree with each other again.
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