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Short-time dynamics in s + is-wave superconductor with incipient bands

Marvin A. Miiller,! Pengtao Shen,> Maxim Dzero,? and Ilya Eremin'
VInstitut fiir Theoretische Physik III, Ruhr-Universitiit Bochum, D-44801 Bochum, Germany
2Department of Physics, Kent State University, Kent, Ohio 44240, USA

® (Received 16 April 2018; published 27 July 2018)

Motivated by the recent observation of the time-reversal symmetry broken state in K-doped BaFe,As,
superconducting alloys, we theoretically study the collective modes and the short time dynamics of the
superconducting state with s + is-wave order parameter using an effective four-band model with two hole and
two electron pockets. The superconducting s + is state emerges for incipient electron bands as a result of hole
doping and appears as an intermediate state between s* (high number of holes) and s** (low number of holes).
The amplitude and phase modes are coupled giving rise to a variety of collective modes. In the s* state, we find
that the collective excitations are the Higgs (amplitude) modes, while the Leggett mode is absent due to strong
interband interaction. In the s + is and s™ state, we uncover a new coupled collective soft mode. Finally we
compare our results with the s 4 id solution and find similar behavior of the collective modes as in the s + is

state.
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I. INTRODUCTION

Ultrafast pump-probe experiments recently become a pow-
erful tool to probe the temporal dynamics of symmetry bro-
ken states and relaxation in conventional and unconventional
superconductors [1-13]. For high frequency excitation with
frequency exceeding the superconducting gap, A, the radiation
breaks Cooper pairs into quasiparticles, which yields rapid
dissipation and thermalization of the system. However, an
intense pulse as used in Ref. [7] couples nonlinearly to the
Cooper pairs of the superconductor. This, as was argued
theoretically, should lead to a coherent excitation of the Higgs
amplitude mode A(z) [14-25]. In the experiments [4,7,12] the
detection is performed over a window of about 10 picoseconds
(ps), well before thermalization occurs (likely due to acoustic
phonons on a timescale of 100 ps [26]).

While nonequilibrium collective modes in conventional
single-gap superconductors are relatively well understood,
the investigation of collective excitations in unconventional
nonequilibrium superconductors with multicomponent or mul-
tiple gaps is a very intriguing topic due to a very rich spectrum
of the collective excitations [27-32]. Fe-based superconduc-
tors are particularly interesting in this regard due to its variety
and complexity of their phase diagrams. For example, recent
experimental studies of the Fe-based superconductors have
demonstrated the emergence of a superconducting state with
incipient bands, i.e., bands which do not cross the Fermi
level [33,34]. Furthermore, the formation of the incipient
bands is often connected to the Lifshitz transition, where
one of the bands continuously moves away from the Fermi
level as a function of doping [35]. A peculiar example of
an iron-based superconductor with a Lifshitz transition is
Ba; K,Fe,As, where the Fermi surface topology changes
from the one having both the electron and the hole pockets
to the one where the electron pockets sink below the Fermi
level. Angle-resolved photoemission (ARPES) [36,37] and
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thermopower [38] measurements point toward the existence
of such a transition in the overdoped hole-doped compounds
with x ~ 0.7-0.9. Intriguingly, in the same doping range,
the structure of the superconducting gaps undergoes dramatic
changes, seemingly inconsistent with a two-band description.
While multiple experiments supports the nodeless s~ -wave
superconducting gap near the optimal doping x ~ 0.4 [39-42],
the situation is very different for the extremely overdoped
case. In this doping range the experiments indicate either
strongly anisotropic s-wave Cooper pairing with sign change
on the remaining two hole pockets [43—45] or the d-wave
pairing with well-defined nodes [46,47] on the hole Fermi
surface sheets. Moreover, in the intermediate doping region,
frustration between the two superconducting channels has been
theoretically predicted to result in a time-reversal symmetry-
breaking s + is state [48-52] or s + id state [53,54]. In these
states, the phase difference ¢ between the order parameters at
the two hole bands is not equal to a multiple of 7 with the
¢ — —¢ symmetry being spontaneously broken.

The time-reversal symmetry breaking s 4 is and s + id
states possess several interesting properties and should demon-
strate an unusual dynamics. For example, as a result of
simultaneous breaking of U (1) and Z, symmetries, the vortex
fractionalization and unusual vortex cluster states have been
predicted to exist for the s + is state [49]. The collective ex-
citations of the phase differences between order parameters of
different bands (Leggett modes) in the s + is state is expected
to have a peculiar phase-density nature [49] and have been
predicted to soften at the s + is critical points [51,52]. The
time-reversal symmetry breaking is most directly manifested
in spontaneous currents around nonmagnetic impurities [55]
or quench-induced domain walls [56]. The currents result in
local magnetic fields in the superconducting phase and provide
a signature of the time-reversal symmetry broken state.

Recent measurements on Ba;_,K,Fe;As, report an en-
hanced zero field muon spin relaxation rate at x = 0.73 [57],
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close to the region where the Lifshitz transition is expected
to occur. These results are consistent with a time-reversal
symmetry breaking s 4 is state or s 4 id state. This obser-
vation stimulates to analyze further details of the time-reversal
symmetry broken states in strongly overdoped iron-based
superconductors.

Given these theoretical and experimental developments, in
this paper we study the signatures of the s + is Cooper pairing
in the pump-probe spectroscopy. Specifically, we adopt the
four-band model developed in Ref. [52] to analyze the pairing
dynamics within mean-field approximation. In addition, we
also analyze the nature of the collective excitations. One of
our main findings is the emergence of the s + is pairing when
initially the superconductor is in the s* state and existence of
the sharp collective in the s + is state. In addition, we also
studied the pump-probe dynamics in the s + id state and find
that this state shows a very similar soft mode dynamics as is
the case for the s + is state.

Our paper is organized as follows. Sections IT and Il contain
a description of the model and its ground state within the
mean-field theory approximation. In Sec. IV we study the
nonadiabatic dynamics of an s* superconductor initiated by
a sudden change of the pairing strength or an application of
an external electromagnetic field. In Sec. V we present our
results for the collective excitations depending on the doping
level. Section VI is devoted to the discussion of our results.

II. MODEL

Motivated by the optimally doped Ba;_,K,Fe;As, com-
pound around x ~ 0.4 we consider a model with four bands—
two holelike and two electronlike—with fully local particle-
particle interactions; the Fermi surface topology is sketched
in Fig. 1(a). Upon further hole doping the electron bands are
shifted away from the Fermi surface and the system undergoes
the Lifshitz transition with hole only Fermi surface sheets in
KFe;,As; [Fig. 1(b)] and the electron pockets become incipient.
The evolution of unconventional superconductivity has been
considered previously for this model [52]. Despite the fact that
the electronic bands become incipient, the hole bands still have
Fermi energies much larger than the superconducting gaps,
thus remaining in the BCS limit. Furthermore, as the dominant
interaction is assumed to be the interband one, it further limits
the phase space of the BCS-BEC crossover [58].

In particular, the four-band Hamiltonian has the form [52]

Z“EI?AQW +ZZ abCMc kic w Gy +He).

k,a,0 kk' ab
2.1

Here {a, b} € {h, h;, e1, e2} are the band labels, c“T (Ck,) are
the fermionic creation (annihilation) operators, U W > 0 are
coupling constants, and & are the single particle dispersions
in each band. In what follows, we simplify our model by
considering two identical electron- and holelike bands within
the tight-binding approximation:
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FIG. 1. Fermi surface sketch for the optimally (a) and overdoped
(b) Ba;_,K,Fe,As, plotted for the folded (black) and unfolded
(gray) Brillouin zone consisting of 1 and 2-Fe atoms per unit cell,
respectively. Blue circles represent the two hole pockets at the I" point
and the red ellipses represent the two electron pockets at the M Point.
In the overdoped regime (x ~ 1) the electron pockets shift away from
the Fermi level and become incipient.

where i = 1,2, t,, are the hopping amplitudes, p is the
chemical potential, and Ep accounts for the changes in the
relative occupation numbers of the electron and hole bands.

For simplicity we set intraband interaction in iron-based
superconductors to zero. Furthermore, as the relevant phase
transition occurs due to increasing hole-hole interaction, we
also simplify our model by neglecting the interaction between
the electron pockets. Therefore we set the coupling constants
as

Uh1h1 = thhz = 07 Uelel = Ueaez = 0,

Uniny = Unyny = Unny, Uein; = Upje; = Uen (2.3)
(in the last expression i # j). Effectively, we reduce the
model to an effective three-band model, focusing only on

the frustration between hole-hole and electron-hole scattering.
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Having formulated the model, we now review its ground state
properties within the mean-field approximation.

III. MEAN-FIELD THEORY

Using the standard methodology, we decouple the two-
fermion interaction term (2.1) in the particle-particle channel
introducing the following mean-field pairing amplitudes: A, o
(egheh,) and Ay o Y(eTetl ) (i = 1,2). Minimizing
tll;e free energy with respeckt to the mean-field amplitudes yields
the following system of equations

A, = —Uen(Ap I, + Ap, 1,),
Ap, = —2UpAcle — UnnAp, Iy, 3.1
Ay, = —2Up AT, — UnnAp, I,
where we introduced
tanh (Ef /2kgT)
I, = _ cfe, hi,h 3.2
> Y acfe.h.h} (32

k

for brevity and Ej = \/(§)* + |A,|? are the single-particle
energies. The mean-field equations (3.1) have to be supple-
mented by the particle-number equation which determines
the changes in the chemical potential due to the onset of
superconducting order. It turns out to be convenient to evaluate
the chemical potential as a function of the carrier number 7,
(per spin), i.e., the difference between the electrons and holes:

3 Ey i Ey!
= 3| %% tanh tanh
e Xk:[Ek W\ 27 ) T2 M 2T

h Ehz
+ skh tanh< k >]
2E? 2kpT

The detailed analysis of mean-field equations (3.1) can be
easily performed numerically. Upon closer inspection of these
equations, however, it becomes clear that one can basically
guess the solution of these equations without resorting to
numerics. Indeed, for the values of the chemical potential well
below the bottom of the electronic bands, it is clear that there
should be no pairing on the electronic pockets, A, = 0, so
from the mean field equations it follows that A,, = —Ay,,
while the [Ap, | = |Ay,| = A, will be given by the root of
UnnIn[Ay] = 1. Thus, for u < — Ep /2 the superconductivity
is described by s* order parameter. At this point one needs to
keep in mind that incipient electron bands raise the question
of the applicability of the BCS approximation. This question
has been addressed previously [52,58], where it was found
that despite the fact the electron bands become incipient
the mean-field approximation remains valid for the dominant
interband interaction. The only effect outside of the mean-field
approximation is a necessity to include the renormalization of
the chemical potential in Eq. (3.3).

Let us now consider the opposite limit of filled electronic
band, © > —Ep/2. Without any loss of generality, let us
consider the pairing order parameter on the electron pockets
to be purely real. Furthermore, the structure of the mean-field
equations suggests that the pairing amplitudes in the hole bands

(3.3)

0 . I . I . r

0.2~ . —_— =0,|)/2
_ s cos((0,0)/2)]
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FIG. 2. Solution of the mean-field equations for the pairing ampli-
tudes on the electron and hole pockets shown here as a function of the
parameter Ep, = u + Ep/2 with Ep =0.12eV, 1, =1, = 2.54 eV,

Upn = 2.1925 eV, Uy, = 2.3205 eV. Note that the width of the s + is
region is approximately 1.5 meV.

must be the same:

A, = A, A =104, A, = A4 (3.4)

We can now insert these equations into (3.1) and separate the
real and imaginary parts. It then follows that for the phases the
following relation must hold

¢ =—¢r=9/2, (3.5)
where the relative phase ¢ is determined by
@ U A

)= — = 3.6

COS(z) 2Wer || G0

while the amplitudes |A,| and |Aj,| are the roots of the
following two equations: Upy I, (Ay) = 1 and

|A] - [1 = 2UG L(AD T (AR)] = 0. (3.7)

Clearly, these equations have a root corresponding to the s*
state (A, = 0, ¢ = ) and a conventional s-wave state (A, #
0, ¢ = 2m). It is therefore natural to expect that there also
should be a solution corresponding to the intermediate values
of phase ¢ € (r, 27 ). By analyzing the mean-field equations
above numerically, we have confirmed that it is indeed the case
and, moreover, the solution corresponding to the state with
¢ € (m,2m) has the lowest energy. In Fig. 2 we present the
results of the numerical analysis of the mean-field equations.

Having reviewed the mean-field results for the model, we
turn our discussion to the analysis of the collective response of
the s + is superconductor.

IV. TEMPORAL EVOLUTION OF THE s + is
ORDER PARAMETER

In this section we discuss the short-time dynamics of
the s + is superconductor initiated by either sudden change
of the pairing strength or by a short pulse of an external
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electromagnetic field. Although at first glance these two ways
of driving a system out of equilibrium seem to be very different,
one can employ the linear analysis of the equations of motion,
i.e., consider the limit of weak deviations from the ground
state, to demonstrate that for the time-dependent correction to
the ground state pairing amplitude external pulse has is many
ways the same effect as a quench of the pairing strength [23].

To study the short time dynamics of a superconductor within
the mean-field approximation described above, it is convenient
to use the Anderson pseudospin variables [59]

Sk = 1wl oWy, .1

where o = (oy, 0y, 0.)T are the Pauli matrices and
\IJIT(Z = (CLT, ¢_k;y) are spinors. In the equilibrium at zero

temperature the pseudospins Sy; are given as

Alx
Sy = 42
= 0 “2)

A

l,eq ly
= , 43
k,y 2Ey (4.3)

l,eq Ekl
R —L 4.4
= (44)

Here we introduced the shorthand notation A; = Ay, — i Ay,
In terms of these variables, the equations of motion are
! / /
;S = By x S, 4.5)

where! = {hy, hy, e} and Bf = 2(— Ay, —Ayy, &]). The x and
y component of Bll( are given by the mean-field self-consistency
equations

Aj (1) =) [-2UenSi (1) — UnSi, (1],

k

Ajr () = D [2UanSie () = UmSig, (0], (4.6)
k

AE() = U Y [Sin, () + S (1],

k

and we use the shorthand notation A* = A* +iA”. In the
equilibrium a given pseudospin S{( is collinear with the corre-
sponding B!, so the sudden change of one of the coupling
constants entering into (4.6) brings a system far from its
equilibrium state [16,22].

Given that the region in the parameter space of the relative
band occupation numbers where the s + is pairing state is a
ground state is quite narrow, we asked ourselves whether s + is
pairing amplitude will emerge dynamically when initially a
superconductor is in the s* pairing ground state. To address
this question, we solved the equations of motion numerically
on a discrete mesh of momentum points for quenched pairing
interactions. The results of the calculation are shown in Fig. 3.
Initially the system behaves like a two-band system oscillating
with the Higgs-mode frequency wp > 2A,,0 = 2Ay,0, while
Leggett mode is absent due to the dominant interband inter-
action. When the final interaction values refer to an s +is
ground state, we indeed observe the dynamical onset of the
s + is-pairing state, albeit this onset happens rather slowly.
Specifically, it emerges on a time scale #* which far exceeds

(a) 2 T T T T T T T T

Uhh(i)=4'1925 Ahl(t)
L Ugas21s ——— A1)
U, =4.0925 — A1)

hh(f)

(b) 2 T T T T
Uhh(i):4‘1925 - Ahl(t)
sk U,=4.3215 R Ahz(t)
Upyp=4-0925 — A1)

—
o
~
—

T T T T 7 T T T
Uppgy = 41925 / / vl

U_ =4.3215
ch

0.5 _ H
Uy = 40925

cos[(,,(D-0,,(1))/2]

A (1=0)=1¢-9 M

L L L L 1
0 25 50 75 100

FIG. 3. Results of the numerical solution of the equations of
motion (4.5) on the discreet momentum mesh with Ny, x N, = 4096
points. The values of the coupling parameters are chosen so that the
initial state is s* near the boundary separating the s* and s + is
ground states. Depending on the initial value of A, [panels (a) and (b)]
there is a critical time ¢* on which pairing amplitude on the electron
pocket grows signaling the onset of the emergence s + is state. The
relative phase oscillation of A, and A, for A.(t =0) = 1.0e7° is
shown in (c).
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Ta, ~ h/A. where A is an equilibrium value corresponding
to a ground state with the new coupling Upp( ).

In order to verify this result, we have performed the stability
analysis by considering the pseudospin configuration corre-
sponding to the s* state and allowing for small fluctuations
into the s 4 is state. Since numerical calculations show that
8 A.(t) increases exponentially with time, we assume that

SAE(t) = dFeVHON ) d, < |Ay) 4.7

and both y and w are some real parameters which we need
to determine. Employing the equations of motion, it is easy
to show that the linear correction to the pseudospins on the
electronic bands are

SAE(1)
iy Fo 28

Similarly to (4.8), the correction to the pseudospins on the hole
bands are found to be

8SE() =+ (4.8)

28 (1SE,
iy Fo£28"
28, (1S},
iy F o2&

By inserting these expressions into the self-consistency equa-
tions (4.6), one arrives at the system of linear equations for
the linear corrections to the pairing fields on each pocket.
These equations will have nontrivial solution provided the
determinant of the corresponding matrix is zero. This condition
has the form of the following equation

[1 — Unnxa (O[] + Unnxa(€) — 4UZ xe(0)xa($)] = 0,
(4.10)

where £ =y +iw, xe(§) = Y, (¢ +26)7" and x,(0) =
-k Sﬁz -+ 25&‘)’1. The reader can easily check that this
equation does not have a solution for U, = 0 which means that
the s* remains perfectly stable. However, for Uy, # 0 such that
the s 4 is superconducting state is a ground state, we found
that (4.10) has aroot y ~ 1073A;, and & < 2.

88 () = F

88, (1) = F (4.9)

V. COLLECTIVE MODES

A. Response to fast perturbations: Nonadiabatic regime

We now turn our discussion to the question of the collective
response of the s + is superconductor. Therefore, we perturb
the system with a pump pulse to simulate the THz experiment.
The electric field of this laser pulse can be described by a
time dependent vector potential E = — % d;A. In contrast to the
usual linear response regime, one of the advantages in working
in the nonadiabatic regime is that the driving frequency does
not need to be exactly in resonance with that of the collective
modes to excite them, since the perturbation of the laser pulse
changes the ground state nonadiabatically. Thus, we choose the
spectrum of this pulse to be a Gaussian envelope with A, 7 = 1
centered around a frequency wy = |A;| to cover the spectrum

below the quasiparticle continuum,

A1) = Agf(1)e™ 35 cos(wot). (5.1)

0.8 : : s :
0 10 20 A 30 40 50
ht
0.4F 4
& o0z m
< A, T OA,
4 or ¢Ah2_ ¢Ae .
— QAL T PAy,
-0.2 '_ ______ - ///‘\\\///’\\\-///\\\\///\\\\///-‘\\-
-0.4 ' : : .
0 10 20 30 40 50
At

FIG. 4. Numerical solution of the equations of motion with a
time dependent vector potential A(z). The oscillation of both—the
amplitude [panel (a)] and the relative phase [panel (b)] of the
order parameters—are dominated by the same frequency w.. For
numerical accuracy we choose a cutoff energy (A = 30 meV) and
Uy, =22 meV and U,, = 20 meV [60].

Here, © controls the width of the time dependent signal and
therefore needs to be chosen in such a way, that the signal
disturbs the system nonadiabatically. Also, we choose A, small
enough to not change the ground state, i.e., AL ~ A/(0).
The electromagnetic vector potential couples to the system

via minimal substitution, i.e., & — El’( .o This changes the

pseudomagnetic field in the equations of motion (4.5) into

Bl = (=245, =24y, (€k+gA<z)z + Sk—gA(t)z))- (5.2)

The numerical solution of the nonequilibrium dynamics
are shown in Fig. 4. One clearly sees that both the dynamics
of the amplitude and the relative phase are dominated by
one frequency w. ~ 0.8A" . All oscillations are undamped,
because the frequency is smaller than ZAgO, i.e., the smallest
possible Higgs mode and the beginning of the quasiparticle
continuum. However, the absence of damping is a peculiarity of
the model, since we assume isotropic s-wave order parameters.
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FIG. 5. The mode w, across the full s + is state. The dashed lines
mark the borders of the TRSB state. The system parameters are chosen
similar to Fig. 4.

In the real system the nodal character of the order parameters
leads to dampening effects.

We examine the mode w. by numerically solving the
equations of motion over the whole s + is phase. The result
is shown in Fig. 5. Obviously, the mode w, softens close to
the borders of the s + i state and has its maximum value deep
inside the s + is regime. The coupling of both—amplitude and
relative phase oscillations—is a peculiarity of the collective
excitations in time reversal symmetry broken systems and
differs from the usual dynamics of multiband superconductors.
Also the softening of the mode close to the borders of the s 4 is
state can be explained by the second order phase transition from
the s + is into the s* /s*++ state [49,51,52]. For comparison we
show in Appendix B that this result still holds if the system, via
an intermediate s + id-state, ends up in a d-wave symmetry at
large hole doping.

The collective modes of the s 4 is state in the equilibrium
were discussed in previous publications [49,51,61]. In the
linear response one requires to have resonant conditions to
observe these modes, while in the nonequilibrium one typically
excites a single mode, lowest in energy, which should be
observed in the experiment.

B. Collective response in the adiabatic regime

To study to collective mode at long wavelength limit, we
linearize equations of motion (4.5) with respect to the devi-
ations from the equilibrium, §Syx; = Sy (¢) — S, §A](¢) =
AF(t) — Apy, 8A) (1) = Aj(t) — A, and the effect of per-
turbation potential, § B, (t) = B{,(t) — &. The deviations are
homogeneous in space so they describe the collective mode at
long wavelength limit. The details of the calculations can be
found in the Appendix A. Here we discuss our main results.

The resulting linearized equations will have nontrivial so-
lution provided the corresponding determinant vanishes which
sets us the nonlinear equation for the frequency of the collective
modes. We solve the equation for mode, Eq. (A3), for all
the ground states pseudospin configurations—s=, s 4 is, and
stT—and near the transitions between these states. In all three

| ! | ! |

-59.5 -58.5

-59
Ere [MmeV]

FIG. 6. Mode frequencies of collective mode at ¢ = 0 by varying
doping parameter Ep.: w; (blue dashed line) is the overall phase
mode, w, (red solid line) is the coupled low energy mode. We choose
Unn = 2.1925 eV and Uy, = 2.3205 eV.

states, we find a solution at w; = 0: This mode is an overall
phase mode without changing amplitude and relative phase
difference, so this motion does not cost any energy. It is the
Goldstone mode from U(1) symmetry breaking of BCS ground
state. Beside this, we also find a new low energy mode w, as
shown in Fig. 6. The energy of this mode decreases at the
boundary of the s 4 is state.

In the s* state, we find that the mode is the motion of anti-
symmetric phase change of two hole bands gaps coupled with
amplitude change of electron band gap. We have the eigenvec-
tor of mode, AL = [8A,, 0, 8Ae™,0, 8 Aye™, 0], where
8A,, §A;, are positive real values, see Fig. 7. Similarly, in s+
state, we find the mode is the motion of antisymmetric phase
change of two hole bands gaps. We have the eigenvector of
mode A, =[0,0,8A,¢'2,0,8A,e7'3,0].

In s +is state, the mode is an amplitude-phase coupled
mode between both incipient electron and partially filled
hole bands. Therefore it corresponds to w, in Sec. V A. The
eigenvector is

SAH—is
= [8A7,8ALe 5 A€ 8 A}, 5ATe ™, 5 Aje™).
(5.3)

Note that the first two components of & &H,-s has a relative
phase of /2 which is a direct consequence of the incipiency
of the electron band, as follows directly from the structure of
the matrix elements (A3) and the fact that I, (@) in that matrix
is purely imaginary. Unlike the overall phase mode, this low
energy mode vector is not continuous at the boundary between
the two states. Near the boundary of s angl s + is state, SA) =
8A; = 0, the mode is a combination of § A+ mode and overall
phase mode, see Fig. 8. At the end, it is not surprising because
both overall phase mode and low energy mode are soft at the
boundary. As E, increases, §AY, A} decrease and Az, SA;,
increase. Near the boundary of s** and s + is state, SAY =
3 Aj = 0, the mode is a combination of § A, mode and overall
phase mode, Fig. 8. We note that our result differs slightly from
previous ones [49,51,61], as in our calculation the electron
band is incipient.
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Ah1

v

FIG. 7. Big arrows are the gap vectors in a complex plane; small
arrows are the mode vectors. Horizontal and vertical axis represent
the real and imaginary part. From top to bottom are s, s + is, and
Si4 state.

VI. DISCUSSION AND CONCLUSION

It is well known that the problem of nonadiabatic dynamics
of the BCS model is exactly solvable [18]. The model presented
above can be also shown to be exactly integrable for a special
choice of the coupling constants, which however, do not
describe the regime where s + is state has the lowest energy.
Nevertheless, we have checked that despite the lack of the
integrability in our model, the nonequilibrium dynamics of
the order parameter, which is initiated by a sudden change of
the pairing strength, bears a lot of similarities with the results
obtained from the exactly solvable version of the model.

sA.. . overall
" phase
6As+is = +
overall
O phase
) |
6As+is = J + X

FIG. 8. Decomposition of s -+is mode near the transition
between s* and s + is (top) and between s™* and s + is (bottom).

Another important aspect related to similarities and differ-
ences for the short-time order parameter dynamics between
integrable and nonintegrable models is concerned with the
emergence of the s +is state in the incipient electronic
band. Indeed, within both the single-channel and two-channel
pairing models for the degenerate atomic Fermi gases [22] the
realization of the steady state with periodically oscillating
amplitude is limited to the weak-to-moderately strong coupling
quenches in the vicinity of the BCS-BEC crossover. Our
results show that on one hand we have a steady state with
periodically oscillating pairing amplitude, while on the other
hand, the electronic band is incipient mimicking the BEC limit
in atomic gases. Thus observation of this effect may question
the interpretation of the s + is state as being analogous to the
BEC pairing in atomic condensates.

It is also important to keep in mind that the observa-
tion of the collective oscillations during the pump-probe
experiments can in principle be inhibited by two effects: (i)
spatial inhomogeneities of the pairing amplitude which may
develop by parametric instabilities [62] and (ii) the Coulomb
interactions between the particles. The effects of the Coulomb
interactions on the nonequilibrium dynamics still remains a
largely open problem. However, since our model involves
purely repulsive interparticle interactions, we believe that
the effects of the Coulomb interactions will not affect the
dynamics in a profound way. We further note that we do
not address here behavior of the optical conductivity, as its
behavior is also influenced by the so-called third-harmonic
generation, originally discussed in Ref. [63], i.e., the obser-
vation of a frequency peak at three times the probe-laser
frequency.

To conclude, we theoretically study the collective modes
and the short time dynamics of the superconducting state
with s + is-wave order parameter using an effective four-band
model with two hole and two electron pockets motivated by
the recent experiments on time-reversal symmetry broken state
in iron-based superconductors. The superconducting s + is
state emerges for incipient electron bands as a result of
hole doping and appears as an intermediate state between
s* (high number of holes) and s™ (low number of holes).
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The amplitude and phase modes are coupled giving rise to
a variety of collective modes. In the s* state, we find the
Higgs mode at frequencies similar to a two-band model with
an absent Leggett mode, which is pushed into the quasiparticle
continuum due to the dominant interband interaction, while
in the s +is and st state, we uncover a new coupled
collective soft mode. We also compare our results with the
s + id solution and find similar behavior of the collective
modes.
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APPENDIX A: COLLECTIVE MODE IN CONTINUOUS MODEL AT g =0

The linearized equations of motion are

3,885, (1) = —2A) 8%, (1) — 285,8A] () — 2688y, (1) — 28,8 BE (1),

8,880, (1) =

264855 (1) + 28558 BE (1) + 2AF 85, (1) + 2858 AF (1),

FSSE (1) = —2A7880, (1) — 283, 8 A (1) + 2858 A7 () + 247 8 S (1). (A1)
Fourier transformation, e.g., f (1) = [ (21—7‘: f(w)el®, gives
885 (w) . (&L + A;’Z) 2iwky —AATA]  2ioA] +4ATEG —3§A) (w)
§Sy(w) | = W —2ivky —4ATA)  AEL+ A —2ioA] +4AEg || —8A] (w) (A2)
k! —w , , 4
885 (@) . “2iwA] +4ATE,  2iwAF +4AE;  AAF +4A)7) 8By ()

We take 6 B, = 0 since the collective mode should not depend on the perturbation, and substituting the result into self-consistency

equation (4.6), we obtain

1 0 UMy (@) Ualpi(@) UanMipp(@)  UenIpa(w)\ (A% (@)
0 1 Ul (—0) UM} (@)  Ualp(—0)  UaMpy(o) || §A2(w)
2Up M (w)  2UepTo(w) 1 0 UnMjy(0)  Unnlia(w) || 345 (@) _0 (A3)
2UepTe(—w) 2UpM; (w) 0 1 Unlin(—0)  UnmMj,(w) || 84, (@)
UM (w)  2Uaple(@)  UnMj (@)  UpnIpi(w) 1 0 SA;, ()
2Wal(—0) WM (@) Unlni(—0)  UnM;) (@) 0 1 A, (@)
where the quantities in the equation at 7 = 0 are given by
M) =Y 2+ (0], Yo ok Z 2804 (Ad)

k

and o = x, y.

(4Ef — @) Ew

K (4El§l — a)z)Ekl

In a usual one band or two bands superconductor, after choosing proper gauge, I';(w) = 0 due to electron-hole symmetry,

thus the amplitude and phase are decoupled in the equation. In the time reversal symmetry broken system, one cannot choose
a gauge to vanish all I';(w). Besides, the broken electron-hole symmetry of the incipient electron band makes I',(w) always
nonvanishing. As a result, the amplitude and phase oscillation are coupled in the mode. The frequency of the mode is determined
by the solution of equation

Det[M] = 0, (AS5)
where M is the 6 x 6 matrix in (A3). The eigenvectors of the matrix
Sﬁ(a)) = [(SA;‘(a)), SA)(w), A, (), (SA%] (), 87, (w), BAiz(w)] (A6)

tell how amplitude and phase are coupled in the collective excitation.
(

APPENDIX B: COLLECTIVE MODES INSIDE
THE s + id REGIME

(2.1) and add another channel to the inter-hole-band interaction
Upy, to allow for d-wave pairing

In this section we discuss the collective dynamics inside a

s + id superconductor. Therefore, we modify the Hamiltonian Ul?,] lgz = Upns + Unpa cos(2i) cos(2hie), (B1)
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FIG. 9. The solution of the mean-field equations at zero tempera-
ture. In this picture the different order parameters are plotted against
Er..Between —10.5 meV and —18.5 meV both hole order parameters
consist out of a s-wave component and a d-wave component. We
introduced an energy cutoff A =30 meV and Uy, =20 meV,
Uhh.d = 50 meV and U, = 22 meV.

where Ujj, 5, Upp,q > 0 are constant and cos(2¢y ) = (k)% — kﬁ)

/(2 + ki). This leads to momentum dependent order param-
eters for the two hole bands

Ay = A} +iAY cosey), (B2)

where A} and Ad are the s- and d-wave pairing amplitude. Itis
1mportant that the only possible pairing symmetry with mixed
s- and d-wave componentis s 4 id, since s+d symmetry breaks
the C4 symmetry of the system. Also we choose the d-wave
component large enough to suppress a possible competition
between s + is and s + id superconductivity, i.e., we can
choose Ajand Aﬁl_ real. This argument can also be shown
by free energy analysis. The pairing amplitude for the electron
band remains constant and is chosen positive to fix the overall
phase.

Minimizing the free energy with respect to the five different
pairing amplitudes we obtain

Ae = _Ueh(A;,IIhl + AEQIhz)’
Azl _2UehA€Ie - Uhh,sAilthzs
22 = _2UehAeIe - Uhh,sAi,]Ihp

d d
Ay = —Unna Dy, Iy,

A= —Unna Ay I, (B3)
where 1, was introduced in Eq. (3.2) and
tanh (Eﬁ/ZkB T) )
Jo = _ = 2¢x). B4
> 27 s> (2¢n) (B4)

k

Since the order parameters are momentum dependent, the
single-particle energies of the hole bands now have the form
Ey = V& + 8], P+ A7 [P cos” Q).

Again, we take a closer look into this set of equations.
Clearly, in the pure s-wave limit, i.e., A;fi = 0, we reproduce
our previous set of mean field equations in Eq. (3.1). In the
pure d-wave limit, i.e., Azi =0, A, becomes zero and we end

w [meV]

EFe [meV]

FIG. 10. The frequency of the collective mode w, over the whole
s + id regime. Here we also compare the data to 2| A‘,Yl‘d| = 2|A‘;,'ld| =
s,d
21A,71-

with only the last two equations and it follows Ad = _AZ,
Obviously this scenario is described in the case << —Ep/2,
where the electron band is incipient and A, = 0. Since we
choose Upp,q large enough to make the solution Aj, = —Aj
energetically unfavorable we end up with the pure d-wave
solution. However for u > —Ep/2 we end up with finite
A, > 0 and thus finite A} = A} < 0. For large enough A,
i.e., large enough pu, it is energetically unfavorable for the
system to condense an additional d-wave component and thus
AZI = Aiz = 0. However, in between these two configurations
we can end up in a state where all five pairing amplitudes are
finite. This set of equations is solved numerically in Fig. (9).

Similar to Sec. IV we obtain the equations of motion for this
model by making use of Anderson pseudospin variables. The
equations of motions have the same form as in Eq. (4.5) but the
pseudomagnetic field is now B = 2(—Aj,, —Aj,, &L), where
weuse Ay = Aj + iAf cos(2¢k) and Ay, AI{I as introduced
in the main text. Here, one needs to keep in mind that the
electron order parameter has only the s-wave component, i.e.,
A‘KJ = 0. The x and y component of the pseudomagnetic field
are given by

A0 = = Y [2USE®D) + Upn oS53, 1)
k

Azii(t) == Z Unn.aSi, (1) c0s(2¢brc)
K

A0 = = 3 [2UaSE®D + Upn S5, 0]
k

Az;i(’) =- Z Uhh,dem (t) cos(2¢x)
K

AL == [UanSi, () + U S, ()] (BS)
k

Including a time-dependent vector potential A(¢) changes the
pseudomagnetic field in the equations of motion into

B = (244, —24},, (Exreacy + Sk—gA(r)z))T~ (B6)

Choosing A(z) as in Eq. (5.1) we solve the equations of
motion for a system inside the s + id regime numerically.
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Due to the momentum dependence of the order parameters the
result is depending on the polarization of the vector potential.
However, this does not change the qualitative dynamics.
Similar to the s 4 is scenario we obtain that the dynamics
of both—amplitude and relative phase oscillation—are clearly
dominated by a single frequency w.. We find that all pairing
amplitudes oscillate at the same frequency. While the relative
phase between the hole order parameters remains constant
for both the s- and d-wave component, the relative phase
between s- and d-wave component oscillate for each hole order
parameter.

In Fig. (10) we investigate this frequency over the whole
s + id phase diagram. We find that @, behaves similarly to the

s + is scenario and vanished close to the borders of the s + id
state. However, close to the border to the d-wave state one
obtains that @, is coupling to 2|A; |, which can be understood
as the system’s decreasing Higgs mode due to the transition into
the nodal d-wave state. This nonequilibrium effect is similar
to the one observed in Ref. [32]. Once the collective mode of
a system exceeds the system’s smallest possible Higgs mode
wp, this mode couples to wy and is therefore pushed below
the quasiparticle continuum. The effect is not dominant on
the border to the s-wave state, since the order parameter is
fully gapped on this site. These results are similar to previous
calculations done in the equilibrium for a single-band model,
with competing s- and d-wave instability [55].
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