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The proximity effect in hybrid superconducting—normal-metal structures is shown to affect strongly the
coherent oscillations of the superconducting order parameter A known as the Higgs modes. The standard Higgs
mode at frequency 2A is damped exponentially by the quasiparticle leakage from the primary superconductor.
Two new Higgs modes with the frequencies depending on both the primary and induced gaps in the hybrid
structure are shown to appear due to the coherent electron transfer between the superconductor and the normal
metal. Altogether, these three modes determine the long-time asymptotic behavior of the superconducting
order parameter disturbed either by the electromagnetic pulse or the quench of the system parameters and
thus are of crucial importance for the dynamical properties and restrictions on the operating frequencies for
superconducting devices based on the proximity effect used, e.g., in quantum computing, in particular, with

topological low-energy excitations.
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I. INTRODUCTION

The progress of modern nanotechnology opens new hori-
zons for engineering superconducting correlations in various
hybrid structures and creating, in fact, novel types of arti-
ficial superconducting materials with controllable properties
[1-11]. The proximity phenomenon arising in a nonsupercon-
ducting material from the electron exchange with a primary
superconductor can generate the induced superconducting or-
dering in a wide class of materials, including unconventional
ones [1-5,8—11]. The resulting superconducting state in these
materials can controllably reveal the exotic properties very
rarely found in natural metals or alloys and strongly different
from the ones of the primary superconductor. The induced
Cooper pairs can change, e.g., their spin structure from the
singlet to a triplet one in the presence of strong spin-orbit
coupling and Zeeman (or exchange) field [1,9,10]. This spin
transformation affects, of course, the momentum space struc-
ture of pairs: the routine s-wave condensate can turn into an
exotic p-wave one. The resulting Cooper pair structure leads
to the formation of topological low-energy excitations such
as Majorana fermions [1,9—11] and possesses a high potential
for the development of new types of nanoelectronic devices
perspective for applications in quantum computing, quantum
information processing, quantum annealing, quantum mem-
ory, and more [9,10].

It is no wonder that the study of both equilibrium and
nonequilibrium spectral and transport properties of these sys-
tems with an engineered superconducting state has recently
become one of the central research directions in condensed-
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matter physics. While dc properties of these structures have
been investigated in numerous theoretical and experimental
works, the dynamic effects and, in particular, high-frequency
response remain an appealing problem which definitely de-
serves deeper understanding. Indeed, the limitations on the
operating frequencies for the above-mentioned proximized
devices [12-17] can be solely given by the dynamic char-
acteristics of their induced superconducting ordering. The
nonlinear dynamic effects are also known to provide a new
route to the fascinating physics of coherent modification of
the density of states, etc., induced by microwave irradiation
[18,19].

Clearly, as typical quantum computing devices operate at
temperatures well below the gap of the primary superconduc-
tor, the study of the relaxation dynamics of the order param-
eter close to the critical temperature of the superconducting
transition is irrelevant for their description. A more adequate
theory can be obtained by considering the so-called coherent
quantum-mechanical dynamics of the system, which neglects
inelastic scattering processes. In addition, in superconduct-
ing systems with the unconventional pairing the dynamic
response is known to provide important information about the
order parameter structure [20,21] working as a spectroscopic
tool [22]. The analogous method can provide insight into the
internal structure of the primary and induced Cooper pairings
in superconducting hybrids.

Indeed, even the linear dynamic response of the super-
conductor near equilibrium provides a detection method for
the superconducting gap structure via the coherent order
parameter oscillations known also as Higgs modes [23-28].
The name is given due to the analogy to the Higgs boson in
particle physics [28]. In the low-temperature limit these near-
equilibrium Higgs oscillations of the order parameter mag-
nitude are described by the asymptotic long-time expression
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FIG. 1. Illustration of three Higgs modes in SIN structure, being
coherent Cooper pair splitting-recovery processes with three differ-
ent frequencies w, decay rates, and amplitudes A.

A — Ag ~ cos(2Apt)// Apt, where Ay is the superconduct-
ing gap in equilibrium [23-27,29]. The Higgs mode was first
detected using Raman spectroscopy in the superconductors
with charge density wave ordering [30,31] as a peak at the
frequency 24 in the Raman spectrum of 2H-NbSe, below
the superconducting transition temperature. Recent progress
with the terahertz (THz) experimental techniques allowed the
direct observation of the order parameter oscillations using
the pump-probe method [32]. The broadband pump excites
a power-law relaxing Higgs mode at the frequency 2A,,
while the narrow-band pump with a well-defined frequency
o induces oscillations of the order parameter at the frequency
2w. The resonant third-harmonic generation [33,34] provides
evidence of the Higgs mode excitation in the superconductors.
An alternative method of the Higgs mode detection through
second-harmonic measurements was recently discovered for
the current carrying states [35].

In this paper we address an important effect of the quasi-
particle spectrum of the superconducting system on long-time
dynamic properties of Higgs modes and apply it to a system
with a proximity-induced superconducting gap. Key physical
phenomena related to the presence of the induced gap are
demonstrated in the example of a junction of the superconduc-
tor (S) and normal metal (N) coupled via an insulating barrier
(D with finite transparency. We analyze the distinctive features
of the Higgs modes in this structure and make predictions for
the experimentally accessible relevant quantities.

Let’s first consider the qualitative picture of the Higgs
dynamics in the SIN system (Fig. 1) before proceeding with
further microscopic calculations. The Higgs modes in super-
conductors can be interpreted as a coherent splitting-recovery
process of Cooper pairs. The energy difference between the
ground state without quasiparticles and the excited state with
two quasiparticles governs the frequency 2A of this coherent
superposition of the above states as each unpaired quasiparti-
cle brings an additional energy A . Due to this simple quali-
tative reasoning we may expect the frequencies of the Higgs
modes to be determined by the quasiparticle spectrum of the

system. In the SIN structure the superconducting correlations
penetrate to the normal metal and induce the hard gap A; in
the whole system, which is determined by the tunneling rate
I', from the normal metal to the superconductor, provided
I'y, < Ag [36]. The tunneling rate I',, can be interpreted as the
inverse lifetime of the electron in the normal metal. It depends
on the transparency of the barrier, the thickness of the normal
subsystem, and the normal density of states at the Fermi level
in the superconducting material.

We claim that in the SIN structure there are three Higgs
modes corresponding to three possible processes shown in
Fig. 1. First, as in the isolated superconductor, the Cooper
pair may coherently split into two electrons, both located
in the superconductor [Fig. 1(a)]. The energy 2A( of these
unpaired electrons determines the frequency of this process.
However, in the presence of the normal metal the Cooper
pair splitting can be accompanied by the coherent tunneling
process of either or both electrons [see Figs. 1(b) and 1(c),
respectively]. The minimal energy of each electron which
tunnels to the normal metal should be A;, so the frequency
of the corresponding Higgs mode is given by Ay + A; and
2A; for n, = 1 and 2 electrons tunneling to the normal metal,
respectively. The amplitudes A of these modes are expected
to be reduced by a factor of D", where D is the transparency
of the barrier (provided D < 1). On top of that in the first two
processes [Figs. 1(a) and 1(b)], the coherent superposition can
be destroyed by the incoherent decay of each electron located
in the superconductor to the normal metal (see green wavy
lines in Fig. 1) because the hard gap in the spectrum of the
whole system A; is below the energy of the quasiparticle in
the superconductor Ag. This effect results in an exponential
damping of the Higgs modes with a rate I'y to each Ag
frequency contribution. The value T is the inverse lifetime
of the electron in the superconductor determined by the tun-
neling rate from the superconductor to the normal metal. The
inverse process of quasiparticle tunneling from the normal
metal to the superconductor is suppressed because there are
no quasiparticle states in the superconductor with energy of
about A;; thus, the relaxation rate of the Higgs modes does
not depend on I',,, at least up to second order in the barrier
transparency D?. To sum up, the main result of our work can
be written from the qualitative perspective as the following
structure of the gap oscillations in a SIN system in the limit
r s r n <K AO:

cos(2Aot) _op,
~ 0 2T
Aot
D cos(2A;t)
(Aogt)?

(Aot)?

; ey

with certain power-law decay rates p and q.

In Sec. I we introduce the microscopic model and the
basic equations for the Green’s functions. In Sec. III the self-
consistent equations for the dynamics of the superconducting
order parameter are derived. Section IV is devoted to the
dynamics of the superconducting order parameter studied in
the limit A; = 0. In Sec. V the possibility of the experimental
observation of the Higgs modes in SIN systems is discussed.
In Sec. VI we sum up the results.
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II. MICROSCOPIC MODEL: BASIC EQUATIONS

This qualitative picture can be confirmed by the direct
microscopic calculations. The considered SIN system can be
described by the following tunneling Hamiltonian:

Z gkakaak” + Z(Aam

+ Y ED b + Y (Vi bio + viibl,d0),  (2)
lo klo

+ A*ag agy )

where d;, and &ZU are the electron annihilation and creation
operators in the superconducting layer, k is the index of the
single-electron state, o is the projection of the electron spin,
and k denotes the index of the state obtained from state k
by the time inversion operation. The operators b;, and B,TU
are the electron annihilation and creation operators in the
normal layer. The last term describes the tunneling between
the superconductor and the normal metal. Assuming the insu-
lating layer to be dirty so that the electron momentum is not
conserved, we consider the tunneling matrix elements y;; to
be Gaussian uncorrelated random values (i v;5,) = ¥ 281 i
[36,37]. This model approximately describes the tunneling
junction if the magnitude of the tunneling matrix element >
is equal to v2S/(V,V,,), where T is the geometry-independent
tunneling amplitude, S is the junction area, and V; and V), are
the volumes of the superconducting and normal subsystems,
respectively. The superconducting order parameter A is given
by the self-consistency equation:

A

A=y ijmmam), 3)

where A is the pairing constant, V; is the volume of the
superconductor, and the brackets (---) denote a quantum-
mechanical averaging. Here we assume the thickness of the
superconducting subsystem is small compared to the super-
conducting coherence length, so we can consider A to be
homogeneous within the sample.

We study the dynamics of the system using the nonequilib-
rium Keldysh technique. Following the approach developed
in [6,7,36,38,39], we introduce the Green’s functions of the
superconductor G,i}( (t,1"), normal metal G;‘l’}(t t"), and two

tunneling Green’s functions, G;c’;(t t') and G 2(t,1"). These
Green’s functions are the 4 x 4 matrices in the Keldysh-

Nambu space:
“ﬁ(R)(t t) é“ﬁ(K)(t t/)
B, 1) = “)
o ( o Y

where (V}Z’f,(R/A/ K are the retarded, advanced, and Keldysh

Green’s functions, respectively, and the indices o and B
denote s and n. The equations for the Green’s functions read

. d ASS s ’
l& Kk kk’ Z yk1T3G = 8(l —t )5kk’a

(5)
a ~ns TN Sns * 2
IEle —H/'Gj — Z Vi t3Gp = 0,
k/

O o o Ny
i Gl = HyGijl — > yatGy =8 — ).

(6)

TS Fsn s ~nn
Hkal — E J/]d/‘L'3Gl/l = 0,
l/

750 s A
o k S k
= “ , = R 7
. 1" 0 . g0
n 1 n 1
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The self-consistency condition takes the form

. 9 ~sn
IEle -

where

A(t) = % ZTr [(5 + i‘fz)éz;((K)(l‘, ). (10
k

where 2 x 2 Pauli matrices are

f1=<(l) é) f2=<? Bi). (11)

Using the Green’s functions of the isolated superconductor
and the normal metal, G; and G, we eliminate the tunneling
Green’s functions:

“ns * Sny 2SS
Ik = Z Y191 B3 * Gy
(12)
k[ = Z Vkl/gktS * Gzz,

where the asterisk () denotes the convolution operation
X xY)(t, t)= /X(t, Y ", ) dt” (13)

and the Green’s functions Qv,z and QVZ" satisfy the following
equations:

d 5 s gl ’
zgg,i —H;Gl =60 —1),
5 (14)
zgg," —H'G =80 —1").
Thus, we can write two formally independent equations for

the Green’s functions in the superconductor and the normal
metal:

d . s or s
i Gl — H{Giy D B x G =80t — e, (15)
k//

0 .

. nn n §

1— ' ’ E "
ot 1 Zl 1

1"

Gty =8t —1")8w,  (16)

where the self-energies of the superconductor and the normal
metal are

Sie =D vy B0, (17)
1

£ =D viavar b6, (18)
k
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FIG. 2. Diagrams for the Green’s functions in the superconductor
and the normal metal. (a) Exact Dyson equation for the Green’s
functions (before averaging). (b) Self-consistent Born approximation
for the averaged Green’s function. The x symbol denotes tunneling;
the dashed line denotes the correlator between the matrix elements
of the tunneling operator.

These equations written in diagram form are shown in
Fig. 2(a). These equations are not practical to use as they
contain the tunneling matrix elements y;;, which are random
quantities. One can average the equations over the random
matrix elements, and the average of the product of the matrix
elements can be expanded as sums of correlators due to
the Wick theorem; thus, the averaged Green’s function can
be written as a sum of diagrams. We omit the diagrams
with the intersecting correlators; thus, we neglect the vertex
corrections. Such an approach is known as a self-consistent
Born approximation. The diagrammatic form of the Dyson
equation for this approximation is shown in Fig. 2(b). After
averaging, the self-energies and the Green’s function appear
to be diagonal in the normal-mode picture and obey the
following equations:

BG;( s APl S A /
it H{GL = ¥ Gy =00 1),
) (19)
aG;l Tn FAn S An ’
i —H'G/ —X"xG/ =561 —1),
is = )/2 Z‘f3é?f3,
1
(20)

in = ]/2 Z‘f@é,ﬁ‘f@
k

In the wide-band approximation the sum over the normal
modes can be replaced by the integral over the normal energy

Yoo = vV [ dE S, = vV [ dE):

v

Iy .
2= [nernag.

v

r .
== / BGL T dEy, (21)
T
where we have introduced the tunneling rates of electrons
from the superconductor I'y = 7 72v,/d, and the normal metal

r, = 7ty /d, and d; = V;/S and d, =V, /S are the thick-
nesses of the superconducting and normal layers, respectively.

III. DYNAMICAL EQUATIONS FOR THE
ORDER PARAMETER

In order to study the near-equilibrium dynamics of the sys-
tem we expand the order parameter near Ay while assuming
its phase is zero in equilibrium without loss of generality:

A(t) = Ag+8A(t) +iAp80(2). (22)
Here § A and §6 are the perturbations of the magnitude and the

phase of A, respectively. One can introduce the corresponding
perturbations to the Green’s functions and the self-energies:

&} = Gy + 5G4, G = Gy + 86,

DREES T X (23)
where G5, Gf, and i)g/ " are the equilibrium Green’s func-
tions and self-energies of the superconductor and the normal
metal accounting for tunneling. The Dyson equations should
also be linearized with respect to §A and &6, so the closed

set of equations for the linear perturbations of the Green’s
functions and the self-energies reads

. 9~ s ] 2 s s P
i-8G} — HydGj — £° %8G} — 85" x Gy = 8H' Gy,
d . . .
i8] — HISG] — X" %8G} — 85" % Gy = 0,
S FS Ve n
86X = ? ‘L'38GZ 73 dSI s

., T, Ny
§En = 2 / 18G5 dE}. (24)
T

The perturbation to the single-mode Hamiltonian of the super-
conductor is H® = 6 A% — iAg80 1>, where t; are the 4 x 4
Pauli matrices in Keldysh-Nambu space:

. (% 0
r,_(o %,) 25)

One can easily solve the equations for §G in the Fourier form:
3G (w, ) = Gy (@)BH* (0 — ) + 83 (0, )]Gy (o),
8GN (w, ) = Go(w)s X" (0, )Gy (), (26)

where the Fourier transform of the Green’s functions is de-
fined as follows:

8G(t, 1) =

g
27

N 1 3 N
Go(t — 1) = 7 / Go(w)e =1 dg.
T

We introduce the quasiclassic Green’s function §g° =
J 8G} d&; and write an algebraic equation for it:

83(w, ') = / G (@)8Hy (0 — )G () dES

F"FS S el v oQw /
+ / Gor (@) TGy (@) T388(w, )
x BG () BG (o) dE; dE]'. (28)

The above equation can be considered a system of 12 lin-
ear equations for the 12 components of the matrix Green’s
function g(w, o) (retarded, advanced, and Keldysh, each of
which is a 2 x 2 matrix). Each integral can be evaluated
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analytically because the equilibrium Green’s functions are
rational functions of the normal energies & and . The
solution can be written in the following form:

83w, ) = Apx(w, @ )SA(w — @)
+ Apdy(w, @)80(w — o). (29)
One should use the self-consistency equation (10)
o, ,
SA(w) = ’8_” / Tr 183" (0 + w, o) do,
T

(30)

80(w) = Tr %835 (0 + w, @) do’

and write down the equations for the frequencies of the
eigenmodes of A and 66:
SA(w) = Ka(w)SA(w) + K (0)Ap80(w),

A(w) (€2))

30(w) = K" (o )—+Ke(w)59(w)

where the expression for the kernels is given as follows:

i)\\)s v~ X(K) / / /

Kia(w) = TrHA, (0 + o, w) do,

/ i)\.l)s v~ X(K), / /

K'(w) = TrtiA) (0 +o,0) do’,
irv (32)

K" (w) = ns /Tr ‘Z’zAVX()(a)/ +w,0)do,

Ko(0) = Tr HA)) (0 + 0, ') do.

The off-diagonal kernels K’ and K” are equal exactly to zero
in the systems which have electron-hole symmetry and can be
neglected if the Fermi level in both the superconductor and
the normal metal is far from the Van Hove singularities in the
density of states [40]. The singular points of [1 — Kx (@)]~!
and [1 — Ky ()]~ correspond to the frequencies of the Higgs
and Anderson-Bogoliubov modes of the superconductor. The
perturbations of the magnitude and the phase of the order
parameter are completely independent, so hereafter, we focus
only on the study of the Higgs modes.

The linear response of the superconducting order parame-
ter to an external force f (w) takes the following form:

—iwt
SA®t) = M (33)
2 1 — Ka(w)

Previous studies [32-34,41] show that this force can originate,
e.g., from the pulses of the external electromagnetic field.

The results of numerical evaluation of Egs. (28), (29), and
(32) are shown in Fig. 3, where the typical frequency depen-
dencies of the real and imaginary parts of [1 — Kx(w)]™! are
shown for some particular values of the tunneling rates in
the zero-temperature limit 7 = 0. The spectrum of the Higgs
modes appears to be consistent with the picture shown in
Fig. 1. The broadened features at the frequencies w ~ £2A,
and w ~ £(Ap + A;) are seen clearly, while the singularity
at @ = £2A; can be seen only in the zoomed-in inset. The
latter singularity corresponds to the low-frequency Higgs
mode [Fig. 1(c)]. This mode has no exponential damping as
A; is a hard gap of the whole system (the singular point

s=0.1A¢, ', =0.3A¢

2 ‘ T
P\> z/“
7’
1‘ \~~————-—”
~
i
i — — — — — —
A
I 0
—
x 10731
~
_14 0
—— Re
—-1013
21, Im
-2 , i
—20y —=A; =200 2A; As  2A

w

FIG. 3. The real and imaginary parts of [1 — Ka(®)]7! in the
case of the finite tunneling rates I'y and I',,. The inset shows the singu-
larity at frequency 2A; which cannot be observed in the regular scale.
For the given parameters I'y = 0.1A, and ', = 0.3A the induced
gap A, is approximately equal to 0.2A,. Here Ay = Ao + A;. The
dashed line shows [1 — K(w)]™! for the isolated superconductor
ry=r,=0.

of the kernel is exactly at the real axis). This means that
this low-frequency mode gives the major contribution to the
oscillations of the order parameter in the long-time limit,
t > I'71, T however, the amplitude of this mode is a few
orders of magnitude lower than the amplitude of the usual
Higgs mode due to the low transparency of the insulating
barrier.

IV. ZERO-INDUCED-GAP LIMIT A; =0

In this section we consider the analytically tractable case
of the zero-temperature limit and I',, = 0, which corresponds
to the bulk normal metal V,, — oo with suppressed induced
superconducting ordering and vanishing induced gap A; = 0.
In the Sec. IV A and IV B detailed calculations of the kernel
(32) and the linear response for the order parameter (33) are
given, with the main results summed up in Eqs. (40) and (44).

A. Evaluation of the kernel K,

In the above-mentioned limit the kernel Ko can be evalu-
ated analytically. In this case the self-energies of the supercon-
ductor are determined by the equilibrium Green’s functions of
the normal metal, and in the zero-temperature limit we have

S () = iy, ' ® (@) = <2iTsgnw  (34)

G = (£ il — Hy) ™, (35)

G =[G — GV ]sgnw. (36)

The self-energies are constant §%° = 0, so the solution of
Egs. (24) takes the following form:

8G(w, @) = G (w)SH (0 — )G (). (37)
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Using the self-consistency equation (10), one can obtain an for Ag:
expression for the kernel of the Higgs mode:
IAVg Y . AV '
s ~ ~s(R) v 4K, o — ¥ (K) s
Tr [rlGOk (0 + ot1Gy (@) 1= 87 A /Tr 1Gy, () do d§;. (39)

Ka(w) =

s(K) s(A) / / K
+ TIG (@ + w)TIG (@ )] do'dge. (38) Finally, after long but straightforward calculations one can

This integral diverges logarithmically; however, it can be obtain the following expression for the kernel of the Higgs
regularized using the equilibrium self-consistency equation mode:

J

|- K@) /482 —? 20} + Ty + T2 + A3, [4A2 — 02 o+ i /402 — o2
=1

= In
Avy 20 2A2 — w(w + iTy) + \/4A(2) _ a)2\/A(2) — (@ +iTy)? 0+ i JAA2 — a?

N VA3 — @+ 2y | 203 — (@+ 2T +iT) + JAA] — (@ +20T)2 [A] — (@ + T2 “0)
i - n '
2w + 4il 2A2 —iTy(w + 2iTy) + \/4Ag —(0+ 2il“s)2\/1“3 + A

In the isolated superconductor, I'y = 0, the kernel as a function of the complex frequency w has two branch points at w =
+2A which give the usual polynomially damped Higgs mode in the superconductor. In the presence of tunneling, I'y; > 0,
these branch points shift to the points w = £2Ay — 2iT’y corresponding to exponential damping of this mode. Moreover, two
additional branch points at @ = £A — i['; appear, triggering a new Higgs mode, which has already revealed itself in Fig. 3.
The absence of the low-frequency mode at 2A; is rather expected for the considered case I',, = 0 because the electrons of the
normal metal are not affected by the proximity with the superconductor and thus cannot form a Cooper pair as in Fig. 1(c). As a
result they do not contribute to the order parameter oscillations.

B. Evaluation of the order parameter linear response
The integral (33) can be evaluated if we close the integration contour as shown in Fig. 4:
flw)e ™ dw e i res,,, f(w)

21 Jo 1—Ka(w) __i; I—KA((UJ) ’ @b

where C is the integration contour, w; are the poles of the external force f(w) within the contour C, and res,; f(w) is the residue
of f(w) at the pole w;. Thus, the integral in Eq. (33) can be expressed as a sum of the integrals along the branch cuts and the
terms with the residues of the external force:

71(4) it +oo—ily —iwt —iwt
SaG) = lZ fres,, f@) 1 { / [ f@e™  flwe ] o
I — Ka(wj) 27 | Ja 1 —Kpa(w—1i0) 1— Kp(w—+1i0)

o—il
/+oc—2zl“d. [ f(a))e_"‘” f(a))e—ia)r i| /—2A0—2i1} |: f(a))e—iwt f(a))e—ia)t i|
+ __ — | dw + — — — | dw
2ng—2ir, L1 —Kal@—i0) 1 —Kx(w+1i0) —oo—2iT, 1 — Ka(w—1i0) 1 — Kp(w+i0)
—Ag—iTy —iwt —iwt
n / |: f(w)e _ f(w)e : ] dw}. (42)
—oo—i, L1 —Ka(w—1i0) 1 —Kx(w+1i0)

The integrals along the branch cuts can be evaluated approximately assuming f(w) is regular near the branch points of K (w).
Also we suppose that the main contribution to these integrals comes from the vicinity of the singularities. The expansion of the
kernel K (w) near its branch points at o = £2Ay — 2il'y and w = £ Ay — iy in the limit 'y < A reads as follows:

1—Kyn 7 n 2l /=282
~ 32
Ay 243 A,
1-—Kyn _ m 2/ 282
w203 A

— KA Iy Q
~r(l+410) —+— ——

Vs
2 x~a(l—i) /A—O—— /—A—O.
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L _2r,

FIG. 4. Area of analyticity of the kernel K. The four black dots
are the branch points w = Ay — il'y and w = £2A( — 2iT’,; the
thick black lines are the branch cuts. The thick gray line shows the
integration contour in Eq. (41).

Using these expansions, one can finally obtain an asymptotic
expression for the near-equilibrium oscillations of the super-
conducting gap in the intermediate-time limit Aj 't x
r-t

e iwit res,; f(w)
SA(t) ~ —lZ T Ka (o)

1 [ 12v20e [ f(Ag)e™ 20 —iE 4 c.c.]
27 AV (7t Aot )3/2

N 2/ Rge [ f(2Ag)e HAHE fcc.]

e (44)

The first term in (44) describes the forced oscillations of the
order parameter which occur at the frequencies corresponding
to the poles of the Fourier spectrum of the external force f(w).
The finite tunneling rate I'; leads to the exponential damping
of the oscillations of the order parameter and the appearance
of a new Higgs mode at the frequency A, with the magnitude
suppressed by the factor I';/Ag. This mode corresponds to
the middle-frequency mode Ay + A; shown in Fig. 1(b) in
the limit A; = 0. Let’s emphasize once again that all of the
above analysis was related to the case of the small tunneling
rates Iy < Ag. In the opposite limit 'y 3> Ay we get the
gapless superconductivity with a pure imaginary frequency of
the Higgs mode: w = —iAS /Ts. The relaxation of the order
parameter in this limit is described by the decaying exponent
SA(t) x exp(—A%t/FS).

V. DISCUSSION

The Higgs modes of the SIN system can be studied using
a pump-probe experiment similar to the one developed in
Ref. [32]. The measured §A(¢) can be analyzed using the
Fourier transform. The Fourier spectrum is expected to have
two peaks at w & 2Ay and w & Ay + A;, corresponding to
the above Higgs modes of the SIN system. In the limit of
low transparency D < 1 the mode with the frequency 2A;
has too low magnitude, so its experimental observation can

be hampered; however, it may be visible at intermediate
transparencies D ~ 1, A; < Ay. Another way to detect the
Higgs modes is the experimental study of the frequency
dependence of the third-harmonic generation [33,34]. The
electromagnetic wave with frequency 2 excites the Higgs
mode with frequency 2. The magnitude of the generated
nonlinear signal with frequency 32 should depend on the
magnitude of the oscillations of the order parameter, and
therefore, one can expect the appearance of the broadened
resonances in the third-harmonic response if the frequency 22
is close to the frequency of any of the Higgs modes. However,
the effect of generation of nonequilibrium quasiparticles by
the electromagnetic radiation with frequency 2 > 2A; may
complicate the observation of the resonant effect in the third-
harmonic generation. The overheating can be significantly re-
duced at intermediate transparencies D ~ 1 when the induced
gap is high enough 3A; > A. This improves the observability
of the resonance at 22 = Ay + A; predicted above. Also in
the case of a finite temperature the inelastic processes such
as electron-phonon scattering [42] should lead to the damping
of the Higgs modes and may complicate their observability.
The influence of the inelastic processes is expected to be
stronger in the normal metal than in the superconductor due
to the lower induced gap A; < A and higher density of the
equilibrium quasiparticles. Thus, the low-frequency modes
should be affected more strongly than the usual 2A, mode.
However, the inelastic processes may be suppressed if the
temperature is well below the induced gap T < A; when there
are no equilibrium quasiparticles in the system.

The dynamical effects considered here are relevant for
various systems with proximity-induced superconductivity in
both the usual metals [43] and topologically nontrivial ma-
terials [44—47]. Note that the parameters I'y ~ 0.1A¢, ', ~
0.3A¢ used in Fig. 3 are rather typical for all above-mentioned
experiments with transparent SN junctions. The correspond-
ing frequencies lie in the same sub-THz range as in the
experimental papers [32,33] probing Higgs modes in purely
superconducting samples.

VI. CONCLUSION

To sum up, the effect of the quasiparticle spectrum of the
superconducting system on the low-temperature dynamics of
the order parameter has been studied using an example of
a hybrid superconductor-insulator-normal metal system. Two
additional Higgs modes in such system have been discovered.
The frequencies of these modes are formed by sums of the
two quasiparticle energies, which are in good agreement with
the qualitative interpretation of the Higgs modes as coher-
ent processes of splitting and recovery of the Cooper pairs
(Fig. 1). The proposals of experimental observation of these
Higgs modes in a hybrid SIN system have been developed
on the basis of the existing THz techniques used to study the
Higgs modes in pure superconductors.
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