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Higgs mode mediated enhancement of interlayer transport in high-7, cuprate superconductors
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We put forth a mechanism for enhancing the interlayer transport in cuprate superconductors, by optically
driving plasmonic excitations along the ¢ axis with a frequency that is blue-detuned from the Higgs frequency.
The plasmonic excitations induce a collective oscillation of the Higgs field which induces a parametric enhance-
ment of the superconducting response, as we demonstrate with a minimal analytical model. Furthermore, we
perform simulations of a particle-hole symmetric U (1) lattice gauge theory and find good agreement with our
analytical prediction. We map out the renormalization of the interlayer coupling as a function of the parameters
of the optical field and demonstrate that the Higgs mode mediated enhancement can be larger than 50%.
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I. INTRODUCTION

The observation of light-induced superconductivity in
cuprates and organic salts has been associated with exciting
lattice or molecular vibrations [1-3]. Related experiments
on light-enhanced interlayer transport in the bilayer cuprate
YBa,;Cu307_s (YBCO) above and below the critical tempera-
ture T, have been reported in Refs. [4-7]. Several mechanisms
for these observations have been proposed in Refs. [8—14].
These proposed mechanisms focus on inducing phononic mo-
tion and its influence on the superconducting response. Here,
we propose to enhance the interlayer transport in cuprates by
optically exciting Higgs oscillations. This collective motion
of the Higgs field couples parametrically to the plasma field,
which results in the enhancement of the superconducting re-
sponse. Our primary example will be monolayer cuprates. We
expect that similar results emerge for other lattice geometries
as well. We demonstrate that the enhancement of the super-
conducting response, in particular the low-frequency behavior
of the imaginary conductivity, is achieved via driving of the
electric field along the ¢ axis with frequencies that are slightly
blue-detuned from the Higgs frequency. Thus, we expand the
scope of dynamical control of the superconducting state in the
cuprates by exploiting nonlinear plasmonics [15,16].

In this paper, we first consider a two-mode model with a
cubic coupling of the Higgs and plasma modes [17]. Based
on this minimal model, we provide an analytical expression
for the Higgs mode mediated renormalization of the interlayer
coupling in monolayer cuprates. We then extend our treatment
to a U (1) lattice gauge theory with inherent particle-hole sym-
metry and simulate the c-axis optical conductivity for different
ratios of the Higgs and plasma frequencies at zero tempera-
ture. The numerical results confirm our analytical prediction,
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and we identify the optimal parameter regime for observing
the Higgs mode mediated enhancement of interlayer transport.
Finally, we discuss the feasibility of the effect and possible
challenges brought by damping.

II. ANALYTICAL PREDICTION

Expanding on previous works [18-21], we model a layered
superconductor as a stack of intrinsic Josephson junctions.
In addition to Josephson plasma resonances [22-24], re-
cent experiments have revealed the existence of another
fundamental excitation in cuprate superconductors, the Higgs
mode [25-27]. This mode corresponds to amplitude oscil-
lations of the superconducting order parameter i, which
decouples from the plasma mode in a system with ap-
proximate particle-hole symmetry [28,29]. The two distinct
low-energy modes of a monolayer cuprate superconductor
are depicted in Fig. 1(a), where the phase of ¢ shall be
interpreted as the gauge-invariant phase difference between
adjacent layers. At zero momentum, the lowest-order coupling
between the Higgs field / and the unitless vector potential a is
given by the cubic interaction Lagrangian Ly, ~ a*h [27,30].
The equations of motion corresponding to such a minimal
model for describing the dynamics of a light-driven mono-
layer cuprate at zero temperature are

i+ yia + ota + 2wiah = j, (1
P 1 2 2.2 _
h+ yuh + wgh + awja” =0, 2)

where wy is the Higgs frequency, wy is the plasma frequency,
and yy and y;y are damping coefficients. The capacitive cou-
pling constant « is of the order of 1 in the cuprates [31]. The
interlayer current j is induced by an external electric field.
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We use yu/2m = y5/2m = 0.5 THz and o = 1 unless stated
otherwise [32], and we assume the z axis to be aligned with
the ¢ axis of the crystal.

For weak pump-probe strengths, we perform a perturbative
expansion for a and A around their equilibrium values [32].
To calculate the c-axis optical conductivity o (@) in the driven
state, we apply both driving and probing currents. We take the

current as a first-order term in the expansion, i.e.,
J = A(arae” " 4 jprie " f e, (3)

where A « 1 is a small expansion parameter. Hence, the

gives a third-order correction to a. Additionally, we assume
that the probing frequency w, is much smaller than the
driving frequency wq, and the eigenfrequencies wy and wj.
Thus, we obtain an approximate expression for the Fourier
component a(wp) = Adpr,1 + )L3apr,3. The contributions are
Qpr,1 & jpr’l/a)% and

dat jar1 1% jpr,1 (@3, — 30 + iviodr)

apr’3%22_2 . 2 92 227"
of(0f, — iy + ivuoa) [(0F, — ©F)” + viog ]

leading contribution to a is of first order and the leading @)
contribution to 4 is of second order. The coupling term ~ah This leads to the analytical prediction
|
. . . . 2
lGZGOJ(wpr) ~ lézéow%w%{ ((’U2 - wl2—l + lwadr) [(wgr - sz) + ylzwgr] 5)

Wpr O ((Upr) =

where €, denotes the dielectric permittivity of the junctions,
and jg- = Ajqr,1 18 the driving amplitude. We define an effec-
tive Josephson coupling [13] based on the 1/w divergence of
the conductivity,

Q)

h
Jefi = mlm[a)pra(wm)]wp,eo,

Z

with the interlayer spacing d,. In the absence of driving,
the Josephson coupling is Jy = hezeowjz /(2ed;) according to
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FIG. 1. (a) Higgs and plasma modes of a monolayer cuprate
superconductor, illustrated with a Mexican hat potential for the
superconducting order parameter. (b) Schematic representation of
a layered superconductor periodically driven by a c-axis polarized
electric field with frequency wq, and field strength Ej. (c) Effective
interlayer coupling J. rescaled by its equilibrium value Jy. The field
strength is fixed at £y = 100 kV/cm. (d) Numerical results for the
imaginary conductivity o,. The driving parameters are wg, = 1.05 wy
and Ey =400 kV/cm. The cuprate considered in (c) and (d) has
the Josephson plasma frequency w;/2m =2 THz and the Higgs
frequency wy /2w = 6 THz.

dr
@) w0, — of + ivios) [ (5,

2 - :
— )"+ yPol ] + daw?|ju 2 (0F, — 30F + ivaws)

(

Eq. (5). The analytical prediction for Jes/Jy in the presence
of driving is shown in Fig. 1(c). The key result of this work is
the enhancement of the effective interlayer coupling when the
pump frequency is slightly blue-detuned from the Higgs fre-
quency. This enhancement phenomenon is due to parametric
amplification. Indeed, Eq. (1) takes the form of a parametric
oscillator due to the two-wave mixing of drive and probe in
Eq. (2), inducing amplitude oscillations at frequencies 2wy,
2wp;, and wg; £ wpr. The coupling of amplitude oscillations
with wgr & wp to the drive amplifies the current response at
the probing frequency. The numerical results in Figs. 1(c)
and 1(d), further highlighting the enhancement of interlayer
transport, are obtained by simulating a full lattice gauge model
discussed in the following.

III. LATTICE GAUGE MODEL

We now turn to our relativistic U (1) lattice gauge theory
in three dimensions, which is inherently particle-hole sym-
metric. The layered structure of cuprate superconductors is
encoded in the lattice parameters. Our approach allows us to
explicitly simulate the coupled dynamics of the order parame-
ter of the superconducting state y.(¢) and the electromagnetic
field A, (¢) at temperatures below 7. To this end, we describe
the Cooper pairs as a condensate of interacting bosons with
charge —2e, represented by the complex field v, (¢). The
time-independent part of our model Lagrangian has the form
of the Ginzburg-Landau free energy [33], discretized on an
anisotropic lattice. We model the layered structure of high-7,
cuprates using an anisotropic lattice geometry as illustrated
in Fig. 1(b). The in-plane discretization length d,, constitutes
a short-range cutoff around the coherence length, while the
interlayer spacing d, is the distance between the CuO, planes
in the crystal. Each component of the vector potential A r(¢)
is located at half a lattice site from site r in the s direction,
where s € {x, y, z}. According to the Peierls substitution, it de-
scribes the averaged electric field along the bond of a plaquette
in Fig. 1(b).

We discretize space by mapping it on a lattice and
implement the compact U (1) lattice gauge theory in the time
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continuum limit [34]. The Lagrangian of the lattice gauge
model is

L= £sc + £em + Ekin~ (7)

The first term is the |y|* model of the superconducting con-
densate in the absence of Cooper pair tunneling,

L= Y KRBl +pltel = Slwel. @®)

where p is the chemical potential, and g is the interaction
strength. This Lagrangian is particle-hole symmetric due to
its invariance under ¥, — . The coefficient K describes the
magnitude of the dynamical term [27,29].

The electromagnetic part L., is the discretized form of the
free-field Lagrangian:

€560 1
Low=)Y ——E} - of? [1 —cos(BBsr)l. (9

Here, E;, denotes the s component of the electric field, and
€, is the dielectric permittivity along that axis. The mag-
netic field components B, follow from the finite-difference
representation of V xA. The temporal and spatial arrange-
ment of the electromagnetic field is consistent with the
finite-difference time-domain (FDTD) method for solving
Maxwell’s equations [35]. Note that we choose the temporal
gauge for our calculations, i.e., Es;y = —9,A; . The coeffi-
cients for the magnetic field are B, = B, = 2ed,,d,/h and
B, = 2ed? /.

The nonlinear coupling between the Higgs field and the
electromagnetic field derives from the tunneling term

Lign == Y tWei) — Yer P, (10)
s,r

where r'(s) denotes the neighboring lattice site of r in
the positive s direction. The unitless vector potential a,, =
—2ed;Asr/l couples to the phase of the superconducting
field, ensuring the local gauge invariance of Lyi,. The in-
plane tunneling coefficient is #,,, and the interlayer tunneling
coefficient is 7.

We numerically solve the equations of motion derived
from the Lagrangian, including damping terms. We employ
periodic boundary conditions and integrate the differential
equations using Heun’s method with a step size At = 2.5 as.
Here, we focus on zero temperature, where the in-plane
dynamics is silent. An example of Higgs mode mediated
enhancement at nonzero temperature is included in the
Supplemental Material [32].

We drive the system by adding (wg:Ep/€;)sin(wg,t) to the
equations of motion for the vector potential A; () on all
interlayer bonds, which describes a spatially homogeneous
driving field. Note that Eqgs. (1) and (2) can be derived as
the Euler-Lagrange equations of the Lagrangian (7) at zero
temperature. In that case, the fields are uniform in the bulk,
ie,Yr=v,Ary =A,, =0,and A, = A. The equations of
motion read

2ed,t @ —ia warEo
Y — e — pd A +
i€, € €,

3A = sin(wgrt)

an

and

w— gy + (e 4 e —2)
GRS ;hz v —ymdy,  (12)

where a = —2ed,A/h. To recover Egs. (1) and (2), the order
parameter is expanded around its equilibrium value ¥y =
Jiu/g, ie., ¥ = Yo+ h, and only linear terms in a and
h except for the coupling term ~ah are retained. Thus,
one can identify the plasma frequency with wy = v/1,/aKh?
and the Higgs frequency with wy = +/2uu/Kh*, where o =
(€:€0)/(8Krge*d?) is the capacitive coupling constant of the
c-axis junctions. The drive induces a current with Fourier
amplitude | jq | = ed,wq:Eo/ hie€;.

IV. NUMERICAL RESULTS

In the following, we present our numerical results. We
evaluate the effective interlayer coupling based on the opti-
cal conductivity at wy, = wy/120. For weak driving, we find
decent agreement between the analytical prediction in Eq. (5)
and the numerical results of the full lattice gauge model, as
shown in Fig. 2. The deviations are due to higher-order terms
ignored in the minimal model and the perturbative expansion.
They grow with increasing field strength. Nevertheless, our
simulations demonstrate that the enhancement effect persists
for strong driving, even in the presence of higher-order non-
linearities, fully included in our U (1) lattice gauge theory.

We find that the renormalization of the interlayer coupling
does not only depend on the driving parameters, but also on
the ratio of the Higgs frequency and the plasma frequency of
the system. Our main proposal consists of driving the super-
conductor slightly blue-detuned from the Higgs frequency wg.
This mechanism is effective for all ratios of w;/wy. As we
discuss below, there is a second regime in which dynamical
stabilization can be achieved, if the system fulfills the require-
ment wg < wy < «/§a)H.

Figure 3 displays the renormalized interlayer coupling as
a function of the driving parameters for a monolayer cuprate
with @y < wy [the same system as in Figs. 1 and 2(a)]. Con-
sistent with our analytical prediction, the interlayer transport
is enhanced for driving frequencies blue-detuned from the
Higgs frequency, while it is diminished on the red-detuned
side, as immediately apparent for weak driving. In general,
higher field strengths amplify the suppression/enhancement
effects and additionally renormalize the Higgs frequency
and the plasma frequency. The frequency renormalization of
the Higgs mode results in the bending of the enhancement
regime towards lower driving frequencies for larger driv-
ing fields. This observation reflects the general behavior of
nonlinear oscillators to display amplitude-dependent eigenfre-
quencies [36]. We emphasize that the interlayer coupling can
be increased by more than 50% in this example. The strongest
suppression of interlayer transport occurs for driving close to
the plasma frequency. This is generally the case if wy < wy or
wy > 3CL)H

The enhancement and suppression effects are limited by
heating that dominates for larger field strengths (see also
Ref. [17]). We identify the heating regime based on the
condition that the condensate is completely depleted. Specifi-
cally, we observe the driven dynamics for 100 ps and apply
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FIG. 2. Effective interlayer coupling for three light-driven monolayer cuprate superconductors with different ratios w;/wy. (a) wy < wy,
(b) oy < wy < 3wy, (¢) V3wy < ;. Bach panel shows the dependence on the driving frequency wq; for two fixed values of the field strength
Ey. Solid lines correspond to numerical results, and dotted lines indicate analytical results for the lower field strength. In all cases, the Higgs
frequency is fixed at wy /27 = 6 THz, while the plasma frequency w; /27 is varied: (a) 2 THz, (b) 9 THz, and (c) 15 THz.

the condition min(|y|/|yo]) < 107 to determine unstable
states. We note that the heating regime has a similar shape
as the parameter set for which no stable solutions can be
found by applying the harmonic balance method with ten
harmonics [32,37].

Within our analytical solution for the optical conductivity
in Eq. (5), we have determined an upper boundary for the
driving frequency of +/3wy for the enhancement effect to
occur. At this boundary, the second term in the denomina-
tor of Eq. (5) switches sign. Our simulations confirm this
prediction for wy < wy. However, as visible in Fig. 3, an
additional suppression lowers this upper bound for super-
conductors with wy < (ﬁ — 1)wy. Here, the enhancement
regime is approximately limited by the resonance frequency of
the time crystalline state at wg, = wy + wy [17]. This modified
upper bound derives from higher-order terms not included in
the analytical solution.

We continue our analysis by varying the damping coef-
ficients, as shown in Fig. 4. Studying higher values of yy
is particularly interesting because the damping of the Higgs
mode is typically strong in cuprate superconductors [25,26].
It can be seen in Fig. 4(a) that increasing yy significantly
decreases the enhancement of the interlayer coupling for a
given field strength. By contrast, stronger damping of the
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FIG. 3. Dependence of the effective interlayer coupling Jegr/Jo
on the driving frequency wyq, and the field strength E. The gray area
marks the heating regime.

plasma mode has a negligible effect. In the Supplemental
Material [32], we provide a parameter scan of the renor-
malized interlayer coupling with higher damping coefficients
yu/2n = yy/2n = 1 THz. Compared to Fig. 3, we find that
the parameter regime with an enhancement of more than 10%
is smaller and shifted to higher field strengths.

Finally, we consider cuprates with wg < wy < «/§a)H. In
this case, the previous suppression of interlayer transport
for wq: &~ wy switches to strong enhancement, as exempli-
fied in Fig. 2(b). Therefore, we propose to drive these
particular systems near the plasma frequency wj. In typical
monolayer cuprates, such as La,_,Sr,CuQO,4 (LSCO), the su-
perconducting gap 2A is larger than the Josephson plasma
energy hwy [38—40]. At low temperatures, the Higgs fre-
quency approximately equals 2A /A [27,41], so it is larger
than the Josephson plasma frequency in these materials, i.e.,
wy < wy. However, while the temperature dependence of
the Higgs mode in cuprate superconductors is the subject
of debate [25,26,42,43], the case wy < wy < /3wy might
be realized for higher temperatures. For these temperatures,
stronger damping and thermal fluctuations might suppress or
reduce the enhancement mechanism. This regime will be dis-
cussed elsewhere. Further decay channels of the Higgs mode
have been studied in Refs. [44,45].

(a) varying yu/2m (b) varying vy/2m
1.5 1.5

< <

?5 1 ?5 1

= —0.5 THz = —0.5 THz

1.0 THz 1.0 THz
0-5 — 1.5 THz 0-5 — 1.5 THz
0.8 1 1.2 0.8 1 1.2
War /wh War /wi

FIG. 4. Dependence of the Higgs mode mediated renormaliza-
tion of the interlayer coupling on the damping coefficients. (a) yy
is varied while y;/27 = 0.5 THz is fixed. (b) y; is varied while
yu/2m = 0.5 THz is fixed. The cuprate with Josephson plasma fre-
quency wy/2m =2 THz and Higgs frequency wy/27 = 6 THz is
driven with the field strength £y = 300 kV /cm.
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V. CONCLUSION

In conclusion, we propose a mechanism for light-enhanced
interlayer transport in cuprate superconductors by optically
exciting Higgs oscillations which then induce a paramet-
ric amplification of the superconducting response. Both our
analytical and numerical calculations show that the super-
conducting response of a monolayer cuprate is significantly
amplified when the optical driving is slightly blue-detuned
from the Higgs frequency. Our calculations demonstrate that
the regime of driving parameters, for which a significant
Higgs mode mediated enhancement of interlayer transport
is achieved, crucially depends on the damping of the Higgs
mode. Therefore, we propose to verify this effect first for
low temperatures. The enhancement mechanism presented in
this work is broadly applicable to cuprate superconductors
because it does not rely on the existence of suitable phonons.
Instead, the light-driven renormalization of interlayer trans-
port is mediated by Higgs oscillations of the Cooper pair
condensate itself. This effect amounts to dynamical control of
a functionality in high-temperature superconductors, utilizing
the intrinsic collective modes of these materials and their
nonlinear coupling.
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APPENDIX: MODEL PARAMETERS

Table I summarizes the parameters of the monolayer
cuprate superconductors studied in this paper. Our parameter
choice of © and g implies an equilibrium condensate density
ny = /g =2x10*" cm™3 at zero temperature. The capaci-
tive coupling constant is given by

8€:€0

== Al
“ 8uKe?d? (AD

For the c-axis plasma frequency, we consider the three cases
wy/2nr =2 THz, w; /2w =9 THz, and wy /27 = 15 THz. The
Higgs frequency is wy /2w = 6 THz in each case.
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