PHYSICAL REVIEW RESEARCH 3, 013253 (2021)

Optical manipulation of domains in chiral topological superconductors
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Optical control of chirality in chiral superconductors bears potential for future topological quantum computing
applications. When a chiral domain is written and erased by a laser spot, the Majorana modes around the domain
can be manipulated on ultrafast timescales. Here we study topological superconductors with two chiral order pa-
rameters coupled via light fields by a time-dependent real-space Ginzburg-Landau approach. Continuous optical
driving, or the application of supercurrent, hybridizes the two chiral order parameters, allowing one to induce
and control the superconducting state beyond what is possible in equilibrium. We show that superconductivity
can even be enhanced if the mutual coupling between two order parameters is sufficiently strong. Furthermore,
we demonstrate that short optical pulses with spot size larger than a critical one can overcome a counteracting
diffusion effect and write, erase, or move chiral domains. Surprisingly, these domains are found to be stable,
which might enable optically programmable quantum computers in the future.
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I. INTRODUCTION

Chiral superconductors spontaneously break time-reversal
symmetry and host topologically protected chiral Majorana
edge modes [1,2], thus bearing potential for applications in
quantum computing [3,4]. The superconductor’s chirality it-
self can be a useful degree of freedom, much like spin [5,6],
valley [7,8], and other quantum states [9], which may allow
for quantum information processing [10]. It is therefore desir-
able to develop means of controlling chiral superconductors
and their associated Majorana edge modes, preferably on ul-
trafast timescales. Dynamical symmetry breaking by optical
driving [10-12], or supercurrents [13,14], has been suggested
as an efficient way to achieve this goal.

It was recently predicted that optical switching of chirality
in a bulk chiral superconductor can be achieved by a joint ef-
fect of homogeneous linearly and circularly polarized optical
pulses [10]. The local and ultrafast manipulation of Majo-
rana modes, however, requires the creation and annihilation
of chiral domains by a laser spot of finite size. It is not a
priori obvious that this can be achieved since locally perturbed
order parameters can diffusively relax back to their original
state in a system with multicomponent superconducting insta-
bilities. Here we microscopically derive the time-dependent
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Ginzburg-Landau (TDGL) equations [15,16] in real space
from a prototype model on a honeycomb lattice [17-21],
which could be realized, as suggested by recent experiments,
in highly doped graphene [22,23] or twisted bilayer graphene
and other van der Waals materials [24-32]. Further works on
chiral superconducting materials, which will follow a similar
phenomenology as discussed here, include experimental evi-
dence for chiral p & ip-wave superconductivity in materials,
such as UPt; [33-35] and UTe, [36]. The perhaps most no-
table candidate material has been Sr,RuQ,4 with proposals of
triplet p-wave pairing [37,38], but a more recent investiga-
tion ruled this out [39], and there is now evidence for d- or
potentially even g-wave instabilities [40—42]. Importantly, our
TDGL theory phenomenologically but transparently describes
the dynamics of coupled order parameters of general chiral
superconductors in both spatially homogeneous and inhomo-
geneous scenarios.

Our main results are twofold. On the one hand, we find
that because the two chiral order parameters are coupled
via the optical vector potential as a consequence of angular-
momentum conservation, a continuous driving (or a static
supercurrent) can hybridize the two order parameters. Pro-
vided that the coupling between the two order parameters is
sufficiently strong, superconductivity can even be enhanced
beyond their equilibrium values. On the other hand, we
demonstrate that a short pulse of linearly polarized light can
drive the two order parameters to be close in magnitude.
Due to the accompanying amplitude-mode oscillation (Higgs
mode) [43-50], the balance between the two chiral order
parameters depends on the precise time at which the pulse is
switched off with respect to this oscillation. The probability
for a switch from one order to the other to occur is roughly

Published by the American Physical Society


https://orcid.org/0000-0001-7020-2204
https://orcid.org/0000-0002-7946-0282
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.3.013253&domain=pdf&date_stamp=2021-03-18
https://doi.org/10.1103/PhysRevResearch.3.013253
https://creativecommons.org/licenses/by/4.0/

YU, CLAASSEN, KENNES, AND SENTEF

PHYSICAL REVIEW RESEARCH 3, 013253 (2021)

FIG. 1. Interference of Majorana fermions using optically en-
gineered domains in a p + ip superconductor. A single electron is
injected at the two leads (gray shaded boxes) into the domain walls
between the p + ip and p — ip states, which carry two copropagating
Majorana modes. Depending on the topography of the domains,
the fractionalization and propagation of these electrons along the
Majorana boundary modes implements either a Hadamard gate (left)
or an identity operation (right) on the charging states of the leads.
Using optical manipulation, one can switch between these two gates
on ultrafast timescales (center).

1/2. A second circularly polarized pulse can be used to favor
one chiral order parameter over the other in order to achieve
a reliable switching [10]. Finally, for the spatially inhomoge-
neous situation, we predict that there is a minimal spot size
required to overcome the diffusion effect, which counteracts
the switching. Above a critical spot, size switching can be
obtained in a stable fashion, allowing for the optical creation
or annihilation of chiral domains of multicomponent super-
conductors [10,21], such as the widely studied chiral p &+ ip
superconductivity. A combination of creation and annihilation
can be used to move the domain.

Since the induced chiral domain is stable after application
of optical pulses, manipulation of Majorana modes at the
boundary of such domains is possible. This could be used
to optically program quantum logic gates. Figure 1 depicts
a possible implementation of a Hadamard gate [51-53] us-
ing the Majorana modes of optically engineered domains in
a p + ip superconductor. Analogous to the mechanism de-
scribed in Ref. [4], the single-electron charging states of two
leads can be used to encode quantum bits of information
[10]. Upon injection of a single electron at a p +ip/p — ip
domain-wall boundary that carries a pair of Majorana modes
or, equivalently, a single chiral complex fermion mode, the
electron can propagate along the edge channel. Crucially, the
superconducting sample boundary hosts only a single Majo-
rana mode, necessitating a fractionalization of the electron
into Majorana fermions. By an optically induced choice of
domain topography, these propagating Majorana modes can
then implement interference, realizing a Hadamard gate on the
charging states of the leads [4].

Importantly, we need to go beyond Ref. [10] to investi-
gate the spatial-temporal dynamics that is required in such a
device. To this end, we explicitly formulate inhomogeneous
scenarios by Ginzburg-Landau phenomenology. Our theory
transparently describes the coupling of order parameter com-
ponents via an optical field, addresses the conditions of optical
enhancement of chiral superconductivity, reveals the neces-
sary conditions for local switching of chirality, and elevates
the concept introduced in Ref. [10] towards the functionalities
of quantum gates.

FIG. 2. Optical engineering of chiral superconductivity on a hon-
eycomb lattice. Geometrical parameters are indicated: b, 3 are
three bonding vectors connecting the B and A lattices, which define
the two primitive vectors of the lattice by a; = b; — bs and a, =
b, — bs. An in-plane optical driving is applied, as indicated by the
red arrow.

II. MODEL AND FORMALISM

To be specific, we consider a chiral d £ id superconductor
on a honeycomb lattice, as illustrated in Fig. 2. The general
results, however, will carry over to other chiral superconduc-
tors (with two-component order parameters), such as p & ip
superconductors. The tight-binding 7-J model Hamiltonian
reads [17-21]

H.=—t Z (al,l;ja + B;g&ia) —u Z(&L&ia + Ejgl;ia)
i,0

(i.j).o
I Ry, (M
(i,)

with 4, and b, being the annihilation operators of electrons
with spin o = {1, |} on the A and B sublattices. The hopping
amplitude between nearest-neighbor lattice sites is denoted
by ¢. The system is assumed to be doped near the van Hove
singularity with the chemical potential p ~ ¢ [17,18,22-29].
We consider a nearest-neighbor spin exchange interac-
tion J between spin singlets with creation operators I%:fj =

(@,b%, —af b’ ) withsites i € Aand j € B[17,18]. Based on
this Hamiltonian, we employ the path-integral technique, with
the introduction of three boson fields at the three bondings
b, by the Hubbard-Stratonovich transformation [54], to set
up the Ginzburg-Landau (GL) Lagrangian for the supercon-
ducting order parameters [54] (see Appendix A for detailed
derivations).

With the order parameters 11 (r, t), n2(r, t) of the (d,>_,» +
idyy)-, (dy>_y» — idyy)-superconducting tendency, respectively,
the GL Lagrangian density reads

Leg(r) = Y Tun(@Dmu(r) + Y AulDim, (r)

u=12 Iz
+a) Im@P+b Y > D)
" a=xy [

+e1(1 = ivV3)[Dyni D (r)]
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The s-wave order parameter is disregarded here, as it is
not energetically favored [10,17,18] and does not affect the
main conclusions presented here (its inclusion is analyzed
in Appendices A and B). Here, D, = 9, — (2e/il)p(r, 1),
D, = 0y — (2e/ilic)Ay(r,t), and Dy = D, & iD, are the co-
variant derivatives that respect the gauge invariance of the
Lagrangian [21], where ¢(r, ) and A(r, ¢) are the scalar and
vector potentials of the electromagnetic field, and c is the
speed of light. The first I term is of the Gross-Pitaevskii
type, and is responsible for dissipation [15,16] back to equi-
librium. The second A term is of the Klein-Gordon type,
which leads to collective-mode dynamics, such as the am-
plitude or Higgs mode, that is defined by the fluctuation
of the order-parameter amplitude [43,48,50]. Here the pa-
rameters I', and A, are treated phenomenologically and
are allowed to be different for the two d & id order pa-
rameters only if time-reversal symmetry is explicitly broken,
for instance by a circularly polarized laser field, following
Ref. [10]. The other coefficients {a < 0, b, e, f1 > 0, fo =
—f1/3} are all real numbers that are microscopically calcu-
lated through the Hamiltonian (1); see Appendix A. Estimated
by graphene’s material parameters t = 2.7 eV, the bond-
ing length |b] =2.46/+/3 A [55], u = 0.9¢, and J = 0.25¢
[10,18],a = —1073//b|> meV~'m™2, b =800 meV~!, ¢ =
150 meV~!, and f; =2.1/|b? meV>m=2 at T = 1.5 K.
These parameters correspond to a critical temperature 7, =
4.7 K. We choose I = 5|a|#i/(kgT.), with a realistic nanosec-
ond relaxation time for small order-parameter fluctuations,
and A = —ah?/(2|no|?), with the superconducting gap 1y =
v—a/2fi +2f,) =0.02 meV, following Ref. [16]. How-
ever, importantly, this GL Lagrangian can also be constructed
based entirely on symmetry considerations [21], independent
of microscopic details, rendering our results applicable to a
wide range of physical situations.

When f; < 0, the two chiral (d + id) waves are degenerate
superconducting ground states [17,18], which is the case for
Hamiltonian (1) (see Appendix B). Otherwise, the d_y» =
(m +in2)/2 and dyy = (91 — in2)/2 waves are the ground
states. As the two order parameters 7; and 1, are coupled in
the e; terms, obeying angular-momentum conservation, their
interplay can be optically controlled. From §L/én7 ,(r) =0
[15], we obtain the TDGL equations

I'y 0 ni A 0 * m

(5 e+ (v L))

N a—bY, . D2 —e(1+iV/3)D_D_\ (n
—ei(1—iV3)DyD,  a—bY, . D J\m

Fi(ml?, m21?) 0 )(m) _
+( 0 FamPmd)\n) =0 ®

where D, = 9, + (2¢/ilic)A,(r), Dy =D, +iD,, and
Fe(ml ) = 2A0m P + [ml®) £ 2H40m 1 = [n2l®).
We choose a gauge with ¢ = 0 and consider the dynamics
under vector potentials A, ,(r, 7) that are, in general, spatially
and temporally dependent, which we shall specify in the
following.
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FIG. 3. Optical engineering of order parameters by homoge-
neous optical fields. (a) Hybridization of two chiral order parameters
by continuous linearly polarized optical fields. An arbitrary value Se;
for the order-parameter coupling is used for illustration of super-
conductivity enhancement. Optical switching of chirality is shown
in (b) by order parameter magnitude and (c) by real and imaginary
components of 7. In (d), a second left-circularly polarized laser with
time delay o, relative to the first linearly polarized laser is applied
to reverse the chirality, while the right-circularly polarized laser can
retain the chirality (not shown). Parameters used for calculation are
given in the figure and text.

III. MECHANISM OF CHIRALITY SWITCHING

We first discuss the coupling between the two chiral order
parameters through light in the homogeneous case. Here, we
can analyze the chirality switching mechanism analytically.
The coupling of the two order parameters is ej (A2 — Af) —
0 for the circularly polarized laser within the rotating-wave
approximation. Therefore, as also confirmed by our numerical
calculation, circularly polarized light by itself cannot cause
chirality switching. We therefore focus here on the linearly
polarized laser first.

We first analyze the hybridization of order parameters by
a continuous optical driving of frequency w and electric-
field amplitude E, say, A, = —(c/w)E, cos(wt) (equivalent
to sourcing a constant supercurrent). When the two chiral
order parameters are driven to the same magnitude, we use
the ansatz #j, = 7j;e to solve the TDGL equation (3) and find
¢ = —m /3 and magnitude

ol = - 200 - by ) 4
2l = E[—QWL (2e1 — )<ha)) } “

which is tunable by the field strength. This implies that by
driving, superconductivity is suppressed when 2e; < b, oth-
erwise it is enhanced due to the strong spatial fluctuation
between the two order parameters. Such a hybridization is
confirmed in Fig. 3(a) with adiabatically turned on con-
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tinuous driving of frequency /w =20 meV with A, =
—(c/w)E, cos(wt) exp [—t*/(202)] for duration time o; =
4 ns for t <0 and —(c/w)E, cos(wt) for t > 0. This hy-
bridization also implies the existence of a critical supercurrent
that induces nodes in the superconducting gap before super-
conductivity is destroyed, providing a unique feature of chiral
superconductors.

We now turn to the discussion of chirality switching with
short pulses in the homogeneous case. The similar mag-
nitude of order parameters through driving is essential for
the chirality switching, which happens when the passive
order parameter, initially absent, overcomes the initially ac-
tive one. The order parameters can be driven to be close
only when the field strength is larger than a critical value
E. ~ (hw/e)s/—a/(b —2e;) = 1 kV/cm, estimated by set-
ting |#1.2] = 1o/2 in Eq. (4). Figure 3(b) confirms that when
the two chiral order parameters are driven to be close by a
linearly polarized laser with E, = 1.2E,, switching of chiral-
ity happens after the pulse, accompanied by an oscillation
of the order parameters. This indicates that the Higgs mode
activation causes a temporal fluctuation that provides an op-
portunity for the passive order parameter to overcome its
inertia. The final state 7, after the switching has a phase shift
—m /3 relative to the initial one 7, [Fig. 3(c)], as expected
from order-parameter hybridization [Eq. (4)]. Nevertheless,
when we further increase the field strength or change the
laser pulse duration, the switching does not always happen.
Half of the time the order parameter simply relaxes back
to the initial state with no switching, which we demonstrate
in thousands of calculated cases with different switch-off
parameters.

An explicit breaking of time-reversal symmetry by a sec-
ond circularly polarized laser, with time delay o; to the first
one, turns out to be key to obtain full control of the switching
process [10]. Although the circularly polarized light cannot
couple the two order parameters directly, as discussed above,
it may influence their damping since single-particle excita-
tions or the environment could be polarized by the laser
[56,57]. Neither of these effects are directly included in the
TDGL framework, but require a more microscopic treatment,
such as Bogoliubov—de Gennes equations [10]. We therefore
assume that the damping rate depends on the chirality of the
laser by a minimal phenomenological ansatz '} — T'j(1 +
8.EPEP/E?) and Ty — I'y(1 — 8 EPEX/E?), where a
tiny dimensionless 8. ~ 0.1 > 0 is used. We indeed realize
complete control of the switching by the chirality of the
second laser pulse with this ansatz by using our parameters,
recovering the discovery of Ref. [10], as shown in Fig. 3(d) for
weak fields E?) = —Ey(z) ~ 0.1E. of left-handed circularly
polarized light.

IV. OPTICAL ENGINEERING OF CHIRAL DOMAIN

We now address finite-spot—sized laser pulses in order
to investigate the possibility of writing, erasing, or moving
chiral domains for implementations in potential future quan-
tum computers (Fig. 1; see Appendix C for implementing
Hadamard gates using Majorana edge modes). We now restrict
the laser field to a spot of size ~/20, by using fields A@) =
—(c/w)E, sin(a)t)exp[—tz/(Zatz)] exp[—rz/(2ar2)]. With a
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120 -120 - 120 -120 - 120 -120 -

120 -120 -6 120 -120 -6 120 -120 -
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FIG. 4. Optical engineering of order parameters (normalized by
no) in real space by laser spots. The spot size /20, is indicated
by black circles. (al)—(a4) plot the snapshots of |7;| under a laser
of small size with o, =20 um. The order parameter relaxes to its
equilibrium after the pulse [(a4)], not switched. (b1)—(b4) and (c1)—
(c4) plot the evolutions of || and |n,|, respectively, when the spot
size is larger, with o, = 60 um. Switching is achieved [(b4),(c4)]
and stable afterwards. (b5) and (b6) illustrate the optical erasure
of a chiral domain in real space by a linearly polarized laser at
t € [40,, 60,], with spot size o, = 90 um, and a second pulse of
left-circular polarization at t € [5o,, 70;], which favors the switch-
ing from 7, to 7n;. Parameters for the calculation are given in the
text.

right-circularly polarized laser E® = Ey(z) =0.1E, of 0, =
2 ns delay to this linearly polarized field Ey, = 1.5E., we com-
pute the superconductor dynamics with the TDGL equations
in real space. We illustrate the results with two represen-
tative spot sizes (indicated by the black circles) ﬁo, =
20«/5 and 60«/5 um in Fig. 4. These spot sizes are much
larger than the coherence length of the order parameters,
&~ /—b/(2a)~ 0.1 um [58]. When the spot size is small
(o, = 20 um), switching is not achieved after the pulse, as
shown in Figs. 4(al)—4(a4). The switching becomes possible,
however, when the spot size is larger (o, = 60um), as shown
in Figs. 4(b4) and 4(c4).

In fact, as long as the spot size o, 2 20 um, we always
find the chirality switching with the domain size smaller than
the spot size, indicating the existence of a critical size o
of photo-induced chiral domain. The switching is always re-
versed when the handedness of second pulse is reversed. From
the TDGL equations, an order-parameter fluctuation relaxes to
equilibrium on a timescale T ~ 3 ns [compare Fig. 3(b)]; on
the other hand, the excited spatial fluctuation propagates with
the Higgs-mode propagation speed v = +/A/b ~ 5.3 km/s.
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We may thereby estimate the critical spot size as o©) ~ vt =
16 pm, reasonably agreeing with the numerical calculation. It
is important to note that this critical spot size is two orders of
magnitude larger than the superconducting coherence length
in our model.

The ability of optical erasure of a chiral domain is es-
sential for application since the combination of creation and
annihilation can move a chiral domain on demand, potentially
allowing for the interference of Majorana modes [2,3,51-53].
On the basis of the chiral domain in Figs. 4(b4) and 4(c4),
we now apply similar optical pulses but use a left-circularly
polarized laser that favors the switching from 71, to n;. The
diffusion of order parameters at the edge leaves a ring of chiral
domain with a small size (see Fig. 6 of Appendix B), which,
however, can be entirely erased by pulses of larger size, such
as o, = 90 um, shown in Figs. 4(b5)-4(b8).

Again, in real space, the phase of 7, has a shift —x /3 with
respect to 11, and hence the order parameter at the center of
the domain wall is neither d,>_» nor d.,, but a superposition.
The free energy is increased, as the domain wall costs addi-
tional energy (see Fig. 5 in Appendix B), indicating that the
chiral domain may be energetically metastable. However, the
chiral order parameters carry opposite angular momenta and
topological winding numbers such that their direct conversion
breaks angular-momentum conservation, seemingly not pos-
sible in the absence of magnetic fields [59,60]. Indeed, the
photo-induced chiral domain appears to be stable since it does
not vanish after the pulse in the TDGL computation, robust to
order-parameter fluctuation.

V. DISCUSSION AND CONCLUSION

Phenomenological GL approaches solely rely on system
symmetry and hence do not strongly depend on the un-
derlying mechanism for chiral superconductivity [21]. The
parameters therein depend on the environment such as the
substrate and phonons, which may play a role in the super-
conducting mechanism [61,62] and, as bosonic and fermionic
baths, can influence the switching processes. On the one hand,
they can relax hot quasiparticles to suppress heating effects.
On the other hand, they can enhance the damping rate I'

J

[10,15] and therefore tend to decelerate the chirality switching
and favor a larger critical size of the laser spots for local
switching.

We have demonstrated local control of chirality by focused
laser pulses that can write, erase, and move chiral domains,
and addressed the way to realize optically programmable
quantum logic gates. For realistic unconventional supercon-
ductors, the required field strengths are within reach: a field
of one to several kV/cm of tens of terahertz is large enough
to cause sufficient coupling between order parameters and
trigger the switching, such that heating effects might be small.
The required minimal size of the laser spot is tens of mi-
crometers to overcome the diffusion when writing a chiral
domain. We find that an enhancement of superconductiv-
ity may be possible in particular materials with sufficiently
strong coupling of order parameters by optical driving. The
hybridization of chiral order parameters is measurable by a
scanning tunneling microscope, which can track the nodes in
the gap that are created in this case [63]. The local chirality of
the superconductor can be measured via Kerr rotation with
spatial resolution [64,65] or via the anomalous Hall effect
[66—-69]. Our study also suggests that unique features in the
optical response of chiral superconductors may be useful for
identifying the superconducting state of magic-angle twisted
bilayer graphene and other van der Waals materials [24-32].
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APPENDIX A: EFFECTIVE LAGRANGIAN

Based on the lattice model [Eq. (1)] of the honeycomb lattice (Fig. 2) [18-21], we define the continuous field operators

A 1 . A 1 A .
—_ ~ k lk<r’ — b k zk-r’
van = — ija< e s = ; K)e

where S = NS is the area of N unit cells, with Q = ﬁa2/2 = 3ﬁb2/2 being the area of one unit cell. Here, a = |a;| = |a;|
and b = |b,,—(1 2,3}/, introduced in Fig. 2. In terms of the field operator U(r) = [&AT(r), ‘/;BT (r), tﬁL (r), ‘ﬁ;¢ (r)]T in the Nambu

space, the free part of the Hamiltonian,

—U
Vo ~i| —tfT k)
H() —/dl“l’ 0

0

—tf(k) 0 0
—i 0 0 N
0 a i)Y
0 tf(=k) W
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where f(k) =Y, e®Pu_while the interaction Hamiltonian,
Ao =—-JQ) / de[ ¥ (r, )T ¥ () + O )b )8 0] S, + ) ),
m

withr, =r+Db, and

00 0 0 0 0 0 1
o 0o 1 0 00 0 0
“=1o0 o o o] =0 o 0 o

00 0 0 0 0 0 0

Accordingly, with the Grassmann field U(r, 1) = [EAT(I‘), JB? (r), Yy (r), ¥, (r)], the action reads
B o B o . B . o
S = / dtdrVo, v —i—/ dtdrV¥ (r, T)Hy(K)¥W(r,7) — JQ Z/ dtdr[¥(r,)ta¥(r) + W(r)tg¥(r,)]
0 0 o Jo

x [W(r)T) W(r,) + W(r,)m; ¥(r)). (A1)

We introduce the complex Bose fields ¢(r, r,,) by Hubbard-Stratonovich transformation [54],

_ B _ 1
1= /D¢D¢ exp [—/O er/dM)(r, 1) 558, rﬂ)},
I

with which a shift of the Bose field, ¢(r, r,) — ¢(r,r,) + JQUWY (r, 7)t] W(r,, 1) + ¥ (r,, 7)) ¥(r, 7)], yields

B B B
Spair = / drdr¥a, U + f dtdr(r, T)Hy(K)W(r, ) + Z/ drdre(r, rM)JLQ¢>(r, r,)
0 0 u 0
B
+y° / drdrd(r, v,)[V(r)T] W(r,) + W(r, )t ¥(r)]
0
"

B _ _
+ 3 [ drdrtBn, ) + Ty ),
0
w

The fermion singlets, in the last two terms, can mediate an effective interaction between the order parameters ¢(r, r, ) after
being integrated out. To perform this integration, we go to the momentum-frequency space for the fermion Grassmann field,

W(r,r) = %% Xk: wZ W(w,, k)e ek,
and for the boson field with respect to the center-of-mass coordinate r +r, /2,
1
VB

With k = {w,, k} and ¢ = {w,,, q}, we arrive at the partition function

1 o
PT.rr+b)=—=—= ) ke T,

Z-= / D$,,(0)D$.(q) exp(—Sur[. 91),

with an effective action for the boson field,

_ — 1 ~ —
Surld, 1= D #u@)55bul@) — rIn[=G"' (9, $)l.
“ooq

Here, tr(...) = ), (k|...|k), G '[¢] = i® — Hy — @, in which the matrix elements of the operators read

. 1 _ . . . .
(kIBIK) =~ D [B, K = D( P ol e M) + gk — k(e My Py,
"
(kl(—id> + Ho)|k') = [—iw, + Ho(K)1Skw, (A2)
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with k¥ = (k + k’)/2 denoting the center-of-mass momentum. When the order parameter is small, it can be used to expand the
action,

_ o I oo 1o
Seitlp, 9] = MX;d’M(CI)J—Qd)u(CI) + 3 %;tr(chbk,k’ka(Dk’,k) + 5 / dl‘Z Zk:tr(GOk(DkGOk(DkGOdekGOk@k)v (A3)

where the first two terms are linear, while the third term is nonlinear.

1. Linear term

From the first two terms in Eq. (A3), we arrive at the linear effective action,

— 1 1 ’ —_
Sir = 2 b @7g0u@ + g5 D By 1 8u @)
1q kq, i

where

0 ik-b, T —ik'b, T 0 —ik-b,/ ik-b,,
B :tr[Gk_%(e’ nrl 4 e ’rB)G,H_%(e by + P gp)]. (A4)

[T

K+

Here, Go(w,,, K) = diag{G.(w, k), Gy (w,,, K)} is the Green function of the free Hamiltonian in the Nambu space, where the
Green functions in the electron and hole space read

Pi(k P (k
Ge(k’ wm) = ]( ) . 2( ) ’
iy —e1(K) oy — &2(K)
Pi(k P (k
Gilk, o) = — 0, PO (AS)
iy +€1(K) oy + &(k)
Here, ¢1(k) = #|f (k)| — i and &(k) = —t|f (k)| — u are the electron and hole dispersions, and
1 1 —eifx 1/ 1 e'Px
Pl (k) = E (_e_i¢k 1 )7 P2(k) = z(e—i‘Pk 1 )
are the projection operators for the two bands.
With Green function Eq. (AS5), we obtain
Bgﬂ;kﬂ:l(- 1 q) ; 1 Qo T 1 qQ); 1 q>
22 2N +e(k—2) ion —e1(k+2)  ion+e2(k—2) i, —e2(k+ 1)
X {cos [k~ (b, +by)— k-9 — (pk+%] +cosk - (b, — b,,/)}
1 1 1 1 1
+ 51 - , + - ,
2 \iw, + 81(k — %) iy, — sz(k + %) iwm + 82(k — %) iy, — sl(k + %)
x { —cos[k- (b, +b,)— P9 — (pk+%] + cosk - (b, —b,)}, (A6)
which is an even function of q. Assuming a small q, we define the mass and fluctuation terms,
11 ' 1 ,
5B D Bl + oo = M (g =0),
k
11 , , ,
5B Z (B;ij/Z,kH]/Z - B ) w040 - Z 7;’;,” 959y, (AT)
k ’ Sy
where the fluctuation of long range is determined by
11 12 13
8y T3 7B 20qs9q, \ S B - k=3.k+3 J0,—0.q-0

Sy

Via the summation over momentum and Matsubara frequency, we obtain

! ;Bffg,k+g -1y <"F(81(k —3)) tarea(k+3)) — 1 nr(ea(k — 3)) +nr(ea(k+ )%)) - 1)

81(k—%)+81(k+%) 82(k—%)+82(k+%

x {cos[k- (b, +by) = p_g — dypa] +cosk - (b, —b,)}
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L (meenl— ) 4 (eak ot 0) — 1 mp(ealk — 9)) e+ ) 1
P (e ek T e Tt T )
X { — cos [k~(bﬂ +b,) —¢k,g —¢k+%] + cosk - (b, —b,u)}. (A9)

Finally, the inverse Fourier transformation ¢, (q) = \/LE\/LB i drdrei“’"ffe*"‘l‘(”bu/z)(ﬁu(f, r) can bring the action back to the
time-spatial space, yielding the effective action

_ B _ ,
Sii3.91= Y [ drar, oM w0
, JO

+ZZ T / ddrdsg} (r, ©)d, ¢ (r, T). (A10)
!

The gap equation is given by the saddle-point solution 8S.s (¢, ¢)/ 55q| 4—0 = 0, leading to the eigenvalue equation for the
vector fields ® = (¢, ¢2, ¢3)7,

L. (A B B\_
—%=|B A B|3 (Al1)
Je B B A

where A = B and B = - By, w Y oluzw - The first eigenvalue 1/J = Q(A + 218) corresponds to the extended s-wave state with

eigenvector A, = (1,1, 1)7 /«/5, and the remaining two eigenvalues 1/J = Q(A — B) are degenerate, corresponding to the
d-wave order parameters with two degenerate eigenvectors,

- - 1
A, = %(2,—1,—1)7, do_yp, Ap= E(0,1,—1)T, dyy. (A12)

The superposition of A, and A, gives different types of d-wave superconductivity. Particularly, superposition %(&1 +iAy) =
or an T - > ar on T

%(1, e’zT, 6’47) gives the d,»_» +id,, wave, while g(Aa —iAp) = \%(1, e’AT, e‘zT) gives the dy2_\» — idy, wave. We

decompose ¢, by the new basis with

D(r, 1) = [1(r, 1), pa(r, 1), 3(r, D)]" = i (r, )& + ma(r, )& + 13(r, 1)E3, (A13)
where
El — %(1’ei2ﬂ/3’ei4n/3)T’
%-2 — %(l’ei4ﬂ/37ei2ﬂ/3)f"
&= —=(L 1)
3 = ﬁ ) k]

are the basis for the order parameters in the (d,>_,» + id,,) wave, (d>_,» — id,,) wave, and s wave, respectively, and »; denote
the amplitudes of these order parameters.
In terms of order-parameter amplitudes »;(r), we express the linear GL Lagrangian as

Li= 3 Me) [ i@+ 3 S & T8 [ daraniwa, e

={1,2,3} Sy ij
- Zai [ avniwmar+ 3 [ aromnt,n,
i Sy ij

where the coefficients a; = EiTME,- and cgfy = Ef’]'gy&' ; are governed by symmetry and band structure. These coefficients are
simply parameterized by several real quantities {a, @', b, V', e}, e;}. For a;, a; = a = a and a3z = d’, following the gap equation
near 7. Wheni = j = {1, 2,3},

1no_ 22 _ 3 _ s .
Csy = 05y bdsy, ¢z, = D'ésys

when i # j, we find

S

U=l =e(1-iv3), &l=cl=ie(1-iV3),

)V Xy
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Al ==l =1 +iV3), dl=dl = —ie1+iV3),
B =P =e(1-iV3), 2= =iel-iV3),

and cé; = (cgil )* that guarantees the Hermiticity. These analyses simplify the linear GL Lagrangian to be
Lit =a / drl|ni (OF + @)1+ d / dr|n3(r)®
+b/dr(|am|2 + 10y 2+ [8em2 + [3ym 1)

+b’/dr[|3xn3(r)|2+ 9yn3(r)I]
+ [61(1 — i\/i)/dr(ax + 9y)n5(r)(9x + idy)n1 (r)
+ex(1 +iV3) / dr(d, — i, (X0, — idy) (r)

+ ex(1 — iv/3) / dr(dy 4 i0,)n(r) (3 + i) (r) + Hc:| (A14)

where the coefficients with different chemical potentials are numerically calculated in this work. The form of the gradient terms
can be simply understood from the angular-momentum conservation. The system has Cs symmetry, given by operators, e.g.,
Cl=é “J:. Since 9, + idy and 9, — id, have angular momentum +1 and —1, while 7y, 7,, and 13 have angular momentum
42, —2, and 0, the total angular momentum of every gradient term has to be the integer times of 6. For example, the term
f dr (0, + i0,)n; (r)(dy + i0,)n: (r) has an angular momentum 6.

2. Nonlinear terms

For the derivation of the nonlinear term, we can treat the order parameter to be homogeneous by
¢u(k=0) = ! /dﬂb (r) & /5S¢, (r) (AL5)
23 - - \/g 23 23 .

With &y = fﬁ > [6,0] () + ¢,0,(—Kk)], where Q7 (k) = e*P 1] 4 ¢~*P7], the dominant nonlinear term in the La-
grangian reads

1 _ _
LY = —— / dr ) " wr{Goe[ b, OF, (K) + ¢y, O, (—K)] Gok [ 6, O, () + b, Oy (—K) | Gk
Mi

eff — 4/325
T AT T AT
X [ 610y, (K) + B0, 0y (—K) | Gor [ 6,0, 0, (K) + 6, 0, (KD ]} (A16)
Although with complicated form, it is simplified by using
r (0 O (0 O,
QM: - (DZ, 0) Qui - 0 0 5 (A17)

and the Green function in the subspace,
GoQ! = ( G’ZODL 8), Gox Oy, = (8 GEOD,L,) (A18)
since Goy QZI, Gox QZ, = 0, via which the nonlinear term is reduced to
Ly = é f drz—;z ; > B iy b [ GO, ()G, (—K)GEOL (K)G T, (—K)].
i
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With relation [J,, (—k) = Dz(k) = (e,,.fim elk(')b”) in mind, we obtain

1

1 _ _
Ly = < f drim 3N Gubrbu b, x G @l (K)Gor 0y, (—K)Go QL (K)Gox Oy, (—K)].
ko Wi

Focusing on the d waves, we have ZM du (KA, (K) = nf A1 (K) + 0% Aax(K), with

0 ekbi + ei%” eikb + ei%’ okbs
Ai(K) = ﬁ(e—ik-bl 1 e pmikby | i % p-ikbs 0 ’
0 kD1 | ol pikby i ik
Ao (k) = ﬁ (eikbl 4 el Femikby | ,i*F —ikbs 0 : (A19)
We see A3(—Kk) = A;(k) or AT(—k) = A, (k). The nonlinear part in the Lagrangian then becomes
NL 1 1 hy. % * e
Ly = 3 dr2_ﬂ2 Ztr{Gk[m(r)AKk) + Ny (1) A2 ()]G [m (1) Az (K) + ma(r) A (k)]
k
x GEInt (A1 (K) + 03 (D) A2 (K)]GE [0 (1) Ax (k) + n2(r) A (k)] (A20)

There are still many terms that should be further simplified. We can generally demonstrate that only the terms with two A (k)
and A, (k) can survive among them by the C3 symmetry of the system, dramatically simplifying the calculations. With using
Cy Ik . b, =k - C3b,,, we know that a C; operation gives a transformation {by, by, b3} — {bs, b3, b;}. Such a transformation
then leads to

A(K) = e FTBAIK),  ArKk) — €27 Ay (K). (A21)

This transformation gives C — eT2mB3C =0 apart from the terms with two A(k) and A,(k). We write down all these (six)
terms and analyze their property in a general way:

O=3 ﬁz 3 Ztr (G A1 ()G A (K)GL A1 (K)GE AL (K)] = [ (0)]*,

®= 2—/32§ ;tr[GZAz<k>GzA1(k)G’;Az<k)GzA1<k>] — (o),

®= ziﬁzé ;tr[GﬁZA1<k)G;iA1(k)GﬁAzac)GiAz(k)] = Im @),

@= 2%32% ;tr[GZAz<k>GZA2<k)G’zA1(k)GzAl(k)] = Im@)Pnr)),

®= ziﬂzé Xk:tf[GZAl(k)GiAz(k)GZAz(k)GiAl(k)] — [m@)PInm)P,

© = 2;2 ; Ztr[GZA2(k)GiAI(k)GfAl(k)GiAz(k)] — [m@)P ). (A22)

We demonstrate below that these terms can gather to two coefficients in terms of f; and f5.
We can demonstrate that (1) = (2). We note that G,(K, —w,,) = —G.(K, w,,), leading to

@=:5< Z Ztr[Gh(k, ~ ) A2 (K)Ge(K, —0) A1 (K)Gr (K, —0) A (K)Ge(K, —w) A1 (K)]

= ,325 ZZH[G (K, @) A2 (K)Gh(K, 0n) A1 (K)G (K, ©0) A2(K)Gp(K, @) A1 (K)]

(2

= ’32 3 Zztr[Gh(k 0m) A1 (K)Ge(k, 0) A2 (K)Gh(K, 0) A1 (K)Ge (K, w) Az (K)] = (D.

(2
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We can also show that the two terms are real: We note that the Green function also satisfies G} (—Kk, w,) = —G.(k, w,,) or
Gi(—k, w,) = —Gh(k wy,). By taking the conjugation and using k — —Kk,
@ = ,32S Zztr[Gh( —k, 0,) A3 (=K)G; (=K, 0,)) AT(=K)G}, (=K, 0,,)) A5 (=K)G, (=K, w,) AT(—K)]
=5 ﬁz S ZZtr[G (K, 0) A1 ()G (K, ©) A2 (K)G(K, @) A1 (K)G (K, @) A (K)]
1

1
7S D Gk, 0n) A (K)Ge(k, @) A1 (K)Gh(K, 0) A2 (K)Ge (K, 0) A1 (K)] = @.

k wn

We define (1) = @) = f1 + f>. On the other hand, it is similar to demonstrate 3) = @) and (3) = (6). We can also demonstrate
that 3) and (5) are real, e.g.,

@*=2ﬂZSZZtr[Gh( K, ) AT(—K)GE(—K, 0) A3 (—K)G} (=K, 0,) A3 (—K)G (=K, @) AT(—K)]

Wy

1
< 2 D Gk, ) A (K)Gh(K, @) A1 (K)Ge(k, 0) A1 (K)G(K, 0p) A (K)]

k wn

1
rYoi Z Z tr[Ge(k, —wn) A1 (K)Gh(K, —0n) A2(K)G (K, —@n) Az (K)Gh(K, —wu)A1(K)]

1
PR Z Z tr[Gu(K, @) A1(K)Ge(K, @) A2(K)Gi(K, 0,) A2 (K)G, (K, w,) A1 (K)] = (3.
When we write @) + (5) = f1 — f», the nonlinear part of the GL Lagrangian reads

L = /dr[f1(|mI2 +m? + AUm P — 2?1, (A23)

We now can work out the concrete value of f; and f,. We have

11
fith=5gy ij tr[G{A1(K)G} Ax (k)G A1 (K)G AL (K)],

11 h e h e 11 h e h e
h—f= S Ztr[G A1 (K)GE AL (K)GE A2 ()G A (k)] + 2825 Ztr[GkAl(k)GkAz(k)GkAz(k)GkAl(k)]- (A24)
We restrict to a high electron doping, in which case the electron and hole Green functions are approximated by GZ N — b ﬁ(l)(k)
and G ~ ¥ with which, e.g.,
P A1 (K)P (K) A2 (K)P (K)A 1 (K)Py (k) A (K)
h+f~25 Z > . T 3
2/3 s =~ liwn + e1(K))*[iwn — &1(K)]
We calculate the integral according to the residue theorem and arrive at
tr[P(K)A 1 (K)P (K)A2(K)P (k) A1 (k)P (K)As(k
h+f= 2ﬂSZr[ 1) A1 (K)P L (K) A2 (K)P (k) A1 (K)P (K) A (k)]
1 , , 1
X m{nf[el(k)] +np[—e1(K)]} + m{—w[el(k)] +np[—e(K)]} ), (A25)

where nr(z) = 1/(ef? + 1). A similar expression is obtained for f; — f>.

APPENDIX B: CHIRAL EQUILIBRIUM STATE

Here we use the GL Lagrangian to analyze the equilibrium state. We estimate the parameters by using ¢t = 2.7 eV, J = 0.25¢,
and |b| = 2.46/+/3 A for the single-layer graphene. For the chemical potentials /¢ = {0.85,0.9, 0.95, 1, 1.05, 1.1}, the critical
temperature is calculated to be T, = {1.23, 4.74, 19.18, 40.05, 15.98, 2.95} K, exhibiting a dome around the doping with & = 1.
Above or below this region, the superconductivity no longer exists. Increasing J may exponentially increase 7.. We note that
e; approaches zero when y — ¢t and becomes opposite with u > ¢ and u < t. We then choose 7 = 1.5 K and dopings with
n/t ={0.9, 1.1} as the typical cases to illustrate the chirality switch dynamics.

013253-11



YU, CLAASSEN, KENNES, AND SENTEF

PHYSICAL REVIEW RESEARCH 3, 013253 (2021)

0.03 ——— . 0
@ |11, ol ~

0.02 | il -
0.3 ’
~ 0.01 [ . Sf/f,
z 0.4 0.4 nO
1
g 0 {Bos &
= =03 Ny
) 06 ©
= .0.01 - 1M, o2
1
fy=10""eV/nm
20.02 | {8 0.1}

0.03 L . | . L -
-0.03-0.02-0.01 0 0.01 0.02 0.03
1N, (meV) X (um)

FIG. 5. Free-energy density of the chiral superconductor. In (a),
the free-energy density with respect to the different values of 1, and
1 is plotted, in which the minimum represents the ground state of
the superconductor. In (b), we plot the additional free energy §f of
the chirality domain wall in the one-dimensional case.

Without the external field, we may expect that the order pa-
rameter is homogeneous to minimize the free-energy density.
We can demonstrate that {|n;], 2]} = no{1, 0} and ne{0, 1}
are two degenerate states that minimize the free-energy den-
sity. To this end,

%%ﬁ:=mum|+4ﬁ(mu2+|mﬁnnn
+ 4L = mPIml =0,
gﬁ§j=2aMﬂ—+4ﬁ0nn2+|mFNnﬂ
—4£(mP* = P2l =o0. (B
The solutions give that the local minima are degenerate:
ml=0, Iml= |- =n
2(fi+ f2)
ml =0, Iml=|—s—. (B2)
2(fi + )

The superconductivity is spontaneously broken into one of
the two classes. In Fig. 5(a), with parameters of u = 0.9¢,
the profile of the free energy is plotted with respect to ||
and |n;], in which we calculate ny = 0.02 meV that identifies
the minimum of free energy. The free energy is normalized
by fo = 10" eV/nm?. In Fig. 5(b), we calculate and plot the
additional free energy 4 f of the chirality domain wall in the
one-dimensional case. We see that the surface energy of the
domain wall is positive and hence the domain is metastable.
With our parameters, the wall width is about 1 um.

On the basis of the chiral domain in Figs. 4(b) and 4(c), we
now apply similar optical pulses, but use the left-circularly
polarized laser that favors the switching from 17, to n;. In
Fig. 6, we show the erasure of the chiral domain. The diffusion
of order parameters at the edge leaves a ring of chiral domain
with a small size, which, however, can be erased by pulses of
larger size, such as o, = 90 um, shown in Fig. 6(b).

APPENDIX C: IMPLEMENTING HADAMARD GATES

USING MAJORANA EDGE MODES

The ability to optically control the topography of chiral
superconducting domains provides a handle to implement

_Oe |

-100 50 0 so 100 -100 50 o 50 100 -100 su u 50 100 -100 50 o so 100

- 00 |

-100 50 0 50 100  -100 50 0 50 100 -100 50 0 50 100 -100 50 0 50 100

FIG. 6. Optical erasure of a chiral domain (normalized by 17,) in
real space by laser spots of different sizes: (al)—(a4) o, = 60 um and
(b1)—(b4) o, = 90 um. The spot sizes /20, are indicated by black
circles. The second pulse is left-circularly polarized and favors the
switching from 1, to n;, as shown by the snapshots (a4) and (b4).

quantum operations via interference of Majorana modes.
Here, the key idea is a straightforward extension of a recent
proposal [4] that exploits the domain-wall modes at interfaces
between p + ip superconductors and quantum anomalous
Hall insulators, whose edges carry single Majorana and single
complex fermions (which can equivalently be represented as
pairs of Majorana fermions), respectively. To translate this
idea to optically controlled p + ip chiral superconductors,
note that domain walls between p+ip and p —ip chiral
domains similarly carry two Majorana modes, and hence act
in analogy to the edge states of a quantum anomalous Hall
insulator, depicted in Fig. 1 in the main text.

In this scheme, presume that two metallic leads are
patterned over two domain walls between p + ip/p — ip do-
mains, as shown in Fig. 1 of the main text. The single-electron
charging states |0), |1) of the two leads now define two single-
qubit states: as one injects single electrons into the leads,
these propagate chirally along the domain-wall boundary until
they reach the sample edge (or, equivalently, an interface
with a trivial insulator). At this point, the complex fermion
edge mode fractionalizes into two Majorana modes, which
entails a fractionalization of the injected electron. As each
Majorana fermion proceeds to travel along the boundary mode
and completes a revolution around the circuit, one can see
that for the left-side circuit in Fig. 1, two of the Majorana
fermions that originate from an electron injected into the
left-side and right-side lead are exchanged. If the left-side
and right-side charging states are represented via Majorana
operators,

Cr )A/Ll’ )7L2 s

~1on2

6R : yRa )/Ra (Cl)

respectively, the resulting operation follows from an ex-
change,
52 52
YL = Vr>
P = =i (€2)
Expressed in a charging basis, this exchange implements a
non-Abelian operation. For instance, if the initial charging
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states take the form |1)|0), then the operation transforms this
into

1
1[0 —((1)|0 0)[1)), C3
|)|)—>\/§(|)|)+|)|)) (C3)

thereby implementing the desired Hadamard gate.

Crucially, the order of the above operations is determined
solely via the topography of the domain walls. For instance, a
suitable change to the topography in Fig. 1 (right) changes the
Hadamard gate to an identity operation. This permits control
of the respective quantum operations via optical means.
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