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Arguments were recently advanced that hole-doped Ba,_ K, Fe,As, exhibits the s + is state at certain
doping. Spontaneous breaking of time-reversal symmetry in the s + is state dictates that it possess domain wall
excitations. Here, we discuss what are the experimentally detectable signatures of domain walls in the
s + is state. We find that in this state the domain walls can have a dipolelike magnetic signature (in contrast to the
uniform magnetic signature of domain walls p + i p superconductors). We propose experiments where quench-
induced domain walls can be stabilized by geometric barriers and observed via their magnetic signature or their
influence on the magnetization process, thereby providing an experimental tool to confirm the s + is state.
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The recently discovered iron-based superconductors [1]
may exhibit new physics originating in the possible
frustration of interband couplings between more than two
superconducting components [2—5]. For a two-band super-
conductor, interband Josephson interaction either locks
or antilocks phases, so that the ground state interband phase
difference is respectively O or z. Similarly, for more than two
bands, each interband coupling favors (anti)locking of the
two corresponding phases. However, these Josephson terms
can collectively compete so that optimal phases are neither
locked nor antilocked. There, the resulting frustrated phase
differences are neither O nor z. Since it is not invariant under
complex conjugation, such a ground state spontaneously
breaks the time-reversal symmetry (TRS) [2,3]. This is the
s + is state, with the spontaneously broken time-reversal
symmetry (BTRS), that recently received strong theoretical
support in connection with hole-doped Ba,;_, K, Fe,As,, [5].
There are also other scenarios for BTRS states in pnictides
[6,7], and related multicomponent states may possibly exist
in other classes of materials [8].

Symmetrywise, these BTRS states break the U(1) x Z,
symmetry. The topological defects associated with the
breakdown of a discrete Z, symmetry are domain walls
(DWs) segregating regions of different broken states [9].
Other superconductors with BTRS and having domain
walls are the chiral p-wave superconductors. There are
evidences for such superconductivity in Sr,RuQO, [10]. For
that material, it is predicted that domain walls have
magnetic signature and, thus, can be detected by measuring
the magnetic field (see, e.g., Refs. [11,12]). These signa-
tures were searched for in surface probes measurements,
but were not experimentally detected [13]. This led to
intense theoretical investigation of possible mechanisms for
the field suppression (see, e.g., Ref. [14]). The problem of
interaction of vortices, domain walls, and the magnetization
process in these systems was studied in Refs. [15,16].
Domain walls between BTRS states are also highly
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important in the rotational response of *He [17]. Aspects
of topological defects of the s + is states received attention
only recently [18-21]. The remaining question is how
domain walls can be created and observed in s+ is
superconductors. In this Letter, we demonstrate that these
objects can be stabilized by geometric barriers in meso-
scopic samples and discuss associated experimental
signatures.

It is well known that going through a phase transition
allows uncorrelated regions to fall into different ground
states [22,23]. This is the Kibble-Zurek (KZ) mechanism
for the formation of topological defects (see Ref. [24] for a
review and Ref. [25] for a discussion in the context of chiral
p-wave superconductors). As different regions fall into
either of the Z, states, domain walls are created while a
superconductor goes through the transition to the broken
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FIG. 1 (color online). This figure shows the symmetry breaking
pattern for a frustrated three-band superconductor. Surfaces show
the potential energy as a function of the phase differences, at
different temperatures. The blue line shows the ground state.
Above Tz,, phases are locked and the ground state is unique up to
overall U(1) transformations. Below T the ground state is
degenerate and time-reversal symmetry is broken.
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U(1) x Z, state. Figure 1 shows the time-reversal sym-
metry breaking process while cooling down to the
s+ is state (see Ref. [5] for microscopic calculations of
the appearance of the s+ is state). Since their energy
increases linearly with their length, closed domain walls
contract and collapse or are absorbed by boundaries. Here we
propose a mechanism to stabilize domain walls, using
geometrical barriers. We use numerical simulations that
mimic the KZ mechanism to depict experimental setups to
nucleate, stabilize, and observe domain walls in the s +
is state.

We use here the minimal Ginzburg-Landau (GL) free
energy functional modeling a frustrated three-band super-
conductor
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The complex fields y, = |w,|e? represent the super-
conducting condensates. They are electromagnetically
coupled by the vector potential A. The coupling constant
e is used to parametrize the London penetration length of
the magnetic field B =V x A. The temperature depend-
ence of the coefficients is modeled as a,, = ) (T)T,—1)
[a,(lo) and T, being characteristic constants]. We investigate
only a limited range of the reduced temperature
T/T,. € [0.8;1]. In general the GL coefficients have more
complicated temperature dependencies (see, e.g.,
Ref. [26]). However these dependencies are not very
important for the questions studied here. Our results should
also apply qualitatively beyond the GL regime. This is
because, as shown in Ref. [5], the GL model captures the
overall structure of normal modes and length scales of the
full microscopic theory of the s + is state.

In the frustrated regime, when all three Josephson terms
cannot simultaneously attain their optimal values, the
resulting ground state phase differences ¢, = @, — ¢,
are neither 0 nor z [3,4]. The ground state, thus, sponta-
neously breaks the time-reversal symmetry. For general
consideration of phase locking between an arbitrary num-
ber of components, see Ref. [27].

As mentioned above, we model formation of domain
walls during a cooling though the Z, phase transition. We
explore different temperature dependent routes to the TRS
breaking, predicted by microscopic theory [3,5]. The first
route, which we refer to as set I (see the Supplemental
Material [28] for details and the chosen values of GL
parameters), is the transition from the s, , state to the s + is
state. There, the system goes from a three-band TRS state to
a three-band BTRS. The alternative possibility, which we
refer as set 11, is the transition from the s state to the s + is
state, that is, from a two-band (TRS) state to three-band

BTRS [3,5]. Since there are two discrete ground states,
different regions of a superconductor with BTRS can fall in
either the Z, states and these regions are separated by
domain walls created during the BTRS phase transition (at
T = Tz,). We consider field configurations varying in the
xy plane, with a normal magnetic field, and assume
translational invariance along the z direction. The Gibbs
free energy G=JF —B-H describes superconductors
subject to an external field H = He,. To evaluate the
different responses the Gibbs free energy is minimized
[29] within a finite element framework provided by the
FREEFEM++ library [30] (for details, see the discussion in
the Supplemental Material [28]).

While a frustrated superconductor is quenched through
T,, the temperature of the BTRS phase transition, domain
walls are created. Because of their line tension, domain
walls are dynamically unstable to be absorbed by the
boundaries, or collapse if they are closed. Here we propose
a mechanism for stabilization of domain walls, by using a
geometric barrier. Such a barrier exists in samples with
nonconvex geometry, as, for example, shown in Fig. 2.
Next we will show that when a domain wall is stabilized it
has experimentally detectable features that can signal the
s + is state. As shown in Fig. 2, if during a quench a
domain wall ending on nonconvex bumps is created, it can
relax to a stable configuration. Indeed, to join its ends and
collapse to zero size, the domain wall would have to
increase its length first; it is, thus, in a stable equilibrium
while trapped on the bumps. Exactly the same effect is

B 10x10% P12 x Counterflows 41x102
- 2.0x1073 n/2 ¢ 2.0x102
L 0.0x10° Ho 3.9x10*

-2.0x10° -2 ' -2.0x107?

-4.0x10° - -4.0x107

2.3x10° 2,0x10° 1.5x10°

1.7x 10" 1.5x 10" Lix10°

L1x10° 1.0x 10" 75x10°!

5.7x107! 5.0x10°" 3.8x10°"

0.0x10° 0.0x10° 0.0x10°

FIG. 2 (color online). A geometrically stabilized domain wall in
a nonconvex domain, at 7/T,. = 0.8 for the parameter set I. The
domain wall is geometrically trapped, since to escape it should
increase its length, which is energetically costly. The phase
difference ¢, shows that during the cooling, domain walls were
created and one has been stabilized by the sample’s geometry.
The unfavorable phase differences at the domain wall affect the
densities of the condensates. |y |> overshoots at the domain wall,
while |y, |* and |y3|? are depleted. Note that the domain wall has
a magnetic signature: spots of the dipolelike magnetic field,
where the domain wall touches the bumps. It originates in
features of the interband counterflow at the domain wall,
discussed in the text. The upper right panel shows the contribu-
tion to the magnetic field of the second term in Eq. (2).
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present when there is a pinning by inhomogeneities instead
of a geometric barrier (see Fig. 3). This kind of pinning
induces similar magnetic dipole signatures.

To simulate cooling experiments, the energy is mini-
mizedat T = T, 4 T, i.e., starting in the normal state. The
temperature is subsequently decreased with a step 67" and
the energy minimized for the new temperature (i.e., new
a,’s). The faster the system undergoes a phase transition, the
more defects are nucleated. This is achieved, in our
simulations, by cooling with bigger temperature steps
(see the animations in the Supplemental Material [28] for
a typical domain-wall-stabilizing process). Domain walls
are always created, but their location is random and, thus,
they do not always geometrically stabilize. We performed
several simulations of the cooling processes and verified
that indeed the number of produced defects is larger when
temperature steps are bigger. Conversely, to ensure that no
DW is formed, the system has to be cooled very slowly.

Remarkably, as shown in Figs. 2 and 3, even in zero
applied field the domain wall carries opposite, nonzero
magnetic field at its ends. Yet the total net flux through the
sample is zero. The magnitude of this effect depends on the
width of the domain wall (and, thus, on the parameters of
the model). For Fig. 2, the amplitude of the local fields is of
the order of magnitude of a percent of the magnetic field of
a vortex. The origin of this signature in the s + is state is
principally different from the magnetic signature of domain
walls in a p 4+ ip superconductor. Namely, in p +ip
superconductors, DWs carry uniform magnetic field origi-
nating from mechanisms which do not have a counterpart in
s + is superconductors (see, e.g., Refs. [12,14,25]). Here,
by contrast, the domain walls carry magnetic field only
where they are attached to the boundary and the field
inverts its direction so that there is no net flux. This
magnetic field originates in interband counterflow in the
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FIG. 3 (color online). A domain wall stabilized by randomly
located pinning centers. When cooled past 7z, , domain walls are
formed at random positions. Then, during the relaxation
process, the quench-induced domain wall is stabilized against
collapse by nearby pinning centers. Displayed quantities and
physical parameters are the same as in Fig. 2. Here again, the
domain wall has a dipolelike signature of the magnetic field
where it is attached to the pinning centers.

presence of relative density gradients. Indeed, the magnetic
field has the following dependence on the field gradients
[20]:
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with U7 = (w7}, y3,v3) and |¥|> = U0, The interband
counterflow contribution to B is the second term in Eq. (2),
that is, density gradients mixed with gradients of phase
differences (see Figs. 2 and 3). In the total magnetic field
signature, counterflows are partially screened by the first
term in Eq. (2).

For modeling field cooled experiments, the Gibbs energy
for a given applied field H is minimized for decreasing
temperatures. This is shown in Fig. 4. At T. supercon-
ductivity sets in and the sample is filled with vortices. Then
while the temperature is further decreased, past the Z,
phase transition (at 7z,), the KZ mechanism leads to the
formation of domain walls. As shown in Fig. 4, the
preexisting vortices stabilize the domain walls against
collapse (regardless of the geometry). These domain walls
are either closed or terminate on the boundary. Closed
domain walls stabilized by vortices were considered in
Refs. [18,20]. Being characterized by CP? topological
invariant, these are Skyrmions. Note that to accommodate
the unfavorable phase differences at the DW, it is beneficial
to split vortices into three types of fractional vortices (see
the detailed discussion in Refs. [18,20]). At the DW, the
vortices are less localized and their magnetic signature is
more smeared out. The DW can clearly be identified when
measuring the magnetic field.
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FIG. 4 (color online). Field cooled experiment for the param-
eter set I, under an applied field H/®yS = 70. First, the system
is a two band (y, = 0) and, thus, it is TRS. When cooled through
Tz, (w> # 0) the system enters the BTRS regime and different
regions pick up different ground state phase locking. The
resulting DWs are stabilized against complete contraction by the
already existing vortices.
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FIG. 5 (color online). Magnetization process of a three-band
BTRS, when the zero field configuration has the geometrically
stabilized domain wall (Fig. 2). First, vortex entry, way below H .,
shown in the top row is a fractional vortex in y5. This can be seen
from the phase difference 3 which winds 2z. The red curve is the
corresponding magnetization curve, while the blue curve is a
reference magnetization, starting from a uniform ground state.

Consider now the magnetization process at fixed
T < Tz, No field is initially applied (H =0) and the
superconductor is in one ground state. The applied field is
increased with a step 6H. There are no preexisting DWs
and, as long as the applied field is below H,.;, no vortex
enters. The Meissner state survives to fields higher than H 4
because of the Bean-Livingston barrier. While the applied
field is further increased, vortices enter and arrange in a
triangular lattice. Note that big steps 0H can provide
enough energy to locally fall into the opposite Z, state
during a relaxation process. This leads to the formation of a
domain wall, which is stabilized by the presence of vortices
(see the Supplemental Material [28]).

Now we consider the regime of our main interest. As
shown in Fig. 5, the magnetization process in the presence

of a quench-induced and geometrically stabilized domain
wall is very unusual. The first vortex entry occurs at much
lower fields than H .. Here, a core is created only in one
band; thus, it is a fractional vortex that enters the domain
wall. Fractional vortices are thermodynamically unstable in
a uniform bulk superconducting state because they have
logarithmically divergent energy [20]. The situation here is
different because the sample has a preexisting domain wall.
See the Supplemental Material [28] for all quantities. In
increased field the domain wall is filled with vortices.
Despite its energy cost, it eventually becomes beneficial to
elongate the domain wall. It starts bending and gradually
fills the sample. At the first integer vortex entry, the
sample is already filled by the flux-carrying DW. The
associated magnetization curve also shows striking
differences from the case without domain walls. This
can provide a way to confirm s+ is superconductivity.
For a sample whose geometry allows stabilization of DWs,
the magnetization process after a rapid cooling (or other
kind of quench) can be significantly different from
that of the same, slowly cooled sample. The first will
show a magnetization process different from the reference
measurement. Chances to stabilize the domain walls are
further enhanced by having multiple stabilizing geometric
barriers.

In conclusion, we have studied domain walls in s + is
superconductors. We presented a proposal for an exper-
imental setup that can lead to formation of stable domain
walls. We demonstrated that domain walls in s + is super-
conductors have magnetic signatures that could be detected
in scanning SQUID, Hall, or magnetic force microscopy
measurements. Moreover we showed that for a geometri-
cally stabilized DW, the magnetization curve could change
substantially as the DW allows flux penetration in the
form of fractional vortices in low fields. Thus, a sample
subject to different cooling processes should exhibit very
different magnetization processes and magnetization
curves.

The observation of these features can signal the s + is
state (because, in contrast, the s, and s, states do not
break Z, symmetry and, thus, have no domain walls), for
example, in hole-doped Ba;_,K,Fe,As, [5].
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