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We analyze s + is state proposed as a candidate superconducting state for strongly hole-doped
Bai—zKzFeaAss. Such a state breaks time-reversal symmetry (TRS) but does not break any other
discrete symmetry. We address the issue whether TRS breaking alone can generate spontaneous
currents near impurity sites, which could be detected in, e.g., uSR experiments. We argue that
there are no spontaneous currents if only TRS is broken. However, supercurrents do emerge if the
system is put under external strain and Cy lattice rotation symmetry is externally broken.

Introduction ~ The search for a truly unconventional
superconductivity which breaks time-reversal symmetry
(TRS) in addition to U(1) overall phase symmetry of
a superconducting order parameter continues to attract
a lot of attention in the physics community.! ® Systems
which break TRS exhibit a wealth of fascinating proper-
ties and are highly sought after for applications* 4. The
TRS breaking pairing states have been proposed in the
two-dimensional *He (Ref. 2) and for the fractional quan-
tum Hall effect at 5/2 filling.!>1¢ In solid-state realiza-
tions, TRS-breaking (TRSB) p, + ip, superconductivity
has been proposed for SroRuOy4 (Ref. 17) and found to
be in agreement with the measurements of the polar Kerr
effect, specifically designed to measure TRS breaking.'®
There are no experimental realizations yet of TRSB spin-
singlet superconductivity, although d,>_,» + id,, state
has been proposed theoretically for hexagonal systems
near van-Hove doping, including doped graphene,!® 2!
SrPtAs 22 and, possibly, cobaltates.??

The search for TRS breaking superconductivity in-
tensified with the discovery of Fe-based superconductors
(FeSCs). These systems have multiple Fermi surfaces,
and intra-pocket and inter-pocket interactions vary along
each Fermi surface as the consequence of different orbital
compositions of low-energy excitations.?* This variation
opens a possibility that the pairing interaction is attrac-
tive in more than one channel. In FeSCs, the two leading
candidates are s~ and d,2_,2 channels. The majority
of researchers believe that in moderately doped FeSCs
sT~ superconductivity wins, but some experiments on
heavily hole-doped system Baj_,K,FesAss with z = 1
were interpreted in favor of dg2_ 2 superconductivity?®.
This interpretation is not universally accepted?®, but if
it is correct, then one can expect that there will be a
mixed state at x < 1, in which both s and d compo-
nents are present. According to calculations®” relative
phase between s and d-components is +7/2 (an s + id
state). In such a state time-reversal(TR) and C,4 lat-
tice rotational symmetry are simultaneously broken, to-
gether with U(1) phase symmetry, and this gives rise to
a number of non-trivial properties, including circulating
supercurrents near a nonmagnetic impurity.2®

In a separate line of research, several groups argued
that the gap symmetry in Ba;_ K, FesAs, remains st~
for all 2. At optimal doping s~ gaps on all hole pockets
have the same sign, opposite to that on electron pock-
ets. At x =1 (i.e., in KFezAsy) only hole pockets are
present? and, if the gap remains s, it must change
sign between the two inner hole pockets3°-a qualitatively
different s-wave state. It has been argued®' that the
transformation of one s™~ structure into the other is not
continuous at low enough 7" and involves an intermediate
state in which the phases of the gaps on the two inner
hole pockets differ by 0 < o < 7 (see Fig. 2). Such a
state breaks TRS, despite that it has pure s-wave sym-
metry, and was termed s + is.

The issue we discuss in this letter is how to detect the
s + is state experimentally. One option is to detect low-
energy Leggett-type modes in the s+is state?!32 by, e.g.,
Raman measurements, or to detect anomalous behavior
of the upper critical field®?. But it would be much more
desirable to have experimental probes which would di-
rectly detect TRS breaking. In this respect, s + is state
presents a challenge. The TRS-broken states studied be-
fore break other discrete symmetries in addition TR, e.g.,
5+ idy2_,2 state breaks Cy symmetry and dy2_ 2 + idy,y,
breaks mirror symmetries. The s + is state only breaks
TRS but keeps lattice symmetries intact. We show, by
analyzing the Ginzburg-Landau Free energy functional,
that in this situation there are no circulating supercur-
rents near a non-magnetic impurity, although sponta-
neous currents are predicted to exist around topological
defects.?*. The absence of the currents can be also traced
to the fact that the spontaneous current comes from the
intrinsic angular momentum of the Cooper pairs, rather
than the broken time-reversal symmetry3® This intrinsic
momentum is zero for s + is state. We show, however,
that supercurrents do develop if a system with s+1is gap
is put under external strain that breaks the Cy lattice
rotational symmetry. Our results are in agreement with
recent zero-field muon-spin relaxation study of supercon-
ducting Baj_,K,;FesAsy for 0.5 < 2 < 0.9 (Ref. [36]).
The measurements showed no evidence of spontaneous
internal magnetic fields at temperatures down to 0.02 K.



We propose to preform the same SR measurement un-
der external strain.

s + id superconductor It is instructive to consider
first s + id state for which numerical calculations?® have
shown the presence of spontaneous currents around an
inhomogeneity. This will help us understand the distinc-
tion between s+id and s+ is states and set up necessary
conditions for the existence of currents in an s + is su-
perconductor.

For a candidate s + id system, the Free energy can
be written as the combination of the homogeneous and
spatially varying parts: F = Fj, + F,, where

Frn = as| A + aa|Ad? + B1|Ag)* + Bo| Agl*
+ B3| As|?|Ad]® + Ba (ALALAGA; + coc.)
]:s = ’75|5As|2 + 7d|ﬁAd|2
e | (Do) Dug — (DyAs)* ByAg + c.c.p)

Here Ay is the magnitude of d,2_,2 gap (= Agcos20)
and the integration over 6 is already carried out. The
two order parameters are U(1) fields A, = Ae’s and
Agq = Ae??¢. In the spatially varying part D= —i5—2—fzéf
and all derivatives act of the center of mass co-ordinate
of the Cooper pair.>” We assume that the parameters
«; and B; of the homogeneous part F; are such that
the ground state is a TRSB s + id superconductor with
Ga — s = £7/2.

The term with the prefactor vs4 depends on the rel-
ative phase ¢, — ¢4 of the two order parameters, but
not on the cumulative phase ¢s 4+ ¢4. This term is con-
sistent with the symmetry of s + id state as it remains
invariant if one changes the relative phase ¢4 — ¢s by ™
and simultaneously rotates the reference frame by 90°.
Both symmetry operations change Ay — —Ay, and F is
invariant under the product of these two operations.

The 7s¢ term in the free energy (1) gives rise to
circulating currents around inhomogeneities. For this,
we introduce an isotropic impurity at r = 0, obtain
coordinate-dependent A4(r) and Ay(r), and compute the

current density j = —aaﬁf | i_o- We follow Ref. 28 and
assume that an impurity introduces coordinate depen-
dencies of the prefactors o; in (1) via a; — o + Qimp,i(T°)

(i = s,d), where qimp,i(7) is a decreasing function of r.

For this work we chose Qimp i(7) = aoe_(T/T°)2. The cur-
rent density is then expressed as

j_O’YS_’Yd

2 \VYsVd

where 5:1 = 20, — Y0, and

d2k etF G,
tp =t = mp )
* i“)l/@m2@uiaw4a1¢w+ﬂ2($

j= [0ty — ) +30uts +¢)], @)

In Eq. (3) &imp is the Fourier transform of aimp, 7 =
~Vsd/\/VsVd, and 0 is the mass scale set by §; in (1). One
can easily verify that j satisfies the continuity equation
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FIG. 1: (a)The profile of supercurrent (blue arrows) in real
space in the s + i¢d superconductor around an isotropic impu-
rity located at the origin. The current satisfies the continuity
equation and creates a magnetic quadrupole moment centered
on the impurity site. We set ¥ = 1, sample size L = 10ro,
0 =0.5/r9. (b) and (c) are the amplitude and phase fluctua-
tions, ysms = yamad and /YsVdpa = —+/VsVaPd , respectively.
Note the d—wave symmetry of phase fluctuations.
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FIG. 2: Left: The Fermi surface of the microscopic model
considered in the text. It has two hole pockets around the I’
point and two electronic pockets at (,0) and (0, 7) points of
the Brillioun zone. We tune the parameters of this model to
the TRSB state and expand the gaps in spatial fluctuations
around the impurity site in TRSB s + is state to obtain the
currents. Right: The spatial variation of the amplitude (m1,
top) and the phase (¢1, bottom) of the gap on one of hole
pockets without external strain. Observe that there is no
phase modulation unlike in s + id state.

v j: 0. The difference ¢4 —¢_ contains ¥ < 74 as the
overall factor (see Eq. (3), hence both terms in the square
brackets in (2) scale with g, and |j] o ysq. We see that
the current is entirely due to the mixed 7,4 term in (1),
which, we remind, remains invariant under the product
of Cy rotation and TR. The presence of two symmetry
transformations, each of which changes Ay to —Ay, is
therefore crucial to obtain a non-zero circulating current
around an impurity. The current j(r) is plotted in Fig. 1
and agrees well with the numerical results.?

s 4 is superconductor ~We now apply the same phe-
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FIG. 3: The profile of a supercurrent for the s+ is state. We set the parameter ¢, related to external breaking of C'y symmetry,
to be e = 0.1 /a1az2, and 0.3y/a1az in left and right panels, respectively. We also set ap, = 0.5y/a1az2, § = 0.1/rg, and the sample
size L = 25rg where rg is related to impurity-induced correction to the prefactor a in the quadratic part in the free energy via

Qimp (7) e~ (1/m0)?  The asymmetry in the current pattern from x to y is due to the applied strain.

nomenological description to s + ¢s superconductor with
order parameters Ay and Ay . The generic form of F
remains the same as in Eq. (1), we only need to replace
Ag by Ag, va by Ysry Ysa DY 7ssr, and change the sign
between D, and D, parts of the mixed term, which for
Cy-preserving s + is superconductor becomes

Yeosr [(Dalg)* DpAy 4+ (DyA)*DyAy + cc.|, (4)

Such term is allowed by symmetry as it again depends
only on the relative phase of Ay and Ay and is invariant
under gauge transformation and TR operation. However,
in distinction to s + id case, there is no possibility to
compensate the change of the phase of Al by 7 by a
rotation of the coordinate frame by 90°. As a result,
the contributions from this term must vanish in the s +
is state, hence it should not give rise to a circulating
current. To see this explicitly, we calculate the j using
the cross-term with the derivatives in the form of Eq.
(4). The current is still given by Eq. (2), but now ¢t ~
Qimp/ (k% + 0%)(1 £ 7). Substituting this into (2) we We
find that j indeed vanishes:

2o [ Pk Ty (-2 2%
T T Y A ) er2 e \1-42 " 1-42
— 0. (5)

We now substantiate this reasoning with the analysis
of the minimal band-resolved model which displays s+is
superconductivity. The model consists of two I'-centered
hole pockets and two electron pockets centered around
(0,7) and (m,0) in the one-Fe Brillouin zone, as shown
in Fig. 2. In the physical two-Fe Brillouin zone, the
two electron pockets are centered at (7, 7) and hybridize
into inner and outer pockets. We label the gap functions
on hole pockets as Ap,,Ap, and use A., and A., for
inner and outer electron pockets. As discussed in Ref.
31, an s + is can be realized at large hole doping where
Ap, = Aref ) Ay, = Age’®2, and a1 — ay is a fraction

of m. The spatially varying part of the free energy for
this state is

Fs = a1|ﬁAh1 |2 + a2|5Ah2|2 + a3|ﬁAel |2 +
1| DA, |? + ay, [(ﬁAhl)* (DA, + c.c]

Fane, [(ﬁAel)* (DAn,) + c.c] ¥ fer = e
Fan,e, [(ﬁAel)* (DAn,) + c.c] ¥ fer = e
+ae [(ﬁAel)* (DA.,) + c.c] (6)

The terms with products (DA;)* - (ﬁAj) with ¢ # j
depend on the relative phases of A; and A; and their
structure reproduces that in Eq. (4).

Differentiating the free energy with respect to vector
potential we obtain the current j = _%L@:o in the
form

;=

Sefc = a1}, 0x A, + asj, 0u A, + asA% 0, A,

+a4AZ251A82 + ap, [A;‘“@AM - c.c.]
Fane, [AL0:An, — cc] + [e1 — e
Fange, (AL 0, — cc] + [e1 — €3]
+ae [A;(’:)IAe2 - ccl, (7)

where gdh = gdh—hdg. The expression for Jy is obtained
by interchanging 0, by (’:)y.

We perform the same computational steps as for s +
id superconductor: introduce an impurity at ¥ = 0 and
expand the order parameters to linear order around the
homogeneous solution for s 4 is state. We first consider
the simplest case when we treat the two hole pockets
and the two electron pockets as identical in the spatially
varying part of the free energy, i.e., set a1 = as, a3 = a4,
anse; = ane in Eq. (6). The homogeneous solution for
identical hole and identical electron pockets is®! Ay, =
Aet™ Ay, = Ae ™ A, = —nA, where n and « are



functions of doping. For the critical doping where 7.7 755
is the largest, n = v/2 and o = /4. We expand the gaps
as Ap, = Ae®(1 +mq +id1), Ap, = Ae (1 +ma +
12), Aoy = Ao = —nA(1 + me + id.), substitute the
expansion into (7) and obtain for the current

jz = jo[(a1 + ap cos2a — 2aper cos )0y (P1 + b2)
+(2a3r2 + 2a.1% — daper cos )0y e
+ (ap sin 2a — 2aper sina)d, (my — ma)],  (8)

and j, is obtained by interchanging « and y. Minimizing
Fs with respect to variations m;, ¢;, m. and ¢. we obtain
that ¢, = 0 and my = ma, ¢1 = —¢d2, where

. d’k  jra3 + e + 2ane ;o —Cimp
m1+igL = / 2n)2° G 2162

and G = (a1 + ap)(as + ac) — 4a3_n. Substituting this
into Eq. (8) we see that each term in (8) vanishes, i.e.,
j: 0. We extended the analysis to non-equivalent hole
pockets and to distinct inner and outer electron pockets,
and obtained the same result — spontaneous supercurrent
around an impurity vanishes®7.

s+1s superconductor under external strain The com-
parative analysis of s + i¢d and s + is cases shows a way
how one can generate supercurrents in an s + is super-
conductor — one has to externally break C, rotational
symmetry. This can be achieved, for example, by appli-
cation of a small uniaxial strain. For Eq. (4) breaking
of Cy implies that v ¢+ along x and y directions become
non-equivalent: v¥, = vgs + 71, and 7Y, = vss — 72, Then
the cross-term becomes the sum of (4) and the new term

Vv [(ﬁzAs)*ﬁzAs/ — (ByA)*ByAy +cc.|,  (9)

This last term has the same form as for s+ id supercon-
ductor and should give rise to a supercurrent. Another
way to state the same is to recall that breaking of Cy4
mixes s—wave and d—wave channels, i.e. s—wave gaps
change from A, to Ay 1 + €Ay 20820, where a = s,s'.
Selecting the products As 1Ay 2 and Ay 1A 2, we re-
cover Eq. (9) with 77, o e. Note in passing that in
KFezAsy € and 7, are additionally enhanced because
s—wave and d,2_,2 channels are nearly degenerate?”30,

We now apply this reasoning to our model for s + is
superconductor. To simplify the presentation, we assume
that the effect of strain is the strongest on the a; term
in Fy, set af = ap +¢ and a?,’l = ap — €, and ignore ap,e,
and a, terms which involve electron pockets. Within this
approximation,

Jz = Jo [0z(a101 + az2d2) + (an + €) cos 2a Oy (d1 + ¢2)
+(ap + &) sin 2 9, (my — ma)], (10)

and j, is obtained by interchanging x — y and ¢ — —e.

The coordinate-dependent functions m; and ¢; (j =
1,2) are obtained by minimizing F, with respect to fluc-
tuations. Performing the same calculations as before we
obtain

. a1—ap Pk gn ( Gimpky
Jz = 2joesina o, aw/ (277)26 7 )

. .. a1 — as A2k BT dimpk?c
Jy = —2joesin 0 8y/ (27r)2€ ,

where Z = ayask® —[apk® +e(k2 —k7)]?. We see that the
current is non-zero only when o # 0, £7, € # 0 (i.e. when
TRS and C4 symmetry are simultaneously broken) and
ay # as (i.e. when the two hole pockets have inequivalent
fluctuations). The latter is analogous to the condition
Vs # 74 for s 4+ id superconductor; see Eq. (2). We
also emphasize that, although electron pockets do not
contribute to j in Eq. (11), they are essential to have
a # 0,£m. We show the current profile for j given by
Eq. (11) in Fig 3. It is quite similar to the one for s+ id
superconductor. One can explicitly verify that V- ; =0
is satisfied.

Conclusions In this paper we analyzed s+ is state pro-
posed as a candidate superconducting state for strongly
hole-doped Baj_, K, FesAs,. This state breaks TRS but
does not break any other discrete symmetry. We ad-
dressed the issue whether TRS breaking alone can gen-
erate spontaneous supercurrents, which can potentially
be detected in uSR experiments. Our conclusion is that
there are no currents if only TRS is broken. We argue,
however, that spontaneous supercurrents do emerge in an
s+is superconductor if the system is put under external
strain and C4 lattice rotation symmetry is externally bro-
ken. We call for uSR measurements in KFesAss under
external strain.
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