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Abstract We observed the disappearance of the Meiss-
ner effect and the specific heat jump in Bag Ko gFesAs,.
A crossover of the type of superconducting order parame-
ter can be a source of these phenomena. A quantum phase
disorder provides a possible explanation.
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1 Introduction

Two-component superconductivity observed in a two-band
superconductor has a relative phase fluctuation between two
bands (Leggett mode) [1]. Its rotation of 2 results in a
soliton (intercomponent phase difference soliton) [2], which
makes a phase texture [3, 4]. These hierarchical structures
exhibit rich physical phenomena and potential applications
[5], which some researchers are seeking in the two-band su-
perconductor [5-9].

An iron-based superconductor is one of the potential can-
didates [10, 11]. Fermi surfaces can be classified into two
groups: two electron Fermi surfaces and three hole Fermi
surfaces [12—15]. We consider that these two groups com-
prise the two-band superconductor (two-component super-
conductor).
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An inverse isotope effect reported by Shirage et al. [16]
suggests that there are two different interband pairing inter-
actions, which are due to phononic and electronic ones. Be-
cause the electronic mediator reverses the sign of the order
parameter between two Fermi surfaces whereas phononic
one does not, we can tune the interband interaction strength.
Yanagisawa et al. pointed out that it is possible to dimin-
ish the interband interaction by doping [17]. He called this
abnormal situation “crossover.”

In this report, we present the trial abnormal phenomena
relating to this crossover.

2 Experimental

Polycrystalline  samples of BaggKg4FesAs; and
Bag2KpgFeyAsy are prepared by high-pressure synthesis
[16]. The magnetization was measured using a Quantum
Design Magnetic Property Measurement System (MPMS).
The heat capacity was measured using a Quantum Design
Physical Properties Measurement System (PPMS). These
are typical measurements described in the previous reports
[16, 18, 19]. The magnetizations are measured before and
after the specific heat measurement of Bag»Kg gFesAs) to
confirm that there is no degradation of the superconducting
property. The possible influence of the remnant field on the
specific heat measurement was examined by comparing it
with the data taken under a < 1 Oe field, which was tuned
at 300 K using a gauss-meter.

3 Results

The measured samples are indicated in Fig. 1 with 7, of
Ba,K;_,Fe;Asy we synthesized.
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Fig. 1 T. of Ba,K|_,Fe,As, we synthesized. The samples we mea-
sured indicated by the bold arrows

Figure 2 shows the magnetic properties obtained using a
zero-field-cooling process (ZFC) and field-cooling process
(FC). The demagnetization due to the shielding current gives
almost 100% volume fraction. Bag 6K 4FeyAsy gave a def-
inite Meissner signal in FC, while Bag ;K¢ sFe,As; did not.

The superconducting transition temperatures (7¢)
determined by the ZFC signal are 38 and 21 K for
Bag Ko 4FeoAsy and Bag Ko gFeaAs,, respectively. The
transition is very clear and there is no meaningful broaden-
ing.

Figure 3 shows the heat capacity. A clear jump was ob-
served at T, in Bag Ko 4FezAsy. It is consistent with a pre-
vious report [20, 21]. However, the jump cannot be seen in
Bag K gFesAs;.

4 Discussion

Disappearance of the specific heat jump has been reported
in under-doped cuprate superconductor [22]. Loram et al.
explained that a BCS pair forms well above Tt and a large
portion of the entropy is already lost at 7¢ [23].

When there are large residual un-paired carriers, the
height of the jump is also reduced.

In both cases, we expect the condensation energy of the
superconductivity to decrease. This weakens the pinning po-
tential of the vortex.

The lack of a Meissner signal can be expected when
there is strong pinning. Superficially, we can consider the
lack of a Meissner signal in Bag K gFe>Ass to be due to
a large pinning potential. When Ba and K disorder creates
a pinning potential, we would expect also strong pinning
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in Bag ¢Ko.4FexAs,. But Bag Ko 4FeoAsy gives the usual
Meissner signal. We cannot find any mechanism to give a
large pinning potential from a material science viewpoint.

The lack of specific heat jump is not consistent with the
presence of a strong pinning center either.

When there is no Meissner signal, we also expect that
superconductivity happens only at the surface. A robust ZFC
signal is rather unlikely in this case.

Fukazawa et al. reported a clear specific heat jump in
KFe,As,, the last member of this system [24]. This sam-
ple also gives the Meissner signal. Bag ¢Kg 4Fe2As, has the
highest 7. and KFe,As; is the last member. Both give a def-
inite jump in the specific heat and the Meissner signal. Only
an in-between member, Bag Ko gFeyAs,, lacks both of the
jump and the Meissner signal.

Yanagisawa et al. theoretically predicted the abnormal
superconductivity for the in-between member [17]. The sce-
nario is based on a two-band superconductivity. In this sce-
nario, the sign of the order parameters for two-band is the
same for one end member (4-+wave), while it is reversed in
another member (+—wave). In the in-between member, the
++wave and the +—wave compete. It can be considered
to be a weakly-coupled two-order-parameter superconduc-
tivity. (Of course, the competition between the other types
of order parameters, including d-wave, qualitatively leads to
the same physical consequence, which will be described be-
low.).

The soliton, in which the relative phase between two or-
der parameters rotates 27, can emerge [3, 4, 7] when there
are two order parameters (or two components). Owing to the
phase difference soliton, the quantum phase texture tends to
be invoked for the film sample [3, 7, 9]. The small grains can
also satisfy the necessary criterion.

This texture potentially leads to disappearance of the
Meissner signal and the specific heat jump. Figure 4 illus-
trates these situations. According to Goryo, the phase dif-
ference soliton is thermally activated just below 7 [7]. This
mechanism can work regardless of whether there is a vortex
[9]. Just below T¢, there is a quantum phase texture. This
texture moves and causes energy loss. Neither ZFC nor FC
signals are to be expected. With decreasing temperature, the
motion of the soliton walls slows down. The system goes
into a quantum phase glassy state. This is similar to glass
transition. No specific heat jump is to be expected. It should
be noted that the phase difference soliton is inactive against
the electromagnetic field. Therefore, this phase texture can-
not be eliminated by the real current flow. The geometry of
the grain (there are many hollows, bottlenecks and surface
roughness in the sample) becomes the effective pinning cen-
ter for the solitons.

When there is a magnetic field, the vortex will be trapped
by the soliton walls and kept inside the grain. This inhibits
ejection of the vortex and the Meissner effect.
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Fig. 2 Magnetic properties of (a) Bag Ko 4Fe2Asy and (b) Bag 2K gsFeaAsy. No Meissner signal was observed in Bag 2 Ko gFey Asy
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Fig. 3 Specific heat of (a) BapeKpaFeyAs, and (b) BagyKogFeyAsy without magnetic field. No specific heat jump was observed in

Bag2Ko sFez Asy

A similar texture structure and its dynamics have also
been reported in other multicomponent systems such as the
superfluid *He [25-29]. We can expect a similar situation to
occur in Bag 2 Kq gFepAs).

When two order parameters are almost degenerated, the
soliton wall becomes thick and converts into the domain
itself [30]. It is similar to the chiral domain structure of
the triplet superconductors [31-34] or the texture in two-
component Bose—FEinstein condensates [35]. In this situa-
tion, the system enters into an ultimate quantum disorder
phase. This disorder is easily triggered by an inhomogeneity
of the local crystal structures. Moreover, this domain wall
can trap many fractional vortices [31, 32].

Of course, the explanation is still tentative and the exper-
imental study is still to be undertaken. But this possibility
will be taken into account in future study.

5 Summary

The two-band superconductivity realized in the iron-based
superconductor can be considered as the abnormal quantum
condensation like the superfluid 3He. The disappearance of
the Meissner effect and the specific heat jump possibly re-
flect this abnormal situation.
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Fig. 4 (Color online) Schematic diagram of the quantum phase tex-
ture. The solid gray lines indicate soliton walls. The different quantum
phases of the phase domain surrounded by the soliton wall are indi-
cated by different colors. The large red and blue points indicate frac-
tional vortices. There are two fractional vortices, each having different
quantum flux quanta. Soliton walls are generated just below 7;. and are
moving. (a) With decreasing temperature, they gradually stop. This is
the quantum glassy state. When there is a magnetic field, the fractional
vortex is trapped by a soliton and the soliton wall is terminated by the
fractional vortex (b)
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