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Abstract: Since 2012, layered compounds containing Bi-Ch (Ch: S and Se) layers have been extensively
studied in the field of superconductivity. The most-studied system is BiS,-based superconductors
with two-layer-type conducting layers. Recently, superconductivity was observed in La;O,M;S¢
(M = metals), which contains four-layer-type conducting layers. The four-layer-type Bi-based
superconductors are new systems in the family of Bi-based superconductors; we can expect further
development of Bi-based layered superconductors. In this review article, we summarize the progress
of synthesis, structural analysis, investigations on superconducting properties, and material design of
the four-layer-type Bi-based superconductors. In-plane chemical pressure is the factor essential for
the emergence of bulk superconductivity in the system. The highest T of 4.1 K was observed in Rare
Earth elements (RE) substituted La, ,RE,OpBizAgp ¢Sng 4Se.

Keywords: Bi-based superconductors; layered superconductor; chemical pressure; substitution effect;
superconducting phase diagram

1. Introduction

Many new superconductors with a layered structure have been synthesized since the discovery of
cuprate high-T. (T¢: transition temperature) superconductor [1]. One of the big discoveries of a layered
superconductor system is the discovery of Fe-based superconductors [2]. In addition, the BiS;-based
layered superconductors are a recent example of layered superconductors [3,4]. The BiS,-based layered
superconductors have tremendously attracted the condensed matter physics scientific community
since 2012 [3-19]. The crystal structure of the BiS,-based compounds is generally composed of the BiS,
layers as superconducting layers and insulating (blocking) layers like LaO, which is analogous to the
structure of high-T. cuprates and Fe-based superconductors [1,2]. The first BiS;-based compound was
BigO4S3 with T, (onset) = 8.6 K, later on, LnO;_,F;BiS, (Ln = La, Ce, Nd, Yb, Pr), Sry_,La,FBiS,, and
EuFBiS, with T, of 2-11 K have been discovered [3-20]. Mainly, the crystal structure of Ln(O,F)BiS;
consists of blocking layers (LnO) and the conducting layers (BiS,); the underlying crystal structure
has been shown in Figure 1 [4]. Other materials similar to the BiS, -based layered compounds were
developed by replacing S by Se. Therefore, these compounds have been called BiCh;-based compounds
(Ch =S, Se) [21-45]. After the successful growth of single crystals of LnO;_,F,BiS; phase, an important
feature has been discussed in the crystal structure of the BiS;-based compound [46-48]. The single
crystals of LnO;_,F,BiS, can be easily exfoliated (layer by layer) because of the plate-like shape and
the existence of a van der Waals gap between the BiS planes [46-48]. Notably, the van der Waals
gap between two BiS planes became the essential feature when designing four-layer-type LayO,M;S¢
(M: metals) compounds [49-52], which is the central issue of this review article.
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Figure 1. The crystal structure of the BiS,-based Ln(O,F)BiS, superconducting systems, the two BiS,
layers are conducting layers (CL), and LnO layers are Blocking layers (BL) [4].

The concept of designing new BiS,-based compounds with a thicker (four-layer-type)
superconducting layer can be related to the case of the high-T. cuprates [1,53-57]. The thickness of the
superconducting layer was essential to achieve a higher T, [53-57]. T above 100 K has been achieved
by increasing the number of CuO; (conducting) layers in the unit cell of the crystal structure. We have
assumed the same concept to develop La;O,M4Sg four-layer type BiS,-based superconductors.

The first cuprate superconductor, Lay_,Ba,CuO4 (LBCO) with T = 30 K was discovered in 1986 [1].
The T, has increased up to 40 K for the La, ,SryCuOy4 (LSCO) superconductor [54]. The structure
of LBCO has been classified as KyNiF, (214)-type tetragonal. Soon after the discovery of the LBCO
superconductors, the YBayCuzOy_5 (YBCO) superconductor with T, = 93 K has been discovered [53].
In the crystal structure of YBCO, there are two CuO; planes [53]. The superconductivity in a more
complex system Bi,SryCayCuz Oy (BSCCO-2223) and Bi,SrpCaCuy Oy (BSCCO-2212) was discovered in
1988 with T = 110 K and 96 K, respectively [55-58]. The common component in all the cuprates is
the CuO; planes. The LSCO, YBCO, and BSCCO-2223 compounds can be regarded as one-layer-type,
two-layer-type, and three-layer-type structure among the cuprate family. It seems that (see Figure 2),
the T, of cuprates has been increased by increasing numbers of the CuO, layers in the unit cell.
This trend in cuprates may be expected for other layered superconductors.
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Figure 2. The crystal structure of High Temperature Superconductors (HTSC) family. (a) Lay.,SryCuOy4
(LSCO) [52], (b) YBapyCuzO7_s (YBCO) [51], and (c) BipSr,CapCuz O, (BSCCO-2223) [55].
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Since this review is focused on the four-layer-type BiS;-based compounds, a brief summary of the
Bi-based compound is important to understand the four-layer-type compounds. Superconductivity in
Bi-based compounds has been studied extensively. The highest T ever achieved for the Bi-2223 and
2212 compounds, the T most likely depends on the number of CuO, layers in the crystal structure of
these compounds [55-58]. The pure Bi is superconducting under pressure because, at low temperature,
the formation of high-pressure metallic phases of Bi and the T, of these phases are 3.9-8.3 K [59-63].
At ambient pressure, Bi shows the superconductivity in amorphous Bi-thin films, Bi granular composite,
and Bi thin films on the Ni substrates and T, around 6.0 K, 5.5 K, and 4.0 K respectively [64-68].
In addition, superconductivity has been revealed in the Bi-based compounds like; (Ba/Sr)Bis and
BiNi3 and the T, was nearly 5-6 K [69,70]. More recently, BiS;-based compounds have been discussed
all-inclusive [3-12].

The continuous development of BiS,-based compounds has encouraged us to study the
four-layer-type compounds [49-52]. Initially, the first four-layers-type LaOBiPbS; (equivalently
described as LayO;Bi;Pb,ySg to cover one unit cell) compound has been reported as a semiconductor
and thermoelectric material [49]. Later on, the metal (M) site of La,O,M,S¢ has been modified as
M = BizAg, and the resultant compound was LayO,Bi3AgSe [51]. This newly designed oxychalcogenide
LayO,Biz AgSs showed metallic conductivity and superconductivity at T = 0.5 K [52]. Previous studies
on the two-layer-type (BiS;-based LnO;_,F,BiS;) phase has suggested that the doping effect at
the various sites of a compound induced bulk superconductivity or improve the superconducting
properties [4-28,68-72], which has been understood by in-plane chemical pressure effects. Therefore,
we could assume that the superconducting properties of La,O,BizAgS¢ may be improved by element
substitutions. Then, we doped Sn for the Ag site and found that T. increases up to 2.5 K in
Lap,O,BisAgp 6Sng 4Se [73]. The in-plane chemical pressure (chemical pressure effect along ab-plane) was
not sufficient in La, O, Biz Agp 6Sng 456, and Se substitution at the S site achieved bulk superconductivity
with a T, of 3.5 K in LayO,Biz Agp 6Sng 455.75ep 3 [73]. Furthermore, substitutions in the block layer of
BiS,-based compounds could generate in-plane chemical pressure and induce bulk superconductivity
as well [71]. Therefore, in-plane chemical pressure by Rare Earth (RE) ion substitution in the blocking
layer of La,O,BizAgp 6Sng 4Sg has been examined [74,75]. Bulk superconductivity has been induced by
RE elements smaller than La, and T increased up to 4.0 K for the Eu-doped Lay_,Eu,O,Biz Agp 4Sng 456
(x = 0.4) compound [74]. Furthermore, we have doped Sm at the La site as well and observed bulk
superconductivity at T. = 4.1 Kin the La,_,Sm,O,Biz Ag0 ¢Sng 45¢. The trend on the correlation between
T and crystal structure in REO;_,F,BiS; superconductors has been found, and the importance of
in-plane chemical pressure has been confirmed.

Recently, superconductivity in Bi3O,5,Cl at T, = 2.8 K has been reported by Ruan et al. As shown
in Figure 3, this compound can be regarded as a one-layer-type Bi-based superconductor [76].
As mentioned earlier, the BiChy-based systems like REO;_,F,BiS, have two BiS; layers in a unit
cell [4-31]. Therefore, the BiChy-based system can be regarded as two-layer-type. Then, according to
the categorization of conducting layer structure, we regard the structure of La,O,M4Sg as four-layer-type
as summarized in Figure 3. A similar strategy of cuprates, as mentioned in Figure 2, can be applied for
the Bi-based compounds by changing constituent elements and the number of conducting layers to
develop high T, Bi-based superconductors.
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Figure 3. The crystal structure of Bi-based compounds (a) 1-layer type BizO,5,Cl; [76], (b) 2-layers
type Ln(O, F)BiS; superconductors [4], and (c) 4-layers type LayO,Biy Pb,Se [51].

The in-plane chemical pressure appears in the two-layers BiChy-based, and four-layers type
compounds can be regarded as a change in the lattice parameter a. Figure 4 shows the lattice parameter
a dependence of T, for 1-layer type BizO,5,Cl3 [76], 2-layers type Ln(O, F)BiS/Se; superconductors,
and 4-layers type LayO,M;Sq compounds. With replacing Ln (La to Ce, Pr Nd) in Ln(O, F)BiS;, the
considerable change in lattice parameter 2 has been observed, which is changing the T, largely of
2-layers type superconductors [3—-12]. We notice that a slight change in the lattice parameter 4 is
creating a large effect on the superconductivity on 4-layers-type LayO,M4S¢ compounds [52,73-75].
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Figure 4. The T, vs. lattice parameter a, for 1-layer type, 2-layers type, and 4-layers type crystal
structure of Bi-based compounds the data extract from references [3-12,52,73-78].

In this review article, we summarize the evolution of T, in Table 1. Table 1 contains the change in
T. with the change of doping elements on various sites RE, M, and S of LayO,M,Sg, four-layers-type
BiS;-based compounds [52,73-78].
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Table 1. Four-layer-type superconductors with T and references.

Materials T. (K) Ref.
La;O,Biz AgSe 0.5 [52]
La;0,Bi3Ag00In015 0.45
LayO,BisAgo slng2Ss 0.42 78]
LayO,BizAgp 7Ing 356 0.4
LayO,BisAg 6Ing.4Ss 0.4
LayO,BizAgpoSng 154 0.55
La;O,Biz Agp gSng 2S5 0.95
LayO,BisAgySn 35 1.83 (73]
LayO;BizAgp Sng 45 2.5
La;O,Biz Agp 55n055 1.7
LapO,BizAgp 65ng.455.75€0.3 3.0
Laj 9Eug 10,Bi3 Agp.6Snp.456 284
Laj gEug20,Biz AgoSno.4Se 3.26
Lay 7Eug50,BisAgo,65n0.456 3.64 [74]
Laj 6Eug40,Bi3 Agp.6Snp.4Se 4.0
Laj 5Eug50,Biz Ago.¢Sno.4Se 3.63
Laj 4Eug O,BizAgp ¢Sng 4Se 3.58
Laj 9Smy 10, BizAgp ¢Sng 4Se 2.89
Laj §Sm( 2O, BizAgp ¢Sng 456 3.345
Lay 75mo 302BisAgo.6Sno.456 3.795 Tobe published
Laj Smg 40, BizAgp ¢Sng 4Se 4.1
Laj 55m( 50,BizAgp ¢Sng 456 3.867
Laj 4Smg 4O, Biz Agg ¢Snp 4Se 3.59
Lay 6Y040,Biz3Ago65n0.456 2.68
Laj ¢Pro4O0,Biz Agp Sn 4Se 3.54 [74]
Laj ¢Ndg40,BisAgg 6Sng 4Se 3.8
La; 4Gdg4O;BizAgpsSng.4Se 3.46
LaPrO;Biz Agp ¢Sng 4Se 35 (75]
LaNdO,Biz Agg ¢Sng 456 34
La;0,Bi,PbSs sSes 115 p—
Lay; O, Biy PbS5 gSeq 1.9

2. The Crystal Structure of La,0;M4S¢ Type Four-Layer Compounds

2.1. LﬂzOZBi2Pb256

Primarily, the LayO,Bi; Pb,Sg compound was synthesized and reported as thermoelectric material
by Sun et al. [49]. LayO,Bi;Pb,S¢ is composed of Bi,Pb,Ss conducting layers and LaO block
layers. LapO,BiPb,ySg has a tetragonal structure with space group P4/nmm, as shown in Figure 5.
We further investigated the site selectivity at the M (=Bi,Pb,) site and performed band calculations [50].
From synchrotron X-ray and neutron diffraction, we revealed that the M4Sq layers were almost ordered
into Bi- and Pb-rich sites. According to our study, the structure could be rather regarded as stacks
of LaOBiS,-type and rock-salt-type (PbS-type) layers; a schematic image of the crystal structure of
La;O,BiyPbySe is shown in Figure 5.
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Figure 5. The schematic unit cell of LayO,Bi, Pb,Sg with the relationship of the crystal structure between
PbS (rock-salt-type), LaOBiS;, and LaOBiPbS; [50].

2.2. Laz 02B13Ag56

The concept of structural (stacking) in La,O,Bi,Pb,S¢ was taken to synthesize new phase
La,O,Biz AgSe, which was initially reported as a non-superconducting compound [51]. In La,O,Biz AgSe,
the (Ag, Bi)S layer was inserted in between two BiS; layers of the LaOBiS; in place of the PbS layer in
LayO,BiyPb,Sg [51]. It is worth noting that the interlayer distance M2-S1 is clearly different between
M = BiyPb; and M = BizAg. The structural difference affects physical properties in those compounds,
which will be shown in the following parts.

2.3. Available Elements for RE, M, and S Sites of LayOyM4Sg

Figure 6a shows the crystal structure for La;O,BiyPb,S¢. The substitution effect has been studied
for the LayO,BiyPb,Sg compound, and different metals like Cd, Sn, and Sb have doped at the Pb (M2)
site. The Se can partially substitute at the S (51 and S3) site of LayO,BiyPb,Se.

(a) La (b) La
" R
782 /I\’H(B]./Ag)
S1 © 'é'@ S1o -6-

O O O
M2(Pb/Bi)” o _&? 83 Mz(Bi/Agf?_#?%

Ml(Bi/Pb)\ o o o
R S A ¢

Loog%g® LN

La,0,Bi,Pb,S, La,0,Bi;AgS,
Figure 6. The schematic unit cell of (a) LayO,Bi,Pb;Sg; (b) LayO,Biz AgSe [50,51].

Figure 6b displays the crystal structure of LayO,Bi3sAgSe. LayO,BisAgSe is a superconductor of
T. = 0.5 K [52]. To increase the T and induce the bulk superconductivity, various sites of La,O,Biz AgSg
can be doped. The available elements for La sites are different REs like Eu, Sm, Pr, Nd, Y, and Gd.
The In and Sn can be doped at the Ag (M2) site of LayO,BizAgSe. In addition, the S (S1 and S3) site can
be partially substituted by Se of LayO,Biz AgSe.
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To summarize, so far, we could use M = Bi, Pb, Ag, Sn, Cd, Sb, and In, RE = La, Pr, Nd, Sm, Eu,
and Gd, and Ch = S and Se to synthesize the new four-layer-type Bi-based compounds.

3. Physical Properties of La,O,M4Se (M = Pb, Ag)

3.1. LayO,BiyPb,S¢; Doping Effect of Cd, Sn, and Sb at Pb Site

Since the data for La,O,Bi,Pb,_,Cd,Se, LayO,Biy Pby_ SnySg, and La, O, Bip Pby.Sb,Sg have not
been published in other journals, and has appeared in this paper for the first time, we summarized
experimental details in the final section of this article.

The LayO;BiyPb,Sg compound has been reported as a narrow-gap semiconductor with an
activation energy of ~17 meV, confirmed by electrical resistivity and Hall effect measurements [49].
Moreover, the band calculations predicted that La;O,Bi,Pb,S¢ was close to a zero-gap semiconductor
(or metal), which is a clear difference from the electronic structure of the parent phase of the BiCh,-based
(two-layer-type) systems [3]. Experimentally obtained samples of La,O,BiyPb,Sg, however, showed
insulating behavior in the electrical resistivity measurements at low temperatures [49,50]. Therefore,
we have investigated the substitution effects of the Pb site with Cd, Sn, and Sb in LayO,Bi;Pb,Sg.
Our motivation of the Pb-site substitution was to enhance the charge carriers and/or charge mobility by
the substitution effects, but all the Pb-site substitutions resulted in insulating transport properties, while
the insulating behavior has been somehow suppressed by the substitutions. Figure 7a—c shows the
temperature dependences of electrical resistivity p(T) for the Cd-, Sn-, and Sb-doped La,O;,Bi;Pb;Sg;

insets are the log p vs. T. Unfortunately, we did not observe superconductivity by doping with Cd, Sn,
and Sb.

200 ——+ : ®1000 —
. La,0,Bi,Pb, Cd S w02 La,0,Bi,Pb, Sn S¢
- x=0 e x= o x= v x=0. +—x=0.4
Rt e P A s I e R e e
: o 10° La,0,BiPb, CdS, . 4o 5 105 10 : i;g4 “iés
i gma - (i) 600 x=08 —~—x=101] |
o S 10° x=04 g - 1/100
t S S i B
4 - - ox=10 B
10 x= 400 e |
° 1:‘»« " e |
10 1 200 | - 0 50 100T15K0 200250309
0 50 100 150 200 250 300
T(K) x1/100
g - R 0
100 150 200 250 300 0 50 100 150 200 250 300
T(K) T(K)
(c) - - — : ‘
1000 1 La,0,Bi,Pb, ,Sb,S,
L =—x=0 x=0.2
¥ e x=04 4 x=06
g 800 ~ s v x=0.8 < x=10
(¥ 1 104 L8,0,8i,Pb, Sb,S,
G 600r & feorof -
o 4 A 2 102 A Lo
h =3 *=
400} T R o oxee
e 10°
200 )

50 100 150 200 250 300
T(K)

0 50 100 150 200 250 300
T(K)

Figure 7. The temperature dependence of the electrical resistivity p(T) for (a) the LayO,BiyPb;_,CdSe,
inset is the log p vs. T for the LayO,BipPb,.,Cd,Sg. (b) the LayO,BiyPb,.SnySe and inset is the
log p vs. T for the LayO,BiyPb,_,SnyS¢. (c) the LayO,BiyPb; SbySg and inset is the log p vs. T for
LazozBizpbz_bex56.
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3.2. Superconductivity in Se-Doped Lay,O,Biy PbySg.Sex

Superconductivity has been observed for Se-substitution LayO,BiyPbySe.Sex [77]. Undoped
La;O,Bi; Pb,Se shows insulating behavior at low temperatures, but a partial substitution of S by Se
induces metallicity in LayO,BiyPbySe.Sey [77]. We have confirmed that the lattice parameter a slightly
expended by the substitution effects of Se for the S site in LayO,Bi Pb,Se.4Sey, which is an indication
of the presence of in-plane chemical pressure effects in LayO,Bi;Pb,S¢ xSey due to Se substitutions.
We observed superconductivity in La,O,Bi;PbyS¢.Sex. The estimated transition temperatures are
T.=115Kforx=0.5and T. =19 K for x =1.0 [77].

3.3. Superconductivity in LayO,Bi3AgSs

Initially, LayO,Biz AgSs was synthesized and reported as a non-superconducting compound [51].
Through optimization of synthesis condition to get a high quality Lay,O,Biz AgSg sample, we obtained
a sample which shows metallic conductivity and superconductivity at 0.5 K (see Figure 8a,b) [52].
La,O;BizAgSg shows a charge density wave (CDW)-like transition at temperature (T*) in the p(T)
curve below 180 K, which is similar to the case of EuFBiS; [15]. We measured the p(T) by using an
adiabatic demagnetization refrigerators (ADR) system down to the T = 0.1 K. Superconductivity at T
(onset) = 0.66 K has been observed in Lay;O,BizAgSg [52]. LayO,Biz AgSg was the first superconductor
among La; O, M,Se-type (four-layer-type) Bi-based layered compounds.

al (a) _ 4t (b)  La,0,Bi,AgS,
5
G G
Eof 1 E2
=1 La,0,Bi,AgS, =4l TZ°=05K
1 ' ;
od . . . . . 1 Of= . |
0 50 100 150200250300 0 1 2 3
T (K) T (K)

Figure 8. (color online) (a) The p(T) from 300-0.1K for the Lay,O,Bi3AgSs compound, hump in the p(T)
curve denoted as T*, Inset is the schematic unit cell of LayO,BizAgSe. (b) The zoomed view of the
p(T) curve near T¢ in the temperature range 3.0-0.1 K. Reproduced from J. Phys. Soc. Jpn. 87, 083704
(2018) [52], copyrighted by the Physical Society of Japan.

3.3.1. Effect of In Doping in La,O,BizAgixInxSe

Initially, we had tried to modify the conducting layers of the La;O,Bi3AgSs compound by
substituting Ag by In [69]. The p(T) curve for LayO;Biz Ag;,In,Sg from 300 — 0.4 K has been shown in
Figure 9a; expanded view near the superconducting transition temperature range is shown in Figure 9b.
The In-doped La;O;,Biz Ag.In,Sg shows that the T slightly decreases with increasing In doping level.
In contrast, the anomaly temperature of the CDW-like transition T* did not change, although it was
expected that the CDW-like transition is suppress by doping carrier. Figure 9c exhibits the T vs. x for
LayO,BizAgy.,In,Sg, i.e., x-T phase diagram, which shows the change in superconducting transition
T, (zero) as a function of In doping level [78]. T* does not change with increasing x. The T slightly
decreases with increasing x in La,O,BisAg.,In,Sg. The decrease in T for the In-doped samples might
be caused by the introduced disorder at the M site and the robustness of the CDW-like ordering
(T*) against the In doping. A comparatively similar situation has been reported for the NbSe;_, Tey;
the T. was decreasing by doping of Te at the Se site [79]. The structural analysis showed that the
lattice parameters increasing with increasing In doping, which suggests the in-plane interaction is
somehow decreasing.
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Figure 9. (color online) (a) The p(T) from 300-0.1 K for the La;O,BizAgy.,In,S¢ (x = 0-0.4) compounds.
(b) The normalized p(T)/ p(4 K) curve in the temperature range 3.0-0.1 K. (c) The x dependence
of T, for LapO;BizAgi,InySg (x = 0-0.4) compounds and T * scaled on the x-T phase diagram
for LayO,BizAgp,InySg. CDW and SC symbolize as charge density wave and superconductivity,
respectively. Reproduced from J. Phys.: Conf. Ser. 1293, 012001 (2019) [78], copyrighted by the IOP
Publishing Ltd.

3.3.2. Sn-Substitution Effect in LayO,Biz Ag; «SnySg

We have substituted Ag at the M2 site of La,O;Biz AgSg by Sn [73]. The Sn substitution improved
superconducting properties, and the maximum T was 2.5 K for the x = 0.4 in LayO,Bi3Ag;.,5nyS4 [73].
Figure 10a—c shows the superconducting transitions in the temperature dependences of magnetization
X(T) and resistivity p(T). Figure 10d is the phase diagram for La,O,BizAg1.,SnySe: T and T* are
plotted as a function of Sn concentration x. In La,O,Biz AgSe, anomalies have been observed in the
p(T). Although In doping could not suppress the anomaly, the anomaly temperature T* shifted to
a lower temperature by Sn substitution. Finally, the anomaly disappeared at x = 0.3. Generally,
CDW ordering can be expected to be suppressed by an increase in charge carriers or introduction of
disorder in the lattice. As a result, T, increases by the suppression of CDW temperature in materials in
which superconductivity and CDW ordering coexist [80]. The magnitude of the Seebeck coefficient
slightly decreased by Sn substitution, i.e., amount of electron charge carriers increased. Therefore,
increased charge carrier would have suppressed anomaly temperature T*. At the same time, Sn
substitution should increase randomness at the M2 site. Therefore, the increase in T, in the present
phase La,O,BizAg.,SnySg would be achieved by an increase in electron carriers and the introduced
disorder at the M2 site.

3.3.3. Se-Substitution Effect in LayO,Bi3Agp ¢Sng 45575€q 3

To induce bulk superconductivity and to increase T, in-plane chemical pressure effects (by
chemical substitution or high-pressure annealing) are essential in the two-layer-type BiChy-based
systems [27,28,81-83]. For example, in LnOys5F(5BiS;, lattice shrinkage by RE site substitution in
blocking layers or Se substitution for the S site in conducting layers achieve generation of in-plane
chemical pressure effect and induce bulk superconductivity. We had applied the same strategy to
improve superconducting properties of four-layers-type LayO,Biz Agp sSng 4S¢ as well. Small amount
(5%) of Se was substituted for the Ssite. T increased by Se substitution in LayO,Biz Agp 4Sng 455 75ep 3 [73].
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A large shielding volume fraction was observed as shown in Figure 11a, which suggested the emergence
of bulk superconductivity in LayO,Biz Agp SN 45575e 3. As we discussed above, the Sn substitution
improved the superconducting properties of LayO;BizAg;.,Sn,S, and the highest T of 2.5 K was
observed for x = 0.4. However, the shielding volume fraction for x = 0.4 was clearly lower than 100%
shielding. We have discussed the possible origin of an increase in T, by Sn substitution. It was clear
from the structural analysis that the essential parameter in-plane chemical pressure was not sufficient in
Lap,O,BizAgp ¢Sng 4Se. Since the shielding property has been improved by Se substitution, we consider
that partial Se substitution for the S site in LayO;Biz Agg ¢Sng 45575eg 3 generated in-plane chemical
pressure effects as observed in two-layer-type LnOg 5F 5BiS;.
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Figure 10. (a) Temperature (T) dependences of magnetic susceptibility (x) for LayO,Biz Ag1.,SnxSg
(x=10.3,0.4, and 0.5) compounds measured in Zero Field Cool (ZFC) and Field Cool (FC) protocol at the
applied magnetic field 1 mT. (b) The p(T) from 300-0.1 K for the LayO,BizAg;.,SnySg (x = 0-0.5)
compounds. (c) The p(T) curve in the temperature range 4.0-0.1 K. (d) The x dependence of
T. for LapO,BizAg1,SnySe (x = 0-0.5) compounds and T* scaled on the x-T phase diagram for
Lap;O,BizAgi,SnySg. Reproduced from Sci. Rep. 9, 13346 (2019) [73], copyrighted by the Springer
Nature Limited.

Figure 11b shows the temperature dependence of resistivity. Superconductivity at T (zero) =
3.0 K in LapyO,BizAgp ¢Sng 4S5.75€0 3 has been confirmed by p(T) measurements, while the T, (onset)
was 3.5 K. From resistivity measurements under magnetic fields up to 9 T, the upper critical field B,
and the irreversible field Bj,, were estimated as 2.15 T and 1.0 T, respectively.

3.3.4. Eu-Substitution Effect on Lay «EuxO;BizAg0 ¢Sng 4S¢

Since Se substitution was effective to induce bulk superconductivity in LayO,Bis Agp ¢Sng 4S5.75€0.3,
we have tested another way to increase in-plane chemical pressure by La-site substitution by RE elements
smaller than La. The first investigation was examined with RE = Eu [74]. The Sn amount was fixed as
LayO;Biz Agp Sng 45¢. With increasing Eu concentration, T, increased, and the highest T, (zero) of 4.0 K
was observed for the x = 0.4 (Eu), which has been confirmed by the x(T) and p(T) measurements (see
Figure 12a,b). Figure 12c represents the phase diagram on T vs. x in Lay_,Eu,O,Biz Agp 4Sng 45¢. T (zero)
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extracted by p(T) data and T, from x(T) curve has been plotted with Eu concentration x in Figure 12c.
T. gradually increases with increasing Eu concentration up to x = 0.4 in Lay_,Eu,O,Biz Agp ¢Sng 4S5,
Furthermore, for a higher Eu contents, x = 0.5 and 0.6, T, slightly decreased in the p(T) data, while T
slightly increased for the same in x(T) data. The small shielding volume fraction for x = 0.5 and 0.6
suggests that bulk nature of superconductivity was suppressed for x = 0.5 and 0.6. The upper critical
field was estimated from p(T, B) data, which was above the 3.0 T for the Lay_,Eu,O,BizAgp ¢Snp4Se
(x = 0.4) confirmed the robustness of the superconductivity against the magnetic field.

(@ : : S ——
0.0 4t LazozBlaAguesnu 485.7860.3
8 -0.3+ E 3l
o (3]
é 06} La,0,Bi,Ag, . Sn, S, ;Se, . % -l T4
5 ——ZFC a g
O _| L ] o}
208 —FC 1l E?
B (=%
Y2} H=100e - 0
0F 3 4
15 . . . . . . T (K,
’ 2 3 4 5 0 50 100 150 200 250 300
T(K) T (K)

Figure 11. (a) Temperature dependence of magnetic susceptibility for LayO,BizAgg ¢Sng 4S5.75ep 3.
(b) The (T) for LayO,BizAgp 4Sng 4S5.7Sep 3, the inset low-temperature (T) under magnetic fields up to
9 T. Reproduced from Sci. Rep. 9, 13346 (2019) [73], copyrighted by the Springer Nature Limited.

@ : : 0
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E —x=01 | o4} x=0.1
$-030 021 g x=0.2
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Figure 12. (a) The x(T) for Lay  EuyOyBizAgp ¢Sng4Se (x = 0-0.6) for an applied magnetic field of
1 mT, compounds measured in the ZFC. (b) The p(T) curve is near to the T; the temperature range
from 5.5 K to 1.5 K for the Lay_,EuyO,BizAgg 6Sng 4S¢ (x = 0-0.6) compounds. (c) The phase diagram,
x dependence of T, for LayEu,O,BizAgpSng 4S¢ compounds and T, obtained from x(T) data, T
obtained from p(T) data [74].



Condens. Matter 2020, 5, 27 12 of 19

The increase in T. by Eu substitution can be basically understood by the in-plane chemical
pressure effect. The valence state of Eu in Lay_,Eu,O;Biz Agp ¢Sng 4Se is close to +3, which was analyzed
from the temperature dependence of magnetic susceptibility. Since Eu3* is smaller than La®*, lattice
should be compressed with increasing Eu concentration, As a fact, lattice parameter a decreased by Eu
substitution. According to the a-axis shrinkage, in-plane chemical pressure should be enhanced in the
Bi-S plane.

3.3.5. Rare Earth (RE) Substitution Effects in Laj RE( 4O2Biz Agp ¢Sng.4Se

In the Eu-doped Lay yEu,O,BizAgpsSng4Se, the superconducting properties were optimized
for x = 0.4. Therefore, to investigate the effects of substitution of other RE for the La site, we have
synthesized samples of Lay  RE,O;BizAgg ¢Sng 4Sg with RE =Y, Pr, Nd, Sm, and Gd. The XRD patterns
for Laj ¢RE(4O,BizAgp Sng 4Se (RE =Y, Pr, Nd, Sm, Eu, and Gd) are shown in Figure 13. All the XRD
patterns were indexed using a tetragonal model with the space group of P4/nmm. The lattice parameter
a decreases by RE doping, according to the difference in ionic radii of doped RE.

La, gRE,O,BizAg, 65N, 4Se |

~
2 — M dsse o RE=CC
cF =
3‘ I L N RE = Eu
of =
© “ i RE = Sm
N
2
-(T) _A—_J\LL.I*LAL An, RE = Nd
c
2 U RE =Pr
E - - s -
I o pp . RE=Y]
e M, Undoped

10 20 30 40 50 60 70
2 Theta (degree)

Figure 13. (color online) The room temperature XRD pattern of the Laj ¢REp4O;BizAgpSng4Ss
(RE =Y, Pr, Nd, Sm, Eu, and Gd) compounds [74].

The temperature dependence of electrical resistivity data for La; ¢REp4O,BizAgp 6Sng4Se (RE =Y,
Pr, Nd, Sm, Eu, and Gd) has been shown in Figure 14a. The normal state resistivity shows similar
behavior for all the samples, as discussed above for the Eu-doped samples. A clear difference in T was
observed for those samples, as shown in Figure 14b. Our structural analyses for the RE-doped sample
suggest that the lattice parameter 4 is shrinking for all the RE-doped samples. The lattice parameter a
is the smallest for the Sm-doped sample, which shows the highest T. = 4.1 K.

The T is higher for the samples having the smallest lattice parameter a, which suggests in-plane
chemical pressure is essential for T, in Laj ¢RE(4O2BizAgp ¢Sng 4S¢. As shown in Figure 15, T. shows a
correlation with lattice parameter. T, increases with decreasing lattice parameter 4, which is suggesting
in-plane chemical pressure can improve superconducting properties of Laj ¢ REg 4O,Biz Agp ¢Sng 4Se,
which is a common feature with two-layer-type REOy 5F(5BiCh, superconductor [22,69]. Recently,
enhanced superconductivity in the Nd- and Pr-doped La,_,RE;O;BizAgp Snp 4S54 system has been
reported in Reference 75. In the work, T increased for the 50%-Nd and 50%-Pr doping for the La site.
The lattice parameter decreased by the Nd and Pr doping [75], which is consistent with our results.
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Figure 14. (color online) (a) The p(T) from 300-1.5 K for the Laj 4RE( 4O,BizAgy¢Sng4Se (RE =Y, Pr,
Nd, Sm, Eu, and Gd) compounds. (b) The p(T) from 5.0-1.5 K for the Laj 4RE(4O,BizAgp ¢Sng 4Ss
compounds [74].
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Figure 15. The lattice parameter a A) dependence of T for Laj 4RE)4O;BizAgp¢Sng4Se (RE =Y, Pr,
Nd, Eu, Sm, and Gd) obtained from p(T) data [74].

There are limited studies on the theoretical investigation of LapO,M4Se-type compounds; only
a few have been executed for La,O,(M,Chy)(Pn,Chy) where M = Sn, Pb, Pn = Sb, Bi, and Ch = S,
Se [51,84]. They suggested that a band structure could be changed by substitutions at the M, Pn, and
Ch sites. No one has reported about the change in electronic states by the RE-site substitution. Based
on previous theoretical studies for two-layer-type LnO;_,F;BiS, systems, we can assume that the RE
substitution does not largely influence the band structure for Lay ,REO,BizAgg 6Sng 456 systems. As a
result that theoretical studies for LnO,.,F,BiS; suggested that, the carrier density at the Fermi level
could change slightly by changing Ln = RE in the block layers [85].

Our recent research on the four-layer-type compounds was focused to enhance the T, at
least above the 10 K, which has not been achievements yet. The maximum T is 4.1 K for the
four-layer-type compounds. The applications of these compounds are not identified yet, as we have
seen for hybrid superconducting-ferromagnetic thin films [86-88]. The study of superconducting
and ferromagnetic states is important to understand the interacting mechanism of Cooper pairs
and ferromagnetism [86-88], also hybrid superconducting-ferromagnetic systems are useful for the
applications like; split-ring resonators, superconducting-spintronic devices, topological quantum
computing, and magnetic-field-sensors as discussed in the reference [88]. There are many challenges
to developing devices for the application purpose from the four-layer-type compounds.
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4. Summary

In this review article, we have summarized the crystal structure and physical properties of the
four-layer-type LayO,M4Sg system. The LayO,M4Sg phase was synthesized in 2014 with M = Bi;Pb,
by Sun et al. In 2018, superconductivity was observed in LayO,;BizAgSs, where M = BizAg, and
T. increased up to 4.1 K by element substitution in the La,O,Biz AgS¢-based systems. The in-plane
chemical pressure effects seem to be essential for the emergence of bulk superconductivity and
improvement of superconducting properties in the LayO,M,4S¢ system, which is common feature with
the two-layer-type BiChy-based systems.

LayOyBiyPb,ySg (M = BipPby) is the firstly-synthesized LayOyM4Se-type compounds and has been
reported as a thermoelectric material. The crystal structure of La,O,BiyPb,Sg is composed of the stacks
of a LapO;,BiyS4 block and a rock-salt-type Pb,S, layer. Thus, we can design new four-layer-type
LapOyM4Sg compounds by tuning the composition of the M,S; layer. Although LayOyBiyPbySg shows
insulating behavior at low temperatures, the electrical conductivity (metallicity) has been improved by
Se substitution for the Lay;O,Bi;Pb,Sg compound. Superconductivity has been observed for Se-doped
LayO,BiyPb,Se.Sex. The highest T. was 1.9K for LayO,BipPb,y S, Sey (x = 1.0).

LayO,BisAgSs (M = BizAg) was synthesized according to the material-design strategy of
LayOy;M4Sg.  LayO,BisAgSg shows metallic conductivity, which is in contrast to the case of
LayO,Bi;PbyS. LayO,BisAgSg shows superconductivity at T, (zero) = 0.5 K. T, slightly decreased
by In doping at the Ag site for LayO,BizAg;_,In,Se. In contrast, T, increased by Sn doping at the
Ag site; the maximum T, was 2.5 K for La,O,;BizAg ¢Sng 4S¢. Since the in-plane chemical pressure
effect worked positively for the two-layer-type BiChy-based REOy 5F(5BiS, compounds, a similar
approach was applied for the four-layer-type LayO,M4Sg systems. Bulk superconductivity with
an enhanced T, has been obtained for the Se-doped La;O;BizAgp¢Sno4S57Sep3. By Se doping at
the S site in LayO,Biz Agp SN 455 75€p 3, in-plane chemical pressure was generated, which enhanced
the superconducting properties of the LayO;BizAgp ¢Sng 45575€ep 3 system. In addition, T increased
by RE-site substitution in Lay ,REO;BizAgp ¢Sng4Se. The effects of the RE-site substitution can be
regarded as in-plane chemical pressure effects as well as the case of Se substitution. The highest T, of
4.1K was observed for x = 0.4 in Lay ,Sm,O,BizAgp ¢Sng 4S¢. Bulk nature of superconductivity has
been confirmed by magnetic susceptibility measurements, and the corresponding shielding volume
fraction exceeded 75% for x = 0.4 for the Eu- and Sm-doped systems. The structural analysis suggested
the solubility limit of RE in the Lay ,REyOpBizAgp¢Sng 4Se system is x ~ 0.4, at which the high T,
was observed. In Lay yRE,O;BizAgp ¢Sng 454, the lattice parameter a and T. showed good correlation,
which is suggesting the importance of in-plane chemical pressure. Our review article may enhance the
visibility of four-layer-type LapO,M,Se systems, which should be necessary for further development
of Bi-based layered superconductors.

5. Experimental Details

We are showing new data for the LayO;BiyPb,,CdsSs, LapO,BiPb,,Sn,Ss, and
LayO;BipPby_SbySg samples. The polycrystalline samples of Lay O, Biy Pby.,CdySg, LayOyBiy Pby.SnySe,
and LayO,BiyPb;.,SbSe were synthesized by a solid-state reaction method. Powders of LayS3 (99.99%),
Bi, O3 (99.9%), Pb (99.99%), Cd (99.99%), Sn (99.99%), Sb (99.99%), and grains of Bi (99.999%), S
(99.99%) with a nominal composition were mixed in a pestle and mortar, pelletized, sealed in an
evacuated quartz tube, and heated at 720 °C for 15 h. For the homogeneity the samples were reground,
pelletized, and heated at 720 °C for 15 h. The phase purity has been checked by X-ray diffraction (XRD)
with Cu-K radiation. The crystal structure parameters were refined by using the Rietveld method
with RIETAN-FP [89]. The schematic images of the crystal structure were drawn using VESTA [90].
The actual compositions of the synthesized samples were investigated by using energy-dispersive
X-ray spectroscopy (EDX) with TM-3030 (Hitachi). The electrical resistivity down to T = 2.0 K was
measured by the four-probe technique. The temperature dependence of magnetic susceptibility x
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(T) was measured by using a superconducting quantum interference device (SQUID) magnetometer
(MPMS-3, Quantum Design).
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