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Abstract: In 2012, a novel superconductor BaTi2Sb2O was found in the layered titanium pnictide
oxides ATi2Pn2O. A related superconductor BaTi2Bi2O was subsequently discovered in 2013.
The structure of these materials consists of alternate stacking of superconducting Ti2Pn2O layers and
Ba blocking layers, which is somewhat similar to high-Tc cuprates since the Ti2Pn2O layer contains
an anti-CuO2-type Ti2O square lattice. In addition to the structural similarity to the well-known
high-Tc superconductors, BaTi2Pn2O shows unique physical properties: two superconducting
domes appear in the electronic phase diagram for solid solutions of BaTi2(Sb1-xBix)2O and a unique
density-wave instability which coexists with superconductivity. In this short review, the early studies
of titanium pnictide oxides, the discovery of novel superconductors BaTi2Pn2O, and recent progress
are summarized.

Keywords: titanium pnicide oxides; superconductivity; density-wave; d1 square lattice; mixed anion
compounds; two-dome structure in Tc

1. Introduction

The discovery and the extensive studies of exotic superconductors have given rise to new
classes of superconductors. The high-Tc superconductivity in cuprates has led to enormous interests
in layered materials, and several classes of layered superconductors have been found mainly in
light-element-based intermetallics (e.g., MgB2) and transition metal oxides (e.g., Sr2RuO4) [1–5].
The superconductivity in the Fe-based layered pnictides/chalcogenides is one of the intriguing
discoveries in this trend, and it has triggered a surge of interest in materials containing relatively
heavy elements like pnictogen [6]. Following the iron pnictides/chalcogenides, various kinds
of superconductors have been discovered in pnictides and chalcogenides, such as BiS2-based
superconductors [7–10]. The titanium pnictide oxide BaTi2Pn2O (Pn = Sb, Bi) is one of the new
classes of these superconductors.

The first members of titanium pnictide oxides are Na2Ti2Pn2O (Pn = As, Sb), which were
found in 1990 and show the anomaly in resistivity and magnetic susceptibility reminiscent of a
charge-density-wave (CDW) or spin-density-wave (SDW) [11]. The unconventional superconductivity
has often been found in the vicinity of other ordered phases such as CDW, SDW, and antiferromagnetic
phase [6,12,13]. Hence, the titanium pnictide oxides have been considered as good candidates of the
playground for exotic superconductivity due to their density-wave (DW) states. The titanium pnictide
oxides have also attracted attention due to their similarity to the cuprates. Na2Ti2Pn2O crystallizes in a
so-called anti-K2NiF4-type layered structure: it consists of an alternate stacking of double layers of Na
and Ti2Pn2O layers. The Ti2Pn2O layer has an anti-CuO2-type Ti2O square lattice where Ti3+ (d1) is
coordinated by two oxide anions and four pnictide anions. The square lattice can be regarded as an
anti-configuration of the CuO2 (d9) square lattice.

The discovery of superconductivity in iron pnictides brought renewed attention in titanium
pnictide oxides, and several novel compounds have been found in this family. In 2012, we discovered
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a novel layered superconductor BaTi2Sb2O (Tc = 1.2 K), and subsequently BaTi2Bi2O (Tc = 4.6 K) in
2013 [14,15]. These titanium pnictide oxides BaTi2Pn2O (Pn = Sb, Bi) consist of superconducting
Ti2Pn2O layers and Ba blocking layers. At present, eight titanium pnictide oxides Na2Ti2Pn2O
(Pn = As, Sb), (SrF)2Ti2Pn2O (Pn = As, Sb, Bi), and BaTi2Pn2O (Pn = As, Sb, Bi) have been synthesized,
but only BaTi2Pn2O (Pn = Sb, Bi) shows superconductivity [11,14–17]. Though BaTi2Pn2O is
not high-Tc superconductor, several unique and attracting physical properties have been found:
two superconducting domes in the phase diagram of isovalent solid solutions of BaTi2(Sb1-xBix)2O and
unconventional DW instability [18,19]. In this short review, the superconductivity and DW instability
in the titanium pnictide oxides will be discussed from discovery to recent progress.

2. Road to the Discovery of Superconductivity in Titanium Pnictide Oxides

We have been interested in the mixed anion compounds, such as oxyhydrides, oxyfluorides, and
oxynitrides. The coexistence of multiple anions with different valences, ionic radii, electronegativities,
and atomic polarizabilities in the structure provide great opportunities to realize unique electronic
properties beyond the single anion coordination system, such as oxides. Hence, we initially focused
on the titanium pnictide oxides in terms of their unique coordination environment discussed below.
In this section, crystal structures and early studies of titanium pnictide oxides will be summarized as a
background to the discovery of superconductivity in BaTi2Sb2O and BaTi2Bi2O.

2.1. Crystal Structure of ATi2Pn2O (A = Ba, Na2, (SrF)2; Pn = As, Sb)

The titanium pnictide oxides ATi2Pn2O crystallize in a tetragonal cell with stacked Ti2Pn2O layers
and blocking layers A (A = Ba, Na2, (SrF)2). In Figure 1 the crystal structures of titanium pnictide oxides
with three types of blocking layers are shown where the space group of these compounds are I4/mmm
(A = Na2, (SrF)2) or P4/nmm (A = Ba). The structure is somewhat similar to cuprates, in particular
La2CuO4 (K2NiF4 type structure): ATi2Pn2O has a Ti2O square lattice, which is an anti-configuration
to the CuO2 square lattice in cuprates. The structure of Na2Ti2Pn2O can be viewed as an anti-K2NiF4

type structure where Na, Ti, Pn, and O, respectively, occupy apical F site, equatorial F site, K site, and
Ni site. In Ti2O square lattice, the formal oxidation state of Ti is trivalent (d1), which is electron-hole
symmetric to that of Cu (d9) in cuprates. After the discovery of high-Tc in cuprates, d1 analogues of
cuprates, such as Sr2VO4, have been investigated to realize an electronic structure similar to that of
cuprates [20]. In addition to the absence of superconductivity in these compounds, theoretical study
suggested the splitting of the t2g orbital in these compounds is much smaller than that of the eg orbital
in cuprates, resulting in these d1 analogues not showing a half-filled single band system in contrast
to cuprates [21]. In titanium pnictide oxides, the Ti atoms are octahedrally coordinated by two oxide
anions and four pnitide anions. Such a mixed anionic coordination provides a unique opportunity for
the t2g orbitals to split to a greater extent than that of a single anionic coordination system, such as
MO6 (M = transition metal) octahedra in oxides as discussed above. Thus, the titanium pnictide oxides
might be a possible candidate for the d1 analogue of cuprates reflecting the mixed anionic coordination.
Note that, as discussed later, theoretical studies revealed the crystal field of the TiO2Pn4 octahedron
has indeed removed the degeneracy of t2g orbital, but three d orbitals still contribute significantly to
the density of states (DOS) at the Fermi level.

The discovery of superconductivity in iron pnictides and chalcogenides has triggered to a
remarkable interest and extensive studies of exploring novel superconductors in layered pnictides
and chalcogenides. In Fe-based superconductors, several structural types have been found such
as REFeAsO (RE = rare earth) and AEFeAsF (AE = alkaline earth) with ZrCuSiAs-type structure,
AEFe2As2 with ThCr2Si2-type structure, AFeAs (A = alkali) with PbClF/Cu2Sb-type structure, and
FeCh (Ch = chalcogenides) with PbO-type structure. The difference of these structural types is mainly
a blocking layer. The crystal structure of Na2Ti2Pn2O consists of alternate stacking of double Na layers
and Ti2Pn2O layers, which is similar to that of AFeAs in that double A layers and the conducting
layer (Ti2Pn2O or FeAs layer) are alternatively stacked. Hence, inspired by these structural types in
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Fe-based superconductors, new families of titanium pnictide oxides (SrF)2Ti2Pn2O and BaTi2As2O,
where double Na layers have been replaced with (SrF)2 layers or Ba layers, were found in 2010 [14,17].
In analogy with Na2Ti2Pn2O, the structures of (SrF)2Ti2Pn2O and BaTi2As2O are respectively similar to
that of AEFeAsF (ZrCuSiAs-type) and AEFe2As2 (ThCr2Si2-type) in that they have the same blocking
layer (AEF2 or AE layer).
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2.2. Physical Properties of ATi2Pn2O (A = Ba, Na2, (SrF)2; Pn = As, Sb)

Na2Ti2Pn2O (Pn = As, Sb) was first synthesized by Adam et al. in 1990 [11]. These compounds
display anomalies in magnetic susceptibility and electrical resistivity at 320 K and 120 K for Pn = As
and Sb, respectively. Namely, Na2Ti2Pn2O exhibits a sharp drop in magnetic susceptibility and
jump in electrical resistivity as shown in Figure 2 [22]. Above the transition temperature, both
compounds show metallic conductivity. The metallic conductivity is also observed below the transition
temperature in Na2Ti2Sb2O, whereas Na2Ti2As2O shows semiconducting behavior. The Sommerfeld
constant estimated from specific data is 4.1 mJ·mol−1·K−2 and 0 mJ·mol−1·K−2 for Na2Ti2Sb2O and
Na2Ti2As2O, respectively, indicating that the densities of states remains finite below the transition
temperature in Na2Ti2Sb2O while Na2Ti2As2O is fully gapped [23].

The unique crystal structure and the anomalies in the magnetic susceptibility and electrical
resistivity have attracted considerable attention, and Na2Ti2Pn2O have been extensively studied to
clarify the origin of the anomaly. Theoretically, Picket suggested the origin of the anomaly is not
ferromagnetic/antiferromagnetic ordering but the CDW/SDW instability [24]. Three Fermi surfaces
have been found and one of them, a box-shaped Fermi surface around M and A points is almost
dispersionless along the kz direction (perpendicular to the Ti2O square lattice), resulting in strong
nesting of the surface. Biani et al. also found similar Fermi surface nesting and suggested CDW
instability is the origin of the anomaly [25].
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Figure 2. Temperature dependence of (a) magnetic susceptibility under 1 T and (b) electrical resistivity
for Na2Ti2Sb2O. Reprinted with permission from Axtell et al., J. Solid State Chem; published by Elsevier,
1997 [22].

In the low-temperature powder neutron diffraction studies the structural distortion is observed at
around 120 K: with a decrease in the temperature, the lattice is elongated along the a-axis but contracted
along the c-axis around 120 K, which leads to distortion of TiO2Pn4 octrahedra, where the Ti–O bond
is elongated and the Ti–Pn bond is shortened (Figure 3a) [26]. This indicates the anomaly observed
in susceptibility and resistivity is accompanied with structural distortion. CDW/SDW compounds
generally show a periodic structural modulation below the transition temperature. However, in
Na2Ti2Sb2O, no peaks derived from magnetic ordering or the superlattice have been found in the
low-temperature powder neutron diffraction data. Note that the neutron diffraction experiments do
not exclude both CDW and SDW instability at low temperature because it is difficult to discern the
modulation in powder neutron diffraction experiments when the modulation is quite small.
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Figure 3. (a) Temperature dependence of lattice parameters for Na2Ti2Sb2O. Reprinted with permission
from Ozawa et al., J. Solid State Chem.; published by Elsevier, 2000 [26]. (b) Magnetic field dependence of
magnetoresistance for Na2Ti2Sb2O. Reprinted with permission from Liu et al., Phys. Rev. B; published
by APS, 2009 [27].

Na2Ti2Sb2O shows a negative Hall coefficient below 300 K and a steep rise in the Hall coefficient at
around 120 K, indicating that the dominant carrier are electrons and the carrier density decreases below
the transition temperature due to the formation of CDW/SDW [23]. A large magnetoresistance (MR),
namely ~40% of MR at T = 2 K and H = 14 T, has been found in Na2Ti2Sb2O, which has been considered
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as a suppression of SDW instability by the magnetic field (Figure 3b). Thus, no experimental evidence
for CDW/SDW instability has been found and the origin of the anomaly has not been unveiled for
many years.

In 2004, Ozawa et al. reported single crystal growth of Na2Ti2Sb2O by using NaSb flux method [28].
Likewise, single crystal of Na2Ti2As2O was grown using NaAs flux by Shi et al. in 2013 [23]. Reflecting
the layered structure, Na2Ti2Pn2O single crystals show anisotropy in electrical resistivity. The ratio of
ρc/ρab (γρ) is ~140 and ~430 for Na2Ti2Sb2O and Na2Ti2As2O, whereas an anisotropy of less than a
factor of 2 for Na2Ti2Sb2O is theoretically suggested [24]. These values of γρ are much larger than that
of iron arsenide LiFeAs (γρ ~1.3–3.3) [29], which has an alikali double layer like Na2Ti2Pn2O. Note that
γρ-values for iron arsenides with a different blocking layer have also been reported such as γρ ~1–6
for AEFe2As2 [30] and γρ ~20–200 for LaFeAsO [31]. From the structural point of view, Na2Ti2Sb2O
is expected to have a more two-dimensional nature (stronger anisotropy) than Na2Ti2As2O, since
the interlayer distance of Na2Ti2Sb2O is larger than that of Na2Ti2As2O (see Table 1). The weaker
anisotropy in Na2Ti2Sb2O is possibly ascribed to the hybridization of the Pn-p orbital and the Ti-3d
orbital, as theoretically suggested [32]. The replacement of As with Sb having a higher energy level
than As leads to stronger hybridization with the Ti-3d orbital because the Pn-p orbital has a lower
energy level than the Ti-3d orbital, resulting in the weakening of the anisotropy.

Table 1. Cell parameters and transition temperature of DW (TDW) and superconductivity (Tc).

Compound Space Group a (Å) c (Å)
Interlayer Distance

d (Å) TDW (K) Tc (K) Ref.

Na2Ti2As2O I4/mmm 4.070(2) 15.288(4) 7.644 320 N/A [11]
Na2Ti2Sb2O I4/mmm 4.144(1) 16.561(1) 8.281 120 N/A [11]
(SrF)2Ti2As2O I4/mmm 4.04865(5) 19.4204(2) 9.7102 380 N/A [17]
(SrF)2Ti2Sb2O I4/mmm 4.1095(1) 20.8858(5) 10.4429 200 N/A [17]
(SrF)2Ti2Bi2O I4/mmm 4.11782(2) 21.3703(2) 10.68515 N/A N/A [16]
BaTi2As2O P4/nmm 4.047(3) 7.275(4) 7.275 200 N/A [14]
BaTi2Sb2O P4/nmm 4.11039(2) 8.08640(4) 8.0864 50 1.2 [15]
BaTi2Bi2O P4/nmm 4.12316(4) 8.3447(1) 8.3447 N/A 4.6 [16]

Similar anomalies in magnetic susceptibility and electrical resistivity have also been found in
other members of titanium pnictide oxides, (SrF)2Ti2Pn2O and BaTi2As2O [14,17]. With decreasing
temperature, a metal-to-semiconductor transition is clearly observed in the resistivity at around 200 K
for (SrF)2Ti2Sb2O and 380 K for (SrF)2Ti2As2O, respectively, indicating these compounds are fully
gapped below the transition temperature, as observed in Na2Ti2As2O (Figure 4a). The magnetic
susceptibility shows a sharp drop at almost the same temperature as the resistive anomaly (Figure 4b).
(SrF)2Ti2Sb2O shows a negative Hall coefficient above the density-wave transition temperature TDW

and a steep rise of the Hall coefficient around the TDW, indicating the dominant carrier are electrons
and the decrease in the carrier density at TDW is due to the opening gap. The Seebeck coefficient
for (SrF)2Ti2Sb2O is negative above TDW and changes its sign from negative to positive below TDW

with decreasing temperature, indicating multicarrier conduction in this compound. The temperature
dependences of the lattice parameters a and c, obtained by XRD, exhibit a sharp drop in both a and c at
the transition temperature, and behavior is different from that observed in Na2Ti2Sb2O (see above).
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Figure 4. Temperature dependence of (a) electrical resistivity and (b) magnetic susceptibility under
5 T for (SrF)2Ti2Pn2O. Reprinted with permission from Liu et al., Chem. Mater.; published by ACS,
2010 [17].

BaTi2As2O exhibits a sharp drop in magnetic susceptibility at around 200 K with decreasing
temperature, as seen in other titanium pnictide oxides (Figure 5a). However, in contrast to
the metal-to-semiconductor transition in Na2Ti2As2O and (SrF)2Ti2Pn2O, BaTi2As2O shows a
metal-to-metal transition in electrical resistivity, indicating BaTi2As2O is not fully gapped below
TDW, as observed in Na2Ti2Sb2O (Figure 5b). Below the transition temperature, a large MR is observed
as seen in Na2Ti2Sb2O. The MR increases with decreasing temperature and reaches ~15% at 4 K and
H = 14 T. The origin of the MR should be the same as that in Na2Ti2Sb2O, while the MR of BaTi2As2O
is smaller than that of Na2Ti2Sb2O (~40%).
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Figure 5. Temperature dependence of (a) magnetic susceptibility under 1 T and (b) electrical resistivity
for BaTi2As2O. Reprinted with permission from Wang et al., J. Phys. Condens. Matter.; published by IOP,
2010 [14].

The CDW and SDW instabilities are widely seen in layered compounds, such as transition metal
dichalcogenides and iron arsenides. It is generally believed that such a DW state often competes with
another electronic state, such as superconductivity, at low temperature. Hence, given the structural
similarity to cuprates/iron pnictides and DW transition, titanium pnictide oxides are attractive
candidates as novel superconducting materials. The suppression of the CDW/SDW transition has been
examined in BaTi2As2O by an intercalation of Li+ into the interstitial site, namely LixBaTi2As2O [14].
The TDW decreases and the transition is broadened with increasing x, and finally the anomaly is



Condens. Matter 2017, 2, 4 7 of 21

smeared out. However, no superconductivity emerges. Note that carrier doping by replacing Ba with
K, Na, La, Sm, Bi, and Al have been tried, but failed. Thus, none of the titanium pnictide oxides shown
above exhibits superconductivity.

The lattice parameters and the interlayer distance in titanium pnictide oxides are summarized
in Table 1, where the compounds are discussed in later section; namely BaTi2Sb2O, BaTi2Bi2O, and
(SrF)2Ti2Bi2O are also listed. Reflecting the I-centered lattice, the interlayer distance of A = Na2 and
(SrF)2 compounds is half of the c-axis length, while that of A = Ba (P-lattice) is the same as the c-axis
length. In (SrF)2Ti2Pn2O, the (SrF)2 blocking layer is bulky, reflecting that the tetrahedral void within
the double Sr layers are filled by additional F ions, which provides a much longer interlayer distance
than that of Na2Ti2Pn2O (e.g., 8.281 Å for Na2Ti2Sb2O vs. 10.4429 Å for (SrF)2Ti2Sb2O). In contrast,
BaTi2Pn2O has a single Ba layer between Ti2Pn2O layers, resulting in the smallest interlayer distance
among the titanium pnictide oxides with the same Pn. Thus, the interlayer distance decreases in the
order of (SrF)2Ti2Pn2O > Na2Ti2Pn2O > BaTi2Pn2O. From Table 1, we can find that TDW follows two
kinds of trends, namely, A dependence and Pn dependence. First, given the same Pn, TDW decreases
in the order of (SrF)2Ti2Pn2O > Na2Ti2Pn2O > BaTi2Pn2O, which is the same trend as that in interlayer
distance, indicating these two parameters are closely related to each other. Second, given the same A,
TDW decreases in the order of Pn = As > Pn = Sb > Pn = Bi. Before the discovery of the superconducting
compound BaTi2Sb2O, only five compounds, Na2Ti2As2O, Na2Ti2Sb2O, (SrF)2Ti2As2O, (SrF)2Ti2Sb2O,
and BaTi2As2O, have been known among titanium pnictide oxides. However, these five compounds
are enough to find the trends mentioned above. We could expect that A = Ba and Pn = Sb, BaTi2Sb2O,
should have lower TDW than the known titanium pnictide oxides, which may lead to superconductivity.
Hence, we synthesized a new titanium pnictide oxides BaTi2Sb2O and found a DW transition at around
50 K and a superconducting transition at 1.2 K. Moreover, for further suppression of DW instability, we
synthesized Pn = Bi compounds BaTi2Bi2O and (SrF)2Ti2Bi2O, which are the first examples of Pn = Bi
in the titanium pnictide oxides family. Though DW instability disappeared in both compounds, only
BaTi2Bi2O shows superconductivity at 4.6 K.

3. Superconductivity in BaTi2Pn2O (Pn = Sb, Bi)

3.1. Synthesis and Crystal Structure

Polycrystalline samples of BaTi2Sb2O and BaTi2Bi2O were synthesized by the conventional
solid-state reaction [15,16]. Stoichiometric amounts of BaO, Ti, and Sb/Bi were mixed and pelletized.
The pellet was wrapped with Ta foil and sealed in a quartz tube. The reaction temperature is 1000 ◦C for
BaTi2Sb2O, and 850 ◦C for BaTi2Bi2O. Doan et al. also synthesized BaTi2Sb2O independently, where the
precursors are sealed in Nb tubes under Ar gas and the reaction temperature is 900 ◦C [33]. The stability
against ambient condition is lost when replacing As with Sb: BaTi2Sb2O is air- and moisture-sensitive
while BaTi2As2O is not. Further replacement of Sb by Bi leads to increased sensitivity against air and
moisture. The trend probably depends on the stability of Pn3− ion against the oxidation. BaTi2Bi2O is
indeed readily decomposed by exposure to the air or solvent, and Bi-based phases, such as BaBi3 and
Bi, are formed, where the Bi anion is oxidized from −3 to −0.66 and 0, respectively.

Crystal structure of BaTi2Sb2O determined by XRD and neutron diffraction data is the same as that
of BaTi2As2O. The lattice constants are a = 4.11039(2) Å, c = 8.08640(4) Å determined by synchrotron
XRD data, and a = 4.1055(2) Å, c = 8.0712(4) Å determined by neutron diffraction data. BaTi2Bi2O has
also the same structure with lattice constants of a = 4.12316(4) Å, c = 8.3447(1) Å which is determined
by synchrotron XRD [15]. Compared with BaTi2As2O (a = 4.046 Å, c = 7.272 Å), replacement of As with
Sb/Bi leads to a distinct increase in the c-axis, whereas the increase in a-axis is small, as observed in
other titanium pnictide oxides (see Table 1). Though the crystal structure of BaTi2Pn2O are similar to
that of iron pnictides BaFe2Pn2 (ThCr2Si2-type structure), such a trend is not observed in BaFe2Pn2 [34].
Both the structure of BaTi2Pn2O and BaFe2Pn2 can be regarded as an alternate stacking of Ti2O or Fe
square lattice and BaPn2 layer with CsCl-type structural arrangement (see Figure 1). As the structural
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difference between these compounds is the square lattice, the trend of the lattice constant is probably
due to the rigid nature of the Ti2O square lattice.

It is well known that the formation of the interlayer X–X bond (the so-called lattice collapse) is
often found in the AB2X2 compounds with the ThCr2Si2-type structure. As Hoffmann and Zheng
pointed out, the formation of X–X bond is promoted when B is on the right-hand side of the periodic
table and X is on the higher period of the periodic table [35]. In accordance with the trend in AB2X2

compounds, the replacement of As by Sb or Bi in BaTi2Pn2O may allow the formation of an interlayer
Pn–Pn bond. However, the interatomic distance of Pn–Pn in BaTi2Pn2O is 3.725 Å for Pn = As, 4.079 Å
for Pn = Sb, and 4.137 Å for Pn = Bi, respectively, indicating the absence of the Pn–Pn bond in all of
the BaTi2Pn2O. As the formation of the X–X bond is often induced in AB2X2 compounds by applying
physical pressure or chemical pressure, the lattice collapse transition might be induced when sufficient
pressure is applied.

3.2. Superconductivity in BaTi2Pn2O and Its Superconducting Properties

BaTi2Sb2O shows an anomaly in magnetic susceptibility, electrical resistivity, and lattice constants
at around 50 K in analogy with other titanium pnictide oxides. The resistivity shows a metal-to-metal
transition at around 50 K as observed in BaTi2As2O (Figure 6b). With decreasing temperature, the
magnetic susceptibility slightly increases and a small drop is observed at the same temperature
(Figure 6c). An anomaly in the lattice constants a and c is highly similar to that observed in Na2Ti2Sb2O,
as shown in Figure 6a. The transition temperature is much lower than that of BaTi2As2O (TDW = 200 K),
as expected from the trends mentioned above.
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BaTi2Sb2O also shows superconducting transition at 1.2 K coexisting with the DW instability.
As shown in Figure 6d, the magnetization shows a sharp drop at 1.2 K and shielding volume fraction
is as large as 100% at 0.5 K. Electrical resistivity exhibits a sharp drop to zero at around 2 K as
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shown in the inset of Figure 6b. Specific heat of BaTi2Sb2O shows a distinct peak at around 1.2 K,
which is firm evidence of bulk superconductivity in BaTi2Sb2O (Figure 6e). Note that the origin of
the small fraction of superconductivity at around 2 K is not clear, but might be due to the sample
quality. The Sommerfeld coefficient γ and the Debye temperature θD estimated from the specific
data are 13.5 mJ·mol−1·K−2 and 239 K, respectively, which are similar to those of the As analogue
(γ = 15.3 mJ·mol−1·K−2 and θD = 223 K). The value of ∆C(Tc)/γTc estimated from the specific heat
jump is 1.36, which is almost consistent with the Bardeen–Cooper–Schrieffer (BCS) weak coupling
limit of 1.43. Gooch et al. improved sample quality and reported the specific heat data where a sharper
change at Tc was observed. The obtained γ, θD, and ∆C(Tc)/γTc are 10.9 mJ·mol−1·K−2, 230 K, and 0.9,
respectively, which are smaller than those of our previous study [15,36]. The temperature dependence
of electronic specific heat Cel/γT can be fitted by the so-called α model with α = 1.4, rather than BCS
theory, suggesting a single-gap s-wave superconductivity with a gap of 2∆ = 0.3 meV.

The s-wave nature of the superconductivity is also suggested from the 121Sb-nuclear quadrupole
resonance (NQR) measurements and the muon spin relaxation/rotation (µSR) measurements:
the temperature dependence of 1/T1 in the 121Sb-NQR measurements shows a tiny coherence peak
at around 1 K (Figure 7a), and temperature dependence of superconducting relaxation rate σSC

obtained from µSR measurements can be fitted well by the BCS s-wave model in the weak coupling
limit [37,38]. Note that the 121Sb-NQR measurements also revealed that the microscopic coexistence of
superconductivity and DW instability in BaTi2Sb2O. Though a magnetic fluctuation has been observed
at around TDW in 1/T1T, the origin of the fluctuation has not clarified yet (see Figure 7b).
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BaTi2Bi2O shows paramagnetic behavior in magnetic susceptibility and metallic temperature
dependence in electrical resistivity, like BaTi2As2O and BaTi2Sb2O. However, no anomaly is observed
in both data (Figure 8a), indicating the DW transition is further suppressed and disappears by replacing
Sb with Bi, as expected from the trend discussed above. Reflecting the further suppression of DW
instability, BaTi2Bi2O has an enhanced Tc of 4.6 K as seen in the magnetic susceptibility and electrical
resistivity. Due to the extremely high air- and moisture-sensitivity, the specific heat of BaTi2Bi2O has
not been measured. However, shielding volume fraction exceeds 60% at 1.85 K (Figure 8b), providing
a firm evidence of bulk superconductivity in BaTi2Bi2O [16].
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BaTi2Bi2O. No DW transition is observed. (b) Low-temperature resistivity and magnetic susceptibility
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The magnetic field dependence of Tc for BaTi2Sb2O and BaTi2Bi2O are shown in Figure 9a,b
where the Tc is determined from the midpoint of the resistive transition. As shown in Figure 9c,
the temperature dependence of the upper critical field Hc2 increases almost linearly with decreasing
temperature down to the lowest temperature measured. Hc2 at 0 K, Hc2(0), are 1.32 T for BaTi2Sb2O
and 1.70 T for BaTi2Bi2O (Figure 9c), which is estimated from the linear extrapolation of the data.
From the value of Hc2(0), the coherence length ξ0 is estimated to be 158 Å and 139 Å for BaTi2Sb2O and
BaTi2Bi2O, respectively [39]. The superconducting parameters of BaTi2Sb2O determined by specific
heat data is reported by Gooch et al. where Hc2(0) and ξ0 is estimated to be 0.08 T and 640 Å [36].
Though the origin of the discrepancy in the parameter of BaTi2Sb2O between [34] and [37] is not clear
yet, it might come from the sample quality or the filamentary superconductivity which enhances
the resistive Hc2 in BaTi2Sb2O. To clarify the origin, the measurements on single crystalline sample
should be performed. The lower critical field Hc1 for BaTi2Bi2O is estimated from the magnetic field
dependence of zero-field cooled magnetization at various temperatures (Figure 10a). The Hc1 as
a function of (T/Tc)2 is shown in Figure 10b. The Hc1(0) is estimated to be 60 Oe from the linear
extrapolation of the data (Figure 10b), which corresponds to the penetration depth of 2900 Å. Note that,
Hc1(0) for BaTi2Sb2O has not been determined due to its low Tc.
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Though the specific heat data of BaTi2Bi2O is not available due to the extremely air- and
moisture-sensitivity, D(EF) of BaTi2Bi2O can be estimated from the obtained superconducting
parameters, the equation for weak-coupling limit, [µ0Hc(0)]2/8π = D(EF)∆(0)2/2, and ∆(0) = 1.764kBTc,
where ∆(0) is superconducting gap. The D(EF) of BaTi2Bi2O is estimated to be 4.79 states/eV/f.u.
For BaTi2Sb2O, using γ obtained from specific heat data, D(EF) is estimated to be 5.7 states/eV/f.u.
from the equation, γ = π2D(EF)kB

2/3. Though Tc of BaTi2Bi2O is much higher than that of BaTi2Sb2O,
the experimentally estimated D(EF) of BaTi2Bi2O is smaller than that of BaTi2Sb2O. Since BaTi2Bi2O
is isostructural with BaTi2Sb2O, the slightly smaller Debye temperature θD is expected, reflecting
the replacement of Sb by the heavier Bi. In the BCS weak-coupling limit, the decrease in both D(EF)
and θD leads the decreased Tc. Thus, the enhanced Tc in BaTi2Bi2O cannot be explained by the BCS
weak-coupling limit.
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3.3. Electronic Structure of BaTi2Pn2O

The electronic structure is a key toward understanding of superconductivity and DW instability
in BaTi2Pn2O. Several theoretical studies have addressed the electronic structure of BaTi2Sb2O.
The electronic structure for BaTi2Sb2O based on the first principles calculations was first reported
by Singh [40]. The calculation revealed three d orbitals, dxy, dx2−y2 , and dz2 , contribute significantly
at the Fermi level (EF), indicating the multiband nature of BaTi2Sb2O. The O 2p and Sb 5p bands
are nominally full, while Sb 5p are hybridized with Ti 3d, and there are no Ba-derived occupied
valence bands. The results indicate the formal valence is Ba2+Ti3+Sb3−O2− as expected. The calculated
Fermi surface (FS) is shown in Figure 11 where three sheets of FS, namely two electron sheets and
one hole sheet, have been found. The square cylinder around the M and A points is an electron
sheet with a two-dimensional character, which is the mixture of three d orbitals, dxy, dx2−y2 , and dz2 .
Another electron sheet is a three-dimensional complex-shaped section around the Γ and Z points,
which has dz2 character. The three-dimensional hole sheet located around the R point is derived from
the mixture of three d orbitals, where the sheet compensates other two electron sheets reflecting that
an even electron count in BaTi2Sb2O. Consistent results for the FS of BaTi2Sb2O were also obtained
in other theoretical studies [41–43]. The electronic structure for BaTi2Bi2O have been obtained by
Suetin et al., [44]. As in the case with BaTi2Sb2O, at EF, three d orbitals contribute significantly and
the topology of FS is highly similar to that in BaTi2Sb2O. These predicted FS of BaTi2Pn2O is highly
similar to that theoretically predicted in Na2Ti2Pn2O [25,32,45]. Experimentally, Song et al. recently
performed angle-resolved photoemission spectroscopy (ARPES) studies on Ba0.95Na0.05Ti2Sb2O single
crystals and found the multiband electronic structure having electron and hole pockets, consistent
with the theoretical studies [46].
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The D(EF) for BaTi2Sb2O is theoretically estimated to be 4.26 states/eV/f.u. by Singh,
3.88 states/eV/f.u. by Subedi, 3.599 states/eV/f.u. by Suetin et al. [32,41,47] where the calculations
are based on the structure determined at room temperature (see Figure 1) and the structural distortion
due to DW instability is not considered because the low temperature structure is not clarified yet.
Subedi pointed out the possible lattice instability toward CDW with a

√
2 ×
√

2 × 1 superlattice
based on the calculation of phonon dispersions. When the suggested lattice distortion is taken into
account, the D(EF) is found to be 2.83 state/eV/f.u., which suggests ~30% decrease through the DW
transition. Note that the decrease in D(EF) below TDW is experimentally found to be 9% by NQR
measurements (see Figure 7b) [38]. These D(EF) estimated from the theoretical studies are somewhat
smaller than that estimated from the experimentally obtained γ (D(EF) = 5.7 states/eV/f.u.), implying
that the γ is enhanced by electron-phonon coupling in BaTi2Sb2O [15]. For BaTi2Bi2O, the D(EF) of
3.42 states/eV/f.u. has been obtained by Suetin et al., which is also smaller than experimental D(EF) of
4.79 states/eV/f.u. [16,44].

The Tc of BaTi2Sb2O has been estimated by Subedi and Nakano et al. using the Allen-Dynes
formula, and found to be 2.7 K and 2.30 K, respectively [43,47]. The estimated Tc is almost
consistent with the experimental value (Tc = 1.2 K), suggesting BaTi2Sb2O is a conventional BCS-type
superconductor. Nakano et al. also estimated the Tc of BaTi2Bi2O to be 2.45 K using the same method,
which is relatively smaller than the experimental value (Tc = 4.6 K). The theoretically estimated
Tc-values for BaTi2Sb2O and BaTi2Bi2O are similar to each other, where the experimental results,
namely the enhancement of Tc by replacing Sb with Bi, could not be explained.

3.4. Isovalent Substitution Effect on BaTi2Pn2O

As discussed in above, the enhanced Tc of BaTi2Bi2O cannot be explained in the BCS weak-
coupling limit. To find a clue, the effect of isovalent substitution, solid solutions of BaTi2(As1-xSbx)2O
and BaTi2(Sb1-yBiy)2O, have been investigated [18]. The lattice constants and electronic phase diagram
of the isovalent solid solutions are shown in Figure 12a. The lattice constants of these solid solutions
follow Vegard’s law, indicating the solid solutions are formed and no structural transition is induced
by isovalent substitution. With increasing x, TDW decreases and superconducting phase appears at
around x = 0.9 (Tc = 0.5 K), where TDW and Tc are determined from the resistivity data. For the
solid solution of BaTi2(Sb1-yBiy)2O, Tc is determined from the magnetization data. With increasing y,
Tc initially increases up to 3.5 K at y = 0.2, and then monotonically decreases down to 2.6 K at y = 0.3.
For y = 0.4 and 0.5, bulk superconductivity is not observed down to 1.85 K, which is the instrumental
limit. At y = 0.6, bulk superconductivity with Tc = 4.0 K appears again and Tc increases with increasing
y up to 4.6 K at y = 1.0. The isovalent substitution effect for 0 ≤ y ≤ 0.4 has also been reported by
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Zhai et al., where the electronic phase diagram is almost the same as our results: Tc increases up to
3.7 K at y = 0.17, then gradually decreases above y = 0.2. Moreover, the TDW decreases with increasing
y, and the DW transition could not be observed above y = 0.17 [48].

From the overall electronic phase diagram shown in Figure 12a, we can find two-dome structure
in Tc: the first dome ranges in 0.9 ≤ x ≤ 1 and 0 ≤ y ≤ 0.3, and the second dome ranges 0.6 ≤ y ≤ 1.
The first superconducting phase seems to be induced by the suppression of DW phase, which is
often seen in the CDW/SDW superconductors. However, the disappearance of superconductivity
and a steep rise of Tc in the vicinity of the second superconducting phase implies the second
superconducting phase may have a different mechanism behind superconductivity from the first
superconducting phase. A two-dome structure in Tc has also seen in the iron pnictide superconductors
such as LaFeAs(O1-xHx) [49–51]. In the phase diagram of LaFeAs(O1-xHx) (0 ≤ x ≤ 0.6), the
first superconducting dome (0.05 ≤ x ≤ 0.20) with a maximum Tc of 29 K and the second dome
(0.20 ≤ x ≤ 0.42) with a maximum Tc of 36 K appear with two antiferromagnetic phases (x < 0.05 and
0.4 < x) [49]. Though the two-dome structure in LaFeAs(O1-xHx) emerges by electron doping, in contrast
to the two-dome structure in BaTi2Pn2O emerging by isovalent substitution, both BaTi2Pn2O and iron
based superconductors have a multiband nature. Hence, BaTi2Pn2O might offer an opportunity to
understand the nature of high Tc superconductivity in iron pnictides.
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3.5. Aliovalent Substitution Effect on BaTi2Pn2O

In BaTi2Sb2O, superconductivity emerges by the suppression of DW instability. However, DW
instability is not fully suppressed and coexists with superconductivity, indicating that the further
suppression of DW instability may enhance Tc. Several aliovalent substitutions, (Ba1-xAx)Ti2Sb2O
(A = alkali metal: Na, K, Rb) and BaTi2(Sb1-xSnx)2O, have been reported, where all of them are
hole-doped systems. The lattice constant a decreases with increasing x for all dopants, reflecting
the size reduction of titanium ions upon hole doping. However, c of (Ba1-xAx)Ti2Sb2O increases with
increasing x, whereas that of BaTi2(Sb1-xSnx)2O decreases. The increase of c for (Ba1-xAx)Ti2Sb2O may
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come from the reduced Coulomb attraction between Ba/A and Sb due to the substitution of Ba for
lower valence cation A.

On the basis of these substitution effects, TDW and Tc as a function of x is summarized in
Figure 12b. The substitution effects are qualitatively the same: the DW phase is destabilized gradually
and Tc is enhanced with increasing x. This indicates that the DW phase and superconducting phase
compete with each other in BaTi2Sb2O, and hole doping is generally effective for the suppression of
DW instability and the enhancement of Tc. In (Ba1-xNax)Ti2Sb2O, Tc increases up to 5.5 K at x = 0.15
and show a plateau at higher x value [33]. Likewise, the maximum Tc of 6.1 K and 5.4 K are attained at
x = 0.12 for (Ba1-xKx)Ti2Sb2O [52] and x = 0.2 for (Ba1-xRbx)Ti2Sb2O [53], respectively. In contrast to
(Ba1-xAx)Ti2Sb2O, BaTi2(Sb1-xSnx)2O provides a quantitatively different phase diagram: the maximum
Tc of 2.5 K is attained at x = 0.3, which is less than half of that for (Ba1-xAx)Ti2Sb2O [54]. The quantitative
difference between (Ba1-xAx)Ti2Sb2O and BaTi2(Sb1-xSnx)2O is probably due to disorder effects. The Sn
substitution induces much greater disorder effects on the superconductivity than alkali substitutions
since Sn substitutes the superconducting Ti2Sb2O layer while alkali substitutes the Ba blocking layer.
Note that the similar behavior of the suppression of DW instability and enhancement of Tc, has been
observed in a high-pressure study on BaTi2Sb2O where the electrical resistivity is measured under a
pressure up to 16.12 kbar. By applying pressure, the TDW is monotonically suppressed down to ~40 K,
whereas Tc increases up to 2.9 K [55].

The superconducting parameters for non-doped BaTi2Sb2O and hole-doped BaTi2Sb2O are
summarized in Table 2, where two kinds of the parameters are listed for BaTi2Sb2O since that of
BaTi2Sb2O are reported in different studies. In (Ba1-xAx)Ti2Sb2O, the Sommerfeld constant γ is almost
the same as BaTi2Sb2O, and the Debye temperature θD is slightly lower than that of BaTi2Sb2O.
In contrast, in BaTi2(Sb1-xSnx)2O, both γ and θD is higher than those of BaTi2Sb2O. Gooch et al. found
the excellent agreement of the electronic specific heat data with the BCS theory in (Ba0.85Na0.15)Ti2Sb2O.
Likewise, for all dopant, a ratio ∆C/γTc is close to the standard weak-coupling BCS value 1.43,
suggesting conventional superconductivity in these compounds.

Table 2. Superconducting parameters of non-doped BaTi2Sb2O and hole-doped BaTi2Sb2O.

Compound Tc (K) γ

(mJ·mol−1·K−2) θD (K) ∆C/γTc µ0Hc1(0) (Oe) µ0Hc2(0) (T) Ref.

BaTi2Sb2O 1.2 13.5 239 1.36 N/A 1.32 [15,39]
BaTi2Sb2O 1.1 10.9 230 0.9 N/A 0.08 [36]

(Ba0.85Na0.15)Ti2Sb2O 4.2 13.0 210 1.43 N/A 1.7 [36]
(Ba0.8Rb0.2)Ti2Sb2O 5.4 14 193 1.60 38 2.3 [54]
BaTi2(Sb0.9Sn0.1)2O 2.3 17.1 257 1.39 N/A N/A [55]

In contrast to these hole-doped systems, electron-doped systems have not been found in
BaTi2Sb2O, implying the difficulty of electron doping. Indeed, all of our attempts to synthesize
electron-doped systems, such as (Ba1-xLax)Ti2Sb2O and BaTi2(Sb1-xTex)2O, have failed. In contrast,
in BaTi2As2O, electron doping by Li+ intercalation has been reported as mentioned above. Recently,
another electron doping system, Ba(Ti1-xCrx)2As2O, has been synthesized where the TDW is
gradually suppressed with increasing x and reaches 139 K at the solubility limit (x = 0.077) but
no superconductivity is emerged [56]. These results may suggest electron-doping is not suitable for
the superconductivity in titanium pnictide oxides. Though no superconductivity has been found
in BaTi2As2O and its electron-doped systems, hole doping may be interesting since the hole-doped
BaTi2Sb2O exhibits the suppression of DW instability and enhancement of Tc, as discussed above.

3.6. Substitution Effect on Other Titanium Pnictide Oxides

A Bi analogue of (SrF)2Ti2Sb2O and Na2Ti2Sb2O might further suppress the DW instability and
lead to superconductivity, like BaTi2Sb2O and BaTi2Bi2O. Hence, we prepared a novel compound
(SrF)2Ti2Bi2O by the conventional solid-state reaction. The structural refinement of synchrotron XRD
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and neutron diffraction data at room temperature revealed the structure is isostructual with As and
Sb analogues. The lattice parameters of (SrF)2Ti2Bi2O are a = 4.11782(2) Å and c = 21.3703(2) Å from
XRD, and a = 4.11720(9) Å and c = 21.3707(7) Å from neutron diffraction [16]. Compared with the Sb
analogue (a = 4.1095(1) Å, c = 20.8858(5) Å), the c-axis is significantly elongated, whereas the a-axis is
slightly elongated, whose trend is similar to those in BaTi2Pn2O. In analogy with the replacement of Sb
by Bi in BaTi2Pn2O, the DW instability is much suppressed and disappears in (SrF)2Ti2Bi2O (Figure 13).
Though superconductivity is expected, no superconducting transition has been found down to 0.5 K.
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In BaTi2Sb2O, hole doping suppresses DW instability and enhances Tc. Hence, the hole doping into
Na2Ti2Pn2O and (SrF)2Ti2Pn2O might also induce superconductivity. Hole doping into Na2Ti2Sb2O
has been reported by Ozawa et al. where Na2-xTi2Sb2O has been synthesized by extraction of Na+ by
polytetrafluoroethylene (PTFE) treatment. Though the maximum deintercalation amount x = 0.25 is
achieved, no change in TDW and no superconductivity have been found [57].

4. The DW Instability in BaTi2Pn2O

In this section, experimental and theoretical studies on DW instability for BaTi2Pn2O will
be discussed. The CDW/SDW has been widely observed in high-Tc cuprates and Fe-based
superconductors and the relationship between DW instability and superconductivity is still under
discussion. Likewise, since the DW instability competes with superconductivity in BaTi2Pn2O, it
is important to clarify the origin of DW instability to understand whether the superconductivity in
BaTi2Pn2O is mediated by spin fluctuation or electron-phonon interaction.

In theoretical studies, both SDW and CDW instability have been suggested: the SDW
instability is predicted by Singh and Wang et al. while CDW instability is predicted by
Subedi and Nakano et al. [40,41,43,47]. Singh found the Fermi surface nesting which lead to peaks in
susceptibility, giving rise to SDW instability. Furthermore, based on the spin-fluctuation mediated
scenario, possible unconventional superconductivity was also predicted. Wang et al. calculated bare
susceptibility χ0(q) and found the peak of χ0(q) at the X point, which induces the SDW instability.
Two degenerated antiferromagnetism, bi-collinear antiferromagnetism and blocked checkerboard
antiferromagnetism, are suggested as the ground state. In contrast, Subedi calculated phonon
dispersion and electron-phonon coupling and found a lattice instability which gives rise to a CDW
instability. The
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2 × 1 superstructure is predicted in the CDW phase. Nakano et al. also found
that the phonon instability around the M and A points and predicted a
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2 × 1 superstructure in
both BaTi2Sb2O and BaTi2Bi2O (Figure 14). Note that they found phonon instabilities at the X and R
points in BaTi2As2O, which is different from BaTi2Sb2O and BaTi2Bi2O.
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Experimentally, the 121/123Sb-NQR/NMR spectra revealed the asymmetry parameter η becomes
finite at 4.2 K without the internal field, indicating the breaking of the in-plane four-fold symmetry [37].
Furthermore, the spectra does not exhibit splitting and broadening, indicating that an incommensurate
DW state is excluded. The µSR measurements exclude SDW instability. Figure 15 shows time
dependence of asymmetry spectra for BaTi2As2O (TDW = 200 K) and BaTi2Sb2O (TDW = 50 K) [38].
The increased relaxation of the polarization could not be found below TDW, indicating the absence of
magnetic order. Frandsen et al. performed low-temperature neutron diffraction measurements
and found tiny lattice distortions from tetragonal to orthorhombic where the orthorhombicity
parameter η = 2 × (a − b)/(a + b) reaches only 0.22% and 0.05% at 20 K for BaTi2As2O and BaTi2Sb2O,
respectively [19]. The lattice distortion is much smaller than that observed in Jahn–Teller compounds
and iron pnictides. Though a

√
2 ×

√
2 × 1 superlattice was predicted in the theoretical study,

no superlattice has been found in the diffraction studies. To account for the results, intra-unit-cell
nematic charge order was proposed, such as that proposed in cuprates [58,59]. Recently, Song et al.
reported direct observation of the CDW order with the wave vector of (π, π) by STM measurements
on Ba0.95Na0.05Ti2Sb2O (Figure 16), which is consistent with that theoretically predicted by Subedi and
Nakano et al. [46]. They also performed ARPES measurements and revealed the Fermi surface is well
nested along the (π, π) direction, which is consistent with STM study, suggesting the electron-phonon
mediated superconductivity in Ba0.95Na0.05Ti2Sb2O. The discrepancy between the absence of the
superstructure in neutron scattering and the CDW order with the wave vector of (π, π) in STM and
ARPES is not clear yet. Since both STM and ARPES is surface-sensitive technique, these results might
not reflect bulk CDW instability due to the surface reconstruction. To unveil the nature of CDW
instability in titanium pnictide oxides, the more extensive studies are required.
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Figure 16. (a) The differential conductance map taken with the bias voltage of −100 mV; (b) the
corresponding Fourier transform of panel (a), giving a quasiparticle interference (QPI) plot. The four
circled points are the lattice Bragg spots. Though the two bright points represent the 2× 1 reconstruction
of Ba atoms, additional weak peaks can be observed. Reprinted with permission from Song et al.,
Phys. Rev. B; published by APS, 2016 [46].

5. Conclusions

Since their discovery in 1990, titanium pnictide oxides, ATi2Pn2O, have attracted attention due
to their structural similarity to high-Tc cuprates and Fe-based superconductors. Similar to these
high-Tc superconductors, the DW instability has been found in Pn = As, Sb compounds. In 2012,
we synthesized a new compound BaTi2Sb2O which exhibits superconducting transition at 1.2 K.
Following BaTi2Sb2O, another superconductor BaTi2Bi2O (Tc = 4.6 K) has also been synthesized.
To clarify the mechanism of superconductivity, DW instability has also been experimentally and
theoretically studied. In early studies, possible SDW instability has been suggested. In contrast,
recent results suggest that the DW instability is CDW. However, several phenomena have not been
addressed: the mechanism of superconductivity in BaTi2Bi2O, large MR observed below TDW, and
the enhancement of magnetic fluctuations at around TDW observed in 121/123Sb-NQR measurements.
Nakaoka et al. recently predicted the formation of orbital ordering with q = (0, 0, 0), i.e., intra-unit-cell
orbital order, which may account the magnetic fluctuation around TDW [43].

Recently, various ATi2Pn2O-related compounds, such as pnictide oxides and chalcogenide oxides,
have been found [60–64]. For instance, Ba2Ti2Fe2As4O is an intergrowth of BaTi2As2O and BaFe2As2

where TDW of 120 K is observed, which is lower than that in BaTi2As2O due to the interlayer charge
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transfer [60]. Both CsV2S2O and Cs1-xTi2Te2O have the same structure as BaTi2Pn2O, but they do not
show any DW instability, while they show bad-metal and metallic conduction, respectively [61,62].
Though no superconductor has been found in ATi2Pn2O-related compounds yet, the discovery of
superconductivity in titanium pnictide oxides might give rise to new classes of superconductors, just
as cuprates and Fe-based superconductors have given rise.
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