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Abstract

®

CrossMark

CsBiy_,Pb, Teg is synthesized and the superconductivity associated with the structural
transition from Pb substitution is studied. Photoemission spectroscopy measurements are
performed in order to elucidate the relationship between the electronic structure and the
occurrence of the superconductivity. When Bi is substituted with Pb, an electron doping-
like change in the electronic structure is directly observed which is contrary to the naive
expectation of hole doping. This observation is consistent with band structure calculations
and appears to be a unique characteristic of CsBis_,Pb,Teg because of the dissociation of
Bi dimers upon Pb substitution. These results indicate that it may be possible to control the
electron and hole doping via manipulating the Bi dimers through Pb substitution.

Keywords: superconductivity, photoemission spectroscopy, electronic structure,

bismuth chalcogenide

Introduction

Many reports of superconductivity in doped Mott and band
insulators suggest that carrier doping can provide a platform
to explore new superconducting systems. A well-known
example is the cuprates which have high superconducting
transition temperatures (7.) and change from a Mott insu-
lating state to a superconductor by carrier doping [1, 2]. There
are also a variety of systems in which superconductivity
emerges by carrier doping parent semiconductors such as dia-
mond [3, 4], silicon [5], and so on. Indeed, many chalcogenide
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semiconductors such as PbTe [6], SnTe [7], Bi,Ses [8], and
BiyTes [9] also exhibit superconductivity when carrier doped.
Recently, it was reported that superconductivity occurs in the
layered Bi-chalcogenides LnOBi(S, Se), [10] (Ln: lantha-
noid) and ABi4sTeg [11-13] (A: alkali metal, Cs or Rb). These
Bi-chalcogenide superconductors have provoked much atten-
tion since the superconductivity occurs under strong influence
of the spin—orbit interaction.

For the LnOBi(S, Se), system, there have been many reports
about the superconducting properties [14] and the electronic
structure has been experimentally probed by angle-resolved
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photoemission spectroscopy (ARPES) [15]. The experimental
band structure is in good agreement with the predictions of
first-principles calculations that include spin—orbit coupling
and show that the density-of-states (DOS) near the Fermi level
(Eg) comes from Bi.

The ABisTeg system changes from a narrow-gap semicon-
ductor to the superconductor by inducing either (i) Cs vacan-
cies or (ii) off-stoichiometry in the ratio between Bi and Te,
or (iii) partial substitution of Pb for Bi. Among them, the Pb
substitution case (CsBis—_,Pb,Teg) shows a structural change
from monoclinic to orthorhombic by the dissociation of the
Bi-dimers, which occurs simultaneously with the change
from a semiconductor (filamentary superconductor) to a bulk
superconductor [12]. Such an emergence of superconductivity
accompanied with a structural transition is reminiscent of the
Fe-base superconductor CaFe,(As;_.P,),, where a first-order
structural transition leads to a change of a hole-like Fermi sur-
face and influences the superconductivity due to the existence
or non-existence of As—As bonding in that system. Therefore,
understanding the correlation between the Bi-dimers and the
superconductivity in the CsBiy_,Pb,Teg system via a study of
the electronic states would be worthwhile. However, XANES
and XPS studies [16] on CsBis_,Pb,Teg (x =0 and 0.5) are
scarce, and the valence band structure of the ABi4s_Pb,Teg
superconductor has not yet been experimentally determined.
It is, therefore, crucial to study the experimental valence band
of stoichiometric CsBisTeg and its evolution with Pb substi-
tution in order to understand the occurrence of bulk super-
conductivity in CsBis_,Pb,Teg. This study might shed light
on the mechanism of Bi-based superconductivity since the Pb
substitution affects the crystal and electronic structures, and
the superconductivity.

Here we study the relationship between the crystal struc-
ture, the valence band, and the superconductivity in the
CsBiy_Pb,Teg system. The compounds are synthesized and
the emergence of superconductivity associated with a struc-
tural transition due to the Pb substitution is observed. We also
observed the change in the electronic structures in the valence
band of CsBiy_,Pb,Tes across the Pb-substitution induced
structural transition. From a comparison between the exper-
imental results and band structure calculations, it was found
that the valence band near Ef is mainly comprised of Bi and
Te orbitals. From the comparison with other Bi-based super-
conductors, we demonstrate that CsBiy_,Pb,Teg has unique
doping characteristics among the bismuth—chalcogenide com-
pounds due to the Bi dimers.

Experimental

CsBisTeq samples were prepared by a reaction between Biy Te;
powder and a small excess (~1%) of Cs, as explained in [11].
These chemicals were mixed in alumina cells in a glovebox
and then the alumina cells were sealed into an evacuated
quartz ampoule. The sealed materials were heated at 700 °C
for 50h and then cooled by air-quenching to room temper-
ature. CsBiy_,Pb,Teg samples were synthesized by reacting
Bi,Tes, Te, Pb, and a small excess Cs in two steps. In the first

step, the mixture is heated at 700 °C for 30h, followed by
furnace cooling. For the second step, the products are heated
at 700 °C for 12 h and then air-quenched to room temperature.

Powder x-ray diffraction measurements were performed
on powdered samples. XRD profiles were collected at
ambient temperature by Rigaku Miniflex with a wavelength
of A=1.54056 A in a glovebox filled with N, gas. We also
confirmed its 7. from magnetic susceptibility measurements
using a superconducting quantum interface device (SQUID,
Quantum Design). Photoemission spectroscopy measure-
ments were performed at Okayama University on a spectro-
meter built with a Scienta Omicron R4000 electron analyzer.
The spectra were measured at 20 K under vacuum with pres-
sures below 3 x 10~® Pa using the He Iv (21.2eV) resonance
line. The total energy resolution was set to 30 meV for the
valence band spectra and 15 meV for the spectra near Ef,
respectively. Er of the sample was referenced to that of a gold
film, which was measured frequently during the experiments.
The samples were cleaved under ultra-high vacuum in order to
measure a clean surface.

The ground-state electronic structures of monoclinic
CsBisTeg and orthorhombic CsPb,Biy_,Teg (x = 0.3) were
calculated from first principles with the ELK code [17], a
highly-accurate full-potential augmented plane-wave plus
local orbital (FP-APW + lo) method. The experimentally
determined crystal structures of Hsu er al (space group
C2/m for monoclinic CsBisTeq and Cmcm for orthorhombic
CsPb,Biy_,Teg (x =0.3)) were used [18]. For monoclinic
CsBisTes, convergence was achieved with a 16 x 8 x 4
k-point grid and a plane-wave cut-off in the interstitial region
of |G + klpax = 8.5/Ryy (Where Ry is the average muffin-tin
radius). For orthorhombic CsPb,Bis Teg (x = 0.3), conv-
ergence was achieved with a 16 x 16 x 8 k-point grid and the
same |G + klpa.x = 8.5/Ry:. For both monoclinic CsBisTeg and
orthorhombic CsPb,Biy_,Teg (x = 0.3), the muffin-tin radii
for Cs, (Pb,Bi) and Te were 2.8, 2.8 and 2.6 a.u., respectively.
For the exchange-correlation functional, the Perdew—Burke—
Ernzerhof generalised gradient approximation (PBE-GGA)
[19] was used. Since Cs, (Pb,Bi) and Te are all heavy atoms,
the spin—orbit interaction was included in the calculations by
adding a term of the form o - L (where o is the spin vector
and L is the orbital angular momentum vector) to the second
variational Hamiltonian.

Results and discussion

We first characterized the crystal structure of our
CsBiy_Pb,Teg samples by x-ray diffraction measurements.
Figure 1(a) shows the experimental diffraction profiles for the
samples with nominal compositions of x = 0, and 0.3, respec-
tively. The CsBisTeg shows a monoclinic structure (C2/m)
with @ = 51.927(4) A, b= 4.4561(5) A, ¢ = 14.4550(9) A,
and = 101.536(5)°. These parameters are similar to those
reported previously [20]. As seen in figure 1, the XRD pro-
files show the structural transition by Pb-substitution, as
shown in a previous report [12], indicating that the crystal
structure evidently changes from monoclinic to orthorhombic
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Figure 1. (a) XRD profiles of CsBis_,Pb,Tec measured by Cu Ko radiation. The upper and lower profiles are indicated as CsBisTeq and
CsBi37Pbg 3Tes, respectively. (b) Crystal structure of CsBisTeg (left) and CsBis ;Pbg 3Tes (right).

[18]. Orthorhombic CsBij;PbysTes has lattice parameters
of a = 6.3685(7) A, b = 28.438(3) A, ¢ = 4.3886(7) A. The
illustrations of both structures are shown in figure 1(b). The
prominent difference between those structures is the exis-
tence/disappearance of Bi dimers [20]. Namely, CsBisTeg has
Bi dimers near the center and at both ends of the cell shown
in the figure, but CsBij3 7Pbg 3Teq does not. The disconnection
of the Bi-Bi bonding results in the higher-symmetry struc-
ture of CsBiy_,Pb,Teg (which only has Bi-Te bonds) than
that of CsBiyTes. We also confirmed the superconductivity in
CsBiy_Pb, Teg from the temperature dependence of magn-
etic susceptibility in an applied field of 10 Oe. A diamagnetic
signal is observed at 2.9K in CsBi3;PbgsTeg, as shown in
figure 2.

Next, we performed photoemission spectroscopy in order
to elucidate how the electronic structure changes with Pb
substitution. Figure 3 shows the photoemission spectra of
CsBiy_Pb,Teg. The spectrum of CsBisTeg shows almost no
intensity at Ep, indicating that CsBisTeq has a band gap at Ef.
This is consistent with the results of the temperature depend-
ence of the resistivity [12, 20]. We observed characteristic
peak structures in the CsBisTeg spectrum, labelled as A and
B in figure 3. We compared the spectrum with band structure
calculations of CsBisTeg [21]. The calculated density of states
(DOS) shows a good correspondence with our spectral shape.
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Figure 2. The temperature dependence of magnetic susceptibility
for the CsBi3 7Pbg 3Teg sample.

Thus, we found that the experimental valence band reflects the
bulk electronic structure of CsBisTeg. According to the band
calculation, the valence band between Er and binding energies
of 5eV is mainly composed of the hybridized states of Bi 6p
and Te 5p.
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Figure 3. Photoemission spectra of (a) CsBisTeq and (b) CsBi37Pby 3Tes. (c) The spectrum near Er for CsBis 7Pbg 3Teg.

Asshownin figure 3(b), the spectral shape of CsBis3 7Pbg 3Teg
is clearly different from that of CsBisTes. We observed one
main peak D and small peaks C and E. The small peak E stays
at the almost same energy as peak B in CsBisTe¢. Additionally,
the valence band spectrum of CsBis;7PbgsTeq exhibits only
one main peak D at 1.8eV while CsBisTeg shows a two
peaks structure around A between 1 and 2eV. These results
indicate that the valence band structure is modulated by the
change of the crystal structure through the Pb substitution. For
CsBij3 7Pbg3Teg, there are two important points to note about
the new feature C with a peak position of around 0.2 eV: (1)
The new feature C exhibits a clear Fermi edge, as shown in
figure 3(c), indicating that this system changes from a semi-
conducting to a metallic state. (2) Provided that features D
and E correspond to features A and B, respectively, the energy
positions of D and E are slightly shifted to lower binding
energy, as if the Pb substitution leads to electron doping. Thus,
the structure C is considered to be the bottom of conduction
band in this system. This is an interesting observation because
the Pb substitution into Bi site normally results in hole doping.

Here it is essential to compare the experimental results with
the density of states derived by band structure calculation in
order to discuss the effect of the Pb substitution. For CsBisTeg,
the experimental valence band is very similar to that from the
band structure calculation, as shown in figure 4(a). According
to the calculation, the partial density of states (pDOS) of Te
dominates the two peaks A in figure 3. On the other hand, the
peak B in figure 3 is characterized by pDOS of both Bi and
Te. The top of valence band consists primarily of the Te pDOS
with a small contribution from the Bi pDOS. In the bottom of
the conduction band, the orbital contributions from Bi and Te
are comparable. Focusing on the DOS of the Bi dimers, the
contribution of the Bi pDOS to the top of the valence band
is large in spite of coming from just two of the eight Bi sites
in the unit cell, as shown in figure 4(b). Figure 4(c) shows
the comparison of the valence band spectrum with the calcul-
ation for CsBi3;Pbg3Tes. It is clear from the figure that the
overall spectral shape in CsBi;7PbgsTeg is also well repro-
duced by the calculation. Based on the comparison with the
calculated results, we identify the main peak in the spectrum
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Figure 4. (a) Comparison of experimental spectra with the band calculations for CsBisTes. The colored lines denote as total DOS (black),
pDOS of Bi (red), Te (blue), and Cs (green), respectively. (b) Calculated Bi pDOS for CsBiyTeg. (¢) The comparison of experimental

spectra with the band calculations for CsPby 3Bis 7 Tes.

of CsBij7PbgsTeg around 1.5eV (D in figure 3) is dominated
by the pDOS of Te. We also found that the peak around 4eV
(E in figure 3) consists of the pDOS from both Bi and Te.
The calculation ensures our previous assignment of the peaks
in two compounds, namely the peak structure A in CsBisTeg
corresponds to D in CsBi37PbgsTeg and peak B in CsBisTeg
corresponds to E in CsBi;7PbgsTes. Regarding the calcu-
lated DOS of CsBiyTeg and CsBis 7Pbg 3Teg, the overall shape
is almost the same each other, however, the DOS is rigidly
shifted toward higher binding energies in CsBis;Pbg3Tes,
which is indicative of electron doping and is consistent with
our experimental observation. Therefore, Pb substitution
indeed results in the electron-like doping for this system
although one expects the substitution of g,Pb for g3Bi would
induce hole doping.

Figure 5 shows illustrates the changes in the crystal and
electronic structure caused by Pb-substitution. For stoichio-
metric CsBigTeg, the Bi dimer connects the Bi—Te networks
in the crystal structure. Since the Bi dimer captures an elec-
tron provided by an intercalated Cs atom [15, 22], CsBisTeg
has semiconducting character although the electrons from

the alkali metals are doped in the parent insulating BisTeg.
For CsBis_,Pb, Teg, the Bi dimer gets disconnected by the Pb
substitution and then the doped electrons originating from Cs
move into the Bi—Te network. The partial substitution of Pb
for Bi generally leads to hole doping, but in CsBis_,Pb,Teg
this results in electron doping of the BisTes network because
of the disappearance of the Bi dimer. Chen et al have demon-
strated that the carrier type depends on the crystal structure
(monoclinic or orthorhombic structure) [23]. Thus, the BisTeq
system whose carriers can be controlled by the Bi dimer
provides a unique playground to study superconductivity
in bismuth—chalcogenide compounds. For the case of hole
doping into this system (Cs;_,BisTes), even though the Bi
dimer remains, the system exhibits a superconducting trans-
ition around 4 K, although the shielding volume fraction has
remained relatively low (~10%) so far [11]. On the other hand,
CsBiy_Pb, Teg system without Bi dimer shows the shielding
volume fraction of about 100%. Since the EXAFS research
reported that the Bi dimer distorts the BisTeg layers [16],
destabilized regions could exist at grain boundaries and the
CsBiyTeg system might exhibit filamentary superconductivity.
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Figure 5. Schematic diagram of (a) crystal structure and (b) electronic structure for CsBisTeg (left) and CsBis3 7Pbg 3Teg (right). For
CsBiyTeg, the Bi dimer connects the Bi—Te networks (slabs). For CsBij; 7Pb 3Teg, there is a (Bi,Pb)-Te network in the structure.

On the other hand, CsBis_Pb,Tes probably exhibits bulk
superconductivity because the Pb-substitution leads to the
CsBiy_,Pb,Teg crystal becoming more uniform.

It is also fruitful to compare our results with other Bi-based
superconductors. Here we compare with the LnO,_,F,BiS,
superconductor because LnO; _,F,BiS, also has Bi-chalcogen
bonds and a layered structure as in CsBiy_,Pb,Tes. According
to band structure calculations of LnO,_,F,BiS, [24], LaOBiS,
exhibits an insulating state with a band gap of 0.8eV. The
pDOS due to the Bi orbitals dominates the bottom of the con-
duction band rather than the S orbitals which dominate the
top of the valence band. It has been reported from photoemis-
sion spectroscopy that this system shows a rigid shift of the
band structure relative to Ep by electron doping due to the
addition of F [25]. Thus, the conduction electrons from the
dominant Bi orbitals contribute to the superconductivity in
LnO,_,F,BiS; [25]. These features are very different from
CsBiy_,Pb,Teg system because the CsBiy_Pb,Teg system
has a mixed DOS of Bi and Te orbitals in the vicinity of E.
In the bismuth chalcogenide superconductors, the compa-
rable pDOS from Bi and Te in the BisTeg system is similar
to BiyTe; [26]. It is worth noting that the BiS, system shows
slightly higher transition temperature (maximum of about
5K) than the CsBiy_Pb,Teg system (about 3 K). Other block
layers should be studied in BisTeg-based systems as has been
done for LnO, _,F,BiS; because other block layers may result
in a higher T, than that of the BiS, system. Indeed, it has
been reported that 7, slightly increases for the other block
layers of Na and K [25]. Further studies might elucidate
the relationship between the contribution of the Bi orbitals
and the superconducting 7. for the bismuth—chalcogenide
superconductors.

Conclusion

Photoemission spectroscopy was performed on CsBis_,Pb, Teg
(x=10.0 and 0.3). This system exhibits a Pb-substitution
induced semiconductor (filamentary superconductive) to
metal (bulk superconductive) transition, accompanied with a
structural change due to Bi-dimer disconnection. The photo-
emission spectrum of CsBi37Pbg3Tes shows new states with
a metallic edge near the Fermi level (EFf), consistent with the
semiconductor to metal transition, and an energy shift of main
valence band structure to higher binding energy compared to
those of CsBiyTeg, and this observation is consistent with band
structure calculations. The observed ‘electron-doping-like’
behavior, regardless of the expected hole doping due to Pb
substitution for Bi, can be explained by a scenario in which
part of the Cs 6s electrons occupying the bonding state of the
Bi dimer in CsBisTes instead occupy the conduction band of
CsBi; 7Pbg3Teg after the disconnection of Bi dimer due to
the Pb-substitution. Therefore, we clearly demonstrate that
the charge carriers can be controlled by the Bi dimers in the
BiyTeg system and this provides unique playground to study
superconductivity in bismuth—chalcogenide compounds.
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