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prepared at a lower temperature by targeting “Bi;,0,4S;,”. Low

ABSTRACT: High-temperature superconductivity has a (4) and intermediate () stacking fault fraction specimens were
range of applications from sensors to energy distribution. prepared from 3 with additional heat treatments. Detailed
Recent reports of this phenomenon in compounds synthesis procedures and crystallographic data can be found in
containing electronically active BiS, layers have the the Supporting Information.

potential to open a new chapter in the field of Initial transmission electron microscopy (TEM) investiga-
superconductivity. Here we report the identification and tions performed on 1 revealed the existence of at least three
basic properties of two new ternary Bi—O—S compounds, distinct phases: bismuth metal; a layered compound, likely of
Bi,OS, and Bi;0,S;. The former is non-superconducting; tetragonal symmetry, with lattice parameters a = 4.0 A and ¢ =
the latter likely explains the superconductivity at T, = 4.5 20.7 A (primitive) or ¢ = 41.4 A (body-centered); and a third
K previously reported in “Bi,O,S;”. The superconductivity phase that was not identified by TEM due to decomposition by

of Bi;0,S; is found to be sensitive to the number of the electron beam. Lebail (unit cell only) refinements of high-
Bi,OS,-like stacking faults; fewer faults correlate with resolution synchrotron X-ray diffraction (XRD) data of sample
increases in the Meissner shielding fractions and T. 2 (Figure la) are consistent with the TEM results. All sharp
Elucidation of the electronic consequences of these reflections have been indexed by a combination of Bi metal,
stacking. faults may .be key to the under.st.anding .Of Bi,S;, an I-centered tetragonal cell (hereafter “c = 414 A
electroplc cond'uct1v1ty and superconducthlty which phase”), and Biy05,(SO,);, (presumed to be the beam-
occurs in a nominally valence-precise compound. sensitive phase)."* However, there remain unindexed broad
shoulders to several Bragg peaks. The presence of these
shoulders are hkl-dependent and asymmetric, suggesting that

D iscovered in 1911, superconductivity has a wide range of the extra scattering is due not to another phase or small particle
applications from energy distribution to medical size, but rather to another kind of nanoscale structural disorder,
diagnostics, but it remains one of the most enigmatic and such as stacking disorder.® Indeed, numerous stacking faults
difficult to predict materials properties. The discovery in 2008 are visible in TEM images from 1 (Figure 1b). The repeat
of a new class of high-temperature superconductors, based on distance perpendicular to the layers averages d = 20 A for
two-dimensional layers of edge-sharing metal-anion tetrahedra, unfaulted regions, which implies that the layer stacking is along
the “iron pnictides”," has spurred searches for superconductivity the crystallographic c-axis of the tetragonal cell. The faulted
in other layered materials.”~> Recently, there have been reports regions have a significantly smaller repeat distance of d = 13.8
of superconductivity in Bi,0,S3,%” LnO,_,F,BiS, (Ln = La, Ce, A.
Pr, Nd, Yb),*'* and Sr,_,La,FBiS,,"" with electronically active Sample 3 was prepared by heating at a lower temperature. It
BiS, layers. However, the difficulty in preparing phase-pure has a powder X-ray diffraction pattern indexable by a
specimens has made it challenging to unambiguously identify combination of Bi metal, BizO,(SO,), [isostructural with
and study in detail the intrinsic superconducting phases.”'* Sbs0,(S0O,),'%], and a third phase with a primitive tetragonal
Furthermore, the reported structure of Bi,O,S; is surprising on unit cell of a = 4.0 A and ¢ = 13.8 A. The c lattice parameter of
chemical grounds, containing both sulfide (8*7) and sulfate this tetragonal cell is close to the layer spacing in faulted
(S°)."> Herein we report the identification and structural regions of 1, suggesting that the faults may be small regions
characterization of the new compounds Bi,OS, (i.e., BiOBiS,) with the ¢ = 13.8 A phase’s structure. This is further supported
and Bi;0,S; [ie, Big0,S,(S,)1_,S,], with the latter likely by the presence of broad features in the X-ray =data of 3 in the
responsible for superconductivity at T, = 4.5 K. positions expected if there were some ¢ = 41.4 A phase s}ackjng
A sample of nominal composition “Bi,0,S;” (1) was motifs present. The unit cell parameters of the ¢ = 13.8 A phase
prepared according to literature precedent.”” Gaseous sulfur are close the unit cell parameters known for CeOBiS,,' and a
dioxide was observed to be lost during heating, as identified by Rietveld refinement based on such a structural model with Bi
its odor and the presence of a characteristic IR absorption substituted for Ce (and including the other phases present)
feature in the headspace gas of the sealed ampule at 2520 cm™".
Sample 2 was prepared similarly to 1, but by targeting Received: February 1, 2013
“BigO¢Ss”. A sample containing primarily Bi,OS, (3) was Published: March 25, 2013
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Figure 1. (a) Lebail fit of synchrotron X-ray diffraction data of a
sample 2. In addition to four distinct phases, including the reported
“BiyO,S;” phase, there are broad shoulders to many peaks suggestive
of stacking faults or other local structure disorder.® (b) TEM
micrograph of 1 showing the presence of stacking faults (indicated by
arrows). (c) Rietveld refinement of 3, predominantly the ¢ = 13.8 A
stacking variant. A model derived by replacement of Ce by Bi in the
known CeOBiS, structure describes the key features of the data,
although, as in (a), there are additional broad peaks. (d) Rietveld
refinement of 4, the stacking variant with d ~ 20 A layer spacing.

describes the general features of the X-ray data (Figure lc).
Thus we assign the ¢ = 13.8 A phase in 3 the formula of
BiOBiS, (i.e., Bi,OS,) (Table S1), with a structure consisting of
Bi,0, and (BiS,), layers (Figure 2a).

The structure of the ¢ = 41.4 A phase was solved in several
steps. First, a sample with fewer stacking faults and containing a
majority of the ¢ = 41.4 A phase, 4, was prepared. A Rietveld
refinement of the X-ray data from 4 was performed using the
known structure for Bi and the reported “Bi,0,S;” structure,’
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Figure 2. Structure representations of (a) the ¢ = 13.8 A phase,
Bi,0S,, and (b) the ¢ = 41.4 A phase, Bi;0,S;. Bi,OS, is built of
Aurivillius-type Bi,O, layers alternating with BiS, bilayers containing
two-dimensional layers of edge-sharing BiS4 octahedra. Compared to
Bi,08,, Bi;0,S; has every other BiS, bilayer replaced with S, dimers.
(c) Most samples contain mixtures of the structures in (a) and (b),
giving rise to broad shoulders on some Bragg peaks. The vertical line
marks the position of the strongest reflection from Bi metal.
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but without the sulfate groups. The resulting Fourier difference
map (Figure SS) is inconsistent with the presence of sulfates, as
there is a minimum of residual electron density in the position
where a maximum is expected. Further, stretching frequencies
corresponding to sulfates were absent in the IR spectrum of 4
(Figure S7). Instead, the difference map suggests a mixture of
S, dimers in a Big cage, and sulfide in Bi, square planar
coordination (as in Bi,0,S'); a mixture of these two species
lie, any x for Big0,S,(S,);_.(S).] provides a statistically
indistinguishable fit to the data. For simplicity, we assume S,
dimers in the remainder of our analysis, as they are preferred
when occupancies are freely refined. The resulting fit is robust:
removal of any sulfur or oxygen site from the structure, or
substitution of SO, units, results in a visibly and statistically
worse fit to the data. The bond lengths and bond valence sums
of this new model, containing S, dimers and with overall
formula Bi;0,S; (Table S2), are physically reasonable. The
structure (Figure 2b) consists of Bi,O, units stacked in an
alternating fashion with (BiS,), and (S,) layers. This structural
variant can be derived from the structure of Bi,OS, by removal
of (BiS), units from between every other pair of Bi,O, layers.
This Bi;0,S; model is also consistent with TEM micrographs
from the tetragonal phase in 1 (Figure S6).

We find that Bi,OS,-like stacking faults in Bi;O,S; explain
the broad extra reflections in the XRD data. Figure 2¢ shows
simulated diffraction patterns for Bi;O,S; with varying fractions
of Bi,OS,-like regions compared to the XRD data of 2—S5.
Sample 3 contains 90+% the Bi,OS, stacking variant. Sample 4
is predominately Bi;O,S;, containing <10% of Bi,OS,-like
stacking faults. In contrast, samples 2 and § contain a significant
number of Bi,OS,-like stacking faults, approximately 40% and
20%, respectively.

Superconductivity is sensitive to the number of stacking
faults. Figure 3 shows zero-field-cooled dc magnetization data
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Figure 3. Zero-field-cooled dc magnetization data (,uoHap .= 10 Oe)
of Bi;0,S;—Bi,0S, samples 4 ({J, black), 5 (O, blue), 2 (<, red), and
3 (A, orange), showing a decrease in T, and Meissner shielding as the
fraction of Bi,OS,-like stacking faults in Bi;O,S; increases.

for 2—35. The best superconducting signal is observed in 4, with
the magnitude sharply decreasing to 5, 2, and 3 as the fraction
of Bi,OS,-like stacking faults increases and the average size and
number of Bi;O,S;-like regions decreases. No systematic trend
with the quantity of Bi metal or other impurity phases is
observed.

In conclusion, we have determined that there are at least two
non-sulfate-containing phases in the Bi—O—S system, Bi,OS,
and Bi;0,S;. The former is isostructural with CeOBiS,. The
latter contains alternating layers of Bi,O,, (BiS,),, and S,
dimers. The trends in physical properties imply that Bi;O,S;
is a superconductor with a T, = 4.5 K. Superconductivity
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rapidly disappears as Bi,OS,-like stacking faults are introduced
in Bi;0,S;. Our results bring up a number of new questions.
For example: how does Bi;O,S; exhibit metallic behavior and
superconductivity, which, assuming an (S,)*” electron count on
the dimers, has valence-precise Bi**? We speculate that
metallicity arises either from incomplete charge transfer to S,
dimers, as molecular orbital calculations, and the slightly short
S—S dimer bond distance [1.8 vs the 2.0 A expected for (S,)*”]
suggest, or from partial occupancy of the cages. If true, then
other factors such as the ratio of S, dimers to sulfides in the
intermediary layer [i.e, x in Big0,S4(S,);_.(S),] should also
affect the structure and superconductivity.© It is now a
synthetic challenge to find effective routes to prepare phase-
pure specimens of compounds such as Bi;O,S; which have
multiple competing low-energy configurations, to allow us to
address the fundamental structure—function relationship in this
and related families of materials.
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Complete synthetic protocols, TEM simulation, and XRD
results. This material is available free of charge via the Internet
at http://pubs.acs.org.
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