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Isotope effect on superconductive transition temperature (Tc) is an essential indicator to examine whether the mecha-
nism of superconductors is conventional. Unconventional isotope effect of BiS2-based superconductors has been previously
reported in ambient-pressure tetragonal phase. However, to comprehensively ascertain the nature of superconductivity, the
investigation of BiS2-based system in high-pressure structure is highly desirable. In this work, we carried out the first-
principles calculations of phonon spectra and superconductivity in high-pressure monoclinic phase of LaO0.5F0.5BiS2 with
32S and 34S, and observed that the corresponding isotope coefficient is 0.13 ≤ α ≤ 0.20. This value is much greater than
that of BiS2-based superconductors in ambient-pressure phase, but slightly smaller than that of conventional MgB2. Taking
into account the calculated Tc lower than experimental results, we finally conclude that the moderate phonon-mediated
pairing plays a significant role in forming superconductivity of BiS2-based system in high-pressure phase, moreover, the
cooperative multiple paring interactions should also be considered.

Keywords: BiS2-based superconductor, high pressure, isotope effect, phonon-mediated pairing
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1. Introduction
Superconductivity in layered crystal structure such as

cuprates,[1] iron-pnictides,[2] and MgB2,[3] has aroused enor-
mous research interest. A new family of layered BiS2-based
system has triggered off another wave of extensive studies
since its discovery in 2012. As the first member, the com-
pound of Bi4O4S3 was reported,[4] then the ReOBiS2- (Re:
rare earth),[5–9] SrFBiS2-,[10] ReOMS2 (M = Sb and In)-,[11,12]

and La2O2M4S6 (M = Pb, Bi, Ag)-type superconductors[13–15]

have been discovered successively. Here, the basic structural
unit of BiS2-based compounds is the BiS2 layer, which is anal-
ogous to the Cu–O planes in cuprates and the Fe–A (A = P,
As, Se, Te) planes in iron-pnictides.[1,16] Of these BiS2-based
compounds, the ReOBiS2-type is mostly studied owing to their
simple structure and easy carrier doping control. For example,
in LaO1−xFxBiS2, the partial substitutions of F− for O2− sites
generate electron carriers, and the maximum transition tem-
perature (Tc) is observed to be 2.5 K when x = 0.5 at ambi-
ent pressure.[17] Interestingly, by applying external pressure,
Tc abruptly increases to a maximal value of 10.7 K, which is
caused by the structural phase transition from tetragonal phase
(P4/nmm, ambient-pressure) to monoclinic phase (P21/m,
high-pressure).[18] Moreover, band structure calculations indi-
cate the presence of strong Fermi surface nesting at the wave
vector (π , π), which is the hallmark of iron-pnictides.[19,20]

Therefore, the superconducting mechanism in BiS2-based sys-

tem may be expected to resemble that of iron-pnictides, al-
though the mechanism of superconductivity in iron-pnictides
is still in dispute.

According to the Bardeen–Cooper–Schrieffer (BCS)
theory,[21] the Tc of a phonon-mediated conventional super-
conductor is proportional to its phonon frequency, and it is
very sensitive to the isotope mass (M) of the constituent el-
ements. This is the so-called isotope effect. Furthermore,
the relationship between Tc and isotope mass satisfies Tc ∼
M−α ,[22] in which α is the isotope exponent, and α ∼ 0.5 is
expected according to BCS theory. Therefore, the isotope ef-
fect can be considered as an essential indicator to investigate
whether the mechanism of superconductors is conventional.
For instance, α has been reported to be ∼ 0.5 for the conven-
tional superconductors, such as (Ba,K)BiO3 (αO ∼ 0.5),[23]

doped fullerene (αC ∼ 0.5),[24] and MgB2 (αB ∼ 0.3).[25] In
high-Tc superconductors with unconventional mechanisms, α

generally deviates from 0.5 (e.g. near-zero αO in cuprates,[26]

and even negative αFe in iron-pnictides[27]).
For this new BiS2-based system, the fundamental ques-

tion is whether the superconductivity can be understood within
a conventional electron–phonon coupling framework. Hence,
several investigations concerning the isotope effect of BiS2-
based compounds have been proposed. By replacing S el-
ement in Bi4O4S3 with 32S and 34S, the isotope exponent
αS is estimated to be in a range: −0.1 < αS < 0.1.[28]
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A similar unconventional isotope effect is also observed in
LaO0.6F0.4BiSSe with BiSSe-type superconducting layers, in
which the change of Tc between the 76Se sample and 80Se
sample is apparently smaller than that expected from the
photon-mediated mechanism.[29] Very recently, Yamashita et
al. pointed out that under high pressure, the superconduct-
ing mechanism can be transformed from unconventional to
conventional one by breaking the structural symmetry in su-
perconducting BiS2 layers.[30] It should be noted that these
above-mentioned results of unconventional superconducting
mechanism are based on the low-Tc tetragonal structures at
ambient-pressure. Therefore, it is highly desirable to investi-
gate the isotope effect on the high-pressure monoclinic phase,
which may present an important clue to the understanding of
the pairing mechanism in BiS2-based superconductors.

In this work, we perform first-principles phonon cal-
culations for the high-pressure monoclinic structure of
LaO0.5F0.5BiS2. The changes in Tc between 32S sample and
34S sample are observed, furthermore, the corresponding iso-
tope exponent of 0.13≤ α ≤ 0.20 is obtained. These findings
prompt the high-pressure structure of LaO0.5F0.5BiS2 to be
a moderate phonon-mediated superconductor, which is quite
different from the unconventional isotope effect of ambient-
pressure phase.

2. Computational method
The lattice data of LaO0.5F0.5BiS2 were constructed by

Materials Studio software. Starting from the initial lattice
parameters, we performed the full structural optimization
including both the lattice parameters and atomic positions.
Phonon calculations were carried out by using density func-
tional perturbation theory (DFPT) method via QUANTUM
ESPRESSO program and a standard solid-state pseudopo-
tential (SSSP).[31–33] The exchange–correlation energy was
described by the Perdew–Burke–Ernzerhof (PBE) functional
based on generalized gradient approximation (GGA).[34] For
self-consistent calculation, 8×8×8 k-point grid was used with
an energy cutoff of 30 Ry (1 Ry= 13.6056923 eV) for the

wave function and 300 Ry for the charge density. Dynamical
matrices and electron–phonon coupling were calculated on a 4
×4×4 q-point mesh. Then, a dense 24× 24×24 grid was used
for evaluating an accurate electron–phonon interaction matrix.

3. Results and discussion
Crystal structures of LaO0.5F0.5BiS2 for ambient-

pressure tetragonal and high-pressure monoclinic phases are
cited from Ref. [35] (a = 4.1091 Å, c = 13.4196 Å) and
Ref. [18] (a = 4.042 Å, b = 4.059 Å, c = 12.809 Å, β =

97.31◦), respectively. Here, half of the O sites are replaced by
F , serving as the electron doping. Without such a replacement,
the ambient-pressure structure and high-pressure structure be-
long to the space groups P4/nmm and P21/m, respectively.
The optimized results are summarized in Table 1, together
with available experimental data. For the ambient-pressure
tetragonal phase, the calculated structures coincide well with
experimental results. However, there is a large difference be-
tween the calculation results and experimental data for high-
pressure phase, which can be attributed to an obvious contrast
between the pressure application of calculated (18 GPa) and
experimental conditions (4 GPa).

Figure 1 shows the calculated phonon dispersions and
partial phonon density of states (PDOS) for LaO0.5F0.5BiS2

in tetragonal phase at 0 GPa, in which 30 phonon bands are
extended to 430 cm−1. A striking feature of this phonon
spectrum is the presence of phonon softening along the A–
M direction, indicating that the ambient-pressure structure
of LaO0.5F0.5BiS2 is dynamically unstable. Note that the
soft phonon found here is an intrinsic property of the BiS2

plane in tetragonal phase.[36] It is clearly seen from the PDOS
that these unstable modes are directly traceable to the in-
plane vibrations of S atoms, which is consistent with previous
report.[37] Moreover, unstable phonon modes are intimately
associated with a charge density wave instability, and conven-
tional phonon-mediated pairing cannot explain the supercon-
ductivity of LaO0.5F0.5BiS2 in the tetragonal phase.[38]

Table 1. Calculated lattice parameters and atomic positions of LaO0.5F0.5BiS2 for ambient- and high-pressure phases, with related experi-
mental results listed for comparisons.

LaO0.5F0.5BiS2
Ambient-pressure tetragonal phase High-pressure monoclinic phase

Exp. Cal. Exp. (4 GPa) Cal. (18 GPa)

a (Å) 4.1091 4.0443 4.042 3.200
b (Å) 4.1091 4.0443 4.059 3.824
c (Å) 13.4196 13.0889 12.809 10.140

Atom x y z x y z x y z x y z

O/F 0 0 0 0 0 0 0.7519 0.25 –0.004 0.7253 0.2499 0.9825
S1 0.5 0 0.3844 0.5 0 0.3807 0.3970 0.25 0.3743 0.3159 0.25 0.3773
S2 0.5 0 0.8128 0.5 0 0.8133 0.1670 0.25 0.8042 –0.0208 0.2499 0.8196
La 0.5 0 0.1073 0.5 0 0.1081 0.2941 0.25 0.0997 0.4672 0.25 0.1444
Bi 0.5 0 0.6145 0.5 0 0.6136 0.1534 0.25 0.6124 0.1684 0.25 0.6123
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Fig. 1. Phonon dispersion curves and partial phonon density of states
for LaO0.5F0.5BiS2 in ambient-pressure tetragonal phase.

For the high-pressure monoclinic structure of
LaO0.5F0.5BiS2, we carry out the phonon calculations in a
pressure range from 12 GPa to 18 GPa. The correspond-
ing phonon dispersion curves and PDOS curves at 18 GPa
are plotted in Fig. 2(a). There is no imaginary frequency in
both phonon spectra, suggesting the dynamic stabilization of
high-pressure phase. As seen from the phonon dispersion, the
frequency extends to 700 cm−1, and it can be divided into
two parts. The first part is the low-frequency band, with the
phonon frequency ranging from 0 cm−1 to 300 cm−1, mainly
caused by the vibrations of La and Bi atoms, while the high-
frequency bands (340 cm−1–700 cm−1) mostly originate from
the contributions of S, F, and O atoms. It is well understood
that S, F, and O atoms with lighter mass usually have higher
vibration frequency than Bi and La atoms. In addition, we
provide a further analysis of each phonon band at the Γ point.
The point group at Γ point is C1, and the Γ -point mode can
be decomposed as Γ = 30 A. The detailed frequencies are
listed in Table 2, with the three acoustical branches excluded.

Furthermore, in Fig. 2(b), we give the atom vibration pattern
of several typical phonon bands at Γ point, whose frequen-
cies are 181.9 cm−1 (A8 mode), 477.4 cm−1 (A18 mode), and
569.8 cm−1 (A26 mode), corresponding to the three colored
lines from bottom to top in Fig. 2(a). The A8 mode corre-
sponds to the in-plane stretching vibrations with motion along
the x (y) axis. In the A18 mode, the O, F, and S2 atoms vibrate
along the same z direction, opposite to the vibration direction
of S1 atoms, while the A26 mode corresponds to the vibration
of only O atom and S2 atom.
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Fig. 2. (a) Phonon dispersion and projected PDOS for LaO0.5F0.5BiS2
in high-pressure monoclinic phase at 18 GPa. (b) Atom vibration pat-
tern of typical A8, A18, and A26 modes at Γ point.

Table 2. Phonon mode frequencies (in unit cm−1) at Γ point for LaO0.5F0.5BiS2 in high-pressure monoclinic phase, with I denoting infrared
active, and R representing Raman active.

Γ (0,0,0)

A (I+R)
92.4 132.2 137.1 144.5 181.9 183.8 207.2 214.2 252.8
375.7 410.6 432.3 438.4 455.8 457.8 459.8 477.4 477.4
488.9 510.7 535.2 569.5 569.8 582.3 596.8 642.9 671.8

To investigate the isotope effect of LaO0.5F0.5BiS2 in
high-pressure monoclinic phase, we perform the substitution
of S element. Then the LaO0.5F0.5BiS2 samples with 32S and
34S isotopes are obtained, labeled as 32S sample and 34S sam-
ple, respectively. The effect of electron–phonon coupling on
conventional superconductivity can be well represented by the
Eliashberg function[39]

α
2F (ω) =

1
N (EF)

∑
v𝑞

∑
nn′𝑘

∣∣gv𝑞
n𝑘+𝑞,n′𝑘

∣∣2δ (εn𝑘+𝑞−EF)

×δ (εn′𝑘−EF)δ (ω−ωv𝑞) . (1)

Here, N(EF) is the density of states at the Fermi level, ω

is the frequency, n and n′ run over electronic band, v over

phononic band, 𝑘 and 𝑞 over the Brillouin zone. The electron–
phonon matrix element

∣∣gv𝑞
n𝑘+𝑞,n′𝑘

∣∣2 is defined by the variation
in the self-consistent crystal potential. Integrating the Eliash-
berg function over frequency, we can get the electron–phonon
coupling factor λ as follows:

λ (ω) = 2
∫

dω
α2F(ω)

ω
. (2)

The characteristic phonon frequency ωln is defined as

ωln = exp


∫

dω
α2F(ω)

ω
lnω∫

dω
α2F(ω)

ω

 . (3)
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For LaO0.5F0.5BiS2 in high-pressure phase with 32S sam-
ple and 34S sample, figure 3 shows the Eliashberg func-
tion α2F(ω) and electron–phonon coupling λ (ω) at 18 GPa.
Combining with the PDOS in Fig. 2, it can be clearly found
that the electron–phonon interaction of Bi–S bond plays a cru-
cial role in enhancing the value of α2F(ω). Accordingly, the
difference of α2F(ω) between 32S sample and 34S sample
is mainly reflected the in high-frequency region, showing a
small red-shift with the increase of isotope mass of S element.
Under the pressure application of 18 GPa, both 32S sample
and 34S sample have a factor λ = 0.61, suggesting that the
LaO0.5F0.5BiS2 in high-pressure phase is a moderately cou-
pled electron–phonon superconductor. The values of electron–
phonon coupling factor λ and the characteristic phonon fre-
quency ωln for 32S sample and 34S samples in a pressure range
of 12 GPa–18 GPa are listed in Table 3. For the 32S sample
at 12 GPa, the value of λ is about 0.40, with the logarithmi-
cally averaged frequency ωln = 271.3 K. With the increase of
pressure, the λ monotonically increases, accompanied by the

decrease of ωln. In addition, the isotope substitution of S el-
ement has little influence on λ , but the values of ωln in 34S
samples are generally smaller than those of 32S ones. For in-
stance, the ωln of 32S sample at 13 GPa is about 274.0 K, while
it decreases to 271.4 K for 34S sample.
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Fig. 3. Eliashberg function α2F(ω) and electron–phonon coupling
λ (ω) for LaO0.5F0.5BiS2 in high-pressure phase with 32S sample and
34S sample at 18 GPa.

Table 3. Values of electron–phonon coupling factor λ , characteristic phonon frequency ωln, and superconductive transition temperature Tc for
LaO0.5F0.5BiS2 in high-pressure phase with 32S sample and 34S sample in a pressure range of 12 GPa–18 GPa.

Pressure (GPa)
32S sample 34S sample

λ ωln (K) Tc (K) λ ωln (K) Tc (K)

12 0.40 271.3 1.08 0.40 268.3 1.07
13 0.40 274.0 1.20 0.40 271.4 1.18
14 0.42 269.3 1.41 0.42 266.5 1.39
15 0.44 256.6 1.77 0.44 254.0 1.75
16 0.46 251.2 2.1 0.46 249.4 2.07
17 0.49 232.8 2.68 0.49 230.6 2.66
18 0.61 169.6 4.03 0.61 168.3 4.00

The effect of electron–phonon coupling on Tc is
well quantified by the McMillan–Allen–Dynes formula as
follows:[40]

Tc =
ωln

1.2
exp
[
− 1.04(1+λ )

λ −µ∗(1+0.62λ )

]
, (4)

where µ∗ is a pseudopotential parameter that represents the ef-
fective electron–electron mutual Coulomb repulsion suppress-
ing pairing instability, and here µ∗ = 0.1. We further ana-
lyze the isotope effect of Tc by using the isotope coefficient α ,
which is given by

α =−
ln [Tc]32S

− ln [Tc]34S

ln [M]32S
− ln [M]34S

, (5)

in which [M]32S and [M]34S are the atomic mass of 32S and 34S
isotopes, respectively.

The calculated Tc of LaO0.5F0.5BiS2 in high-pressure
phase for 32S sample and 34S sample under the pressure in
a range of 12 GPa–18 GPa is displayed in Table 3. Com-
paring with the 34S sample, the Tc of 32S sample is high,

which is in agreement with the isotope effect. However, the
calculated Tc of LaO0.5F0.5BiS2 in high-pressure phase is al-
ways lower than the experimental value, for example, the cal-
culated Tc of 32S sample at 18 GPa is 4.0 K, while its ex-
perimental one is 5.5 K.[18] Based on the changes of Tc be-
tween 32S sample and 34S sample, the isotope coefficient is
exhibited in Fig. 4. It is found that the isotope coefficient
of LaO0.5F0.5BiS2 in high-pressure monoclinic phase is esti-
mated to be 0.13≤ α ≤ 0.20, which is much greater than that
of ambient-pressure phase, and slightly smaller than that of
conventional MgB2 (i.e. 0.30).[25] We thus conclude that the
moderate electron–phonon coupling has a vital role in deter-
mining the superconductivity of high-pressure phase. More-
over, taking into account the calculated Tc lower than experi-
mental value, cooperative multiple pairing mechanism should
be also considered, such as electron–electron correlation.[41,42]

Recalling the unconventional isotope effect of BiS2-based su-
perconductors in ambient-pressure structure, the switch of su-
perconductive mechanism may ascribe to structural symmetry
breaking induced by high-pressure effect. This is an impor-
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tant step toward the clarification of the origin of superconduc-
tivity for BiS2-based system in high-pressure phase. In the
future, thorough research on BiS2-based superconductors for
both ambient- and high-pressure phases is very essential and
necessary.
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α

Fig. 4. Variation of Tc difference ∆ ln(Tc) between 32S and 34S samples,
and isotope coefficient α with pressure in a range of 12 GPa–18 GPa.

4. Conclusions
Using the first-principles calculations, we reported the

substitution effect of 32S by the heavier isotope 34S on the
phonon spectra, electron–phonon coupling factor, and the
superconductivity of LaO0.5F0.5BiS2 in high-pressure mono-
clinic phase. The electron–phonon coupling factor can reach
to 0.61, and corresponding isotope coefficient is estimated to
be 0.13 ≤ α ≤ 0.20. It should be noted that the calculated
Tc of high-pressure phase is lower than the experimental re-
sult. Therefore, we confirm the vital role of moderate phonon-
mediated pairing in determining the superconductivity of high-
pressure phase. However, to further clarify the nature of super-
conductivity in BiS2-based superconductors, cooperative mul-
tiple paring interactions still need studying in future.
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