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We report two distinct superconducting states with different crystal structures and a crossover from a type-II
to a type-I superconductor (SC) in (Ba, Sr)Bi3. The superconducting parameters are revealed to classify two
SCs: BaBi3 is in the weak-coupling limit on the basis of �C/γnTc ∼ 0.67 and 2�/kBTc ∼ 3.28 while SrBi3

is a strong-coupling SC with �C/γnTc ∼ 2.41 and 2�/kBTc ∼ 6.09. A large Kadowaki-Woods ratio (RKW ∼
3.53a0 ) suggests an enhanced electron-electron scattering in BaBi3. With increasing the pressure, the Tc of
BaBi3 decreases linearly at first, and then shows an abrupt increase up to 6.2 K at 0.88 GPa. This behavior can
be attributed to a pressured-induced structural transition and the resulting variations of spin-orbit coupling and
Fermi structures. Tc of SrBi3 is suppressed monotonously by pressure. The Ginzburg-Landau parameter κGL of
BaBi3 decreases from 10.35 at ambient pressure (AP) to 0.86 at 1.75 GPa, and then tends to saturation. κGL

of SrBi3 decreases from 0.76 at AP to 1/
√

2 at 1.20 GPa, which manifests pressured-induced crossover from a
type-II to a type-I SC. Possible physical mechanisms are proposed.
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Superconductivity is one of macroscopic quantum phe-
nomena and has been explored for 100 years. The Ginzburg-
Landau (GL) parameter κ = λ/ξ (λ is the magnetic penetra-
tion depth, ξ is the coherence length) is one of the fundamental
parameters. It divides superconductors (SCs) into two classes:
type I (κ < 1√

2
) and type II (κ > 1√

2
) with different interface

energies: ξ is smaller than λ in type-II SCs with negative
interface energy and strong flux pinning. Such behavior is not
possible in a type-I SC because it cannot be penetrated by
the external magnetic fields [1,2]. Thus, the crossover from a
type-II to a type-I SC is unusual because the magnetic fluxes
can be expelled and/or made to reappear by the stimuli. As
one example, ErRh4B4 undergoes a reentrant type-I supercon-
ducting state from a type-II one at ∼2.4 K [3]. TaN possesses
strong anisotropic superconductivity and a crossover from a
type-I to a type-II SC can be induced by changing the crystal
azimuth in magnetic fields [4]. Moreover, high impurities
cause more pinning, and a type-I SC behaves as a type-II SC
in many cases [5,6]. Theoretical calculations also indicate that
the thermally induced crossover from a type-I to a type-II SC
can be originated from the interaction of magnetic vortices
[7]. However, the underlying mechanism is still in dispute and
not universal.

Bismuth-based materials have been extensively stud-
ied due to significant spin-orbit coupling (SOC) and
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unconventional superconducting pairings [8,9]. BaBi3 crystal-
lizes in the tetragonal phase (P 4/mmm) with corner-sharing
Bi6 octahedrons [10,11]. At low temperature, it enters into the
superconducting state at Tc ∼ 6 K at ambient pressure (AP).
Theoretical calculations have revealed that it possesses com-
plicated Fermi surfaces and the density of state at the Fermi
level is dominated by Bi p orbitals. The enhanced SOC is piv-
otal to superconducting pairings by softening phonon modes
and strengthening the electron-phonon coupling [10,11]. For
the isoelectron substituted material SrBi3, Tc reduces to
∼5.6 K with cubic symmetry [12,13]. With increasing sub-
stitution in the Ba site, cubic symmetry collapses and only
the ZrSi2-type CaBi2 stabilizes [14]. Moreover, Tc rises to
9.0 K with increasing the Na doping in the Sr site, which is
attributed to the decrease of the average number of valence
electrons according to Matthias rules [15]. A recent high-
pressure report indicated that Tc of BaBi3 increases with
the pressure coefficient dTc/dP ∼ 1.22 K/GPa while Tc of
SrBi3 decreases with dTc/dP ∼ −0.48 K/GPa [16]. Until
now, the relationship of the opposite pressure dependence
and structural transition in (Ba, Sr)Bi3 isn’t clear [16], and
the systematic studies on experimental divergences are still
lacking. As we know, structural transition is often accompa-
nied by different superconducting origins. For (Ba, Sr)Bi3,
the relationship of lattice instabilities and superconductivity
has not been studied in depth. Combined with the enhanced
SOC characteristics, pressured-induced phenomena are ex-
pected to elucidate the correlation of structural/electronic
evolutions.
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High pressure is a clean method; it shortens bond dis-
tances and manipulates band structures as well as electron
correlations, which provides a distinctive tuning way to study
the interplay of lattice instabilities and superconductivity.
High-pressure phase diagrams are valuable in revealing the
underlying mechanism. In this Rapid Communication, we re-
port two distinct superconducting states and a crossover from
a type-II to a type-I SC in spin-orbit-coupled SCs BaBi3 and
SrBi3 under pressure. A single crystal was grown as reported
[13]. Single-crystal x-ray diffraction (XRD) and powder XRD
confirm they are single phase with a small Bi impurity (<6%).
Susceptibility was measured on a superconducting quantum
interference device. Electrical transport and specific heat were
collected on a commercial physical property measurement
system. High-pressure susceptibility was checked in a piston-
cylinder pressure cell with lead as the pressure manometers
and glycerol as the pressure medium for runs 1 and 2. Lead
was removed to eliminate the diamagnetic signals for run 3.
Glycerol is an isotropic liquid below 2 GPa and hydrostatic
pressure is retained [17].

Figure 1 shows electrical resistivity (ρ), susceptibility, and
specific heat of BaBi3 and SrBi3. As the temperature in-
creases, ρ(T) of BaBi3 shows an S-like inflection at 40 K, and
then tends to saturation above 250 K. This behavior implies
electron-phonon scattering comparable to the atomic lattice
spacing [11]. In SrBi3, ρ(T) increases linearly as a function of
temperature and its magnitude is three orders smaller than that
of BaBi3. The superconducting transition temperatures T onset

c
and T zero

c are 6.0 and 5.95 K for BaBi3, and 5.6 and 5.50 for
SrBi3. The transition width is less than 0.1 K. Normal-state
resistivity is fitted by ρ = ρ0 + AT n, where residual resis-
tivity ρ0 ∼ 3.56 μ� cm, A ∼ 8.54 × 10−2 μ� cm/K2, RRR
(= ρ300K/ρ0) ∼ 90 for BaBi3, and ρ0 ∼ 0.11 μ� cm, A ∼
2.7 × 10−4 μ� cm/K3, RRR ∼ 549 for SrBi3. These features
manifest high-quality crystals [11,16]. Besides, the exponent
n shifts from 2 in BaBi3 to 3 in SrBi3, which suggests
the different dominant scatterings. In Figs. 1(e) and 1(f),
susceptibility is shown in zero-field-cooling (ZFC) and field-
cooling (FC) processes. The shield volumes 4π (M/H )ZFC

and 4π (M/H )FC are 100% and ∼5% for BaBi3, and ∼85%
and ∼66% for SrBi3.

In Figs. 1(g) and 1(h), specific heat Ce(T ) increases
abruptly at Tc, as evidence of bulk SC. The analysis
of C(T ) = γnT + βnT

3, where the first and second terms
are the electron and the phonon contribution, gives γn =
49.19 mJ/mol K2, βn = 13.86 mJ/mol K4 for BaBi3 and γn =
11.03 mJ/mol K2, βn = 5.84 mJ/mol K4 for SrBi3, respec-
tively. �Ce/γnTc is to 0.67 for BaBi3, half of 1.43 for
Bardeen-Cooper-Schrieffer (BCS) weakly coupled SCs [18];
in SrBi3, �Ce/γnTc is 2.41, about 3.60 times larger than
that of BaBi3, which indicates that superconducting properties
are closely related to the tetragonal-cubic structural transi-
tion. The temperature dependence of Ce/T satisfies the BCS
single-gap model Ce = C–βT 3 = Aexp(−�/kBT ) and the
fitting gives 2�/kBTc ∼ 3.28 for BaBi3 and 6.09 for SrBi3,
which suggests the different coupling strengths [3,18]. The
Debye temperature �D is 149 K for BaBi3 and 180 K for
SrBi3 by �D = 12π4NR/5�3

D (N is 4, and R is the gas
constant). λph is 0.98 for BaBi3 and 0.93 for SrBi3 by the

FIG. 1. Crystal structures of tetragonal and cubic phases. ρ(T) of
(a) BaBi3 and (b) SrBi3. (c) T 2 plot of resistivity and linear fitting for
BaBi3; (d) T 3 plot of resistivity and linear fitting for SrBi3. Magnetic
susceptibility of (e) BaBi3 and (f) SrBi3 under the ZFC/FC processes.
Ce(T )/T and the fittings of C = βT 3 + Aexp(−�/kBT ) where the
� is the superconducting gap, which gives 2�/kBTc = 3.28 for
BaBi3 and 6.09 for SrBi3.

McMillan formula Tc = (�D/1.45)exp{–1.04(1 + λe−ph)/
[λe−ph − μ∗(1 + 0.62λe−ph)]} with μ∗ = 0.15 [13,18].

The electron-electron coupling constant λs is obtained
from the enhancement of the effective mass m∗/m0 =
λn/γ

th
n = 1 + λph + λs with γ th

n = 2π2κ2
BN (EF)/3 where

N (EF) represents density of states at the Fermi level.
In BaBi3, N (EF) ∼ 2.4 states/eV units with SOCs [13],
and λs = m∗/m0 − 1–λph ≈ 2.33 � λph. Accordingly, the
Kadowaki-Woods ratio RKW = A/γ 2

n is ∼35.3 μ� cmmol2

K2/J2 or ∼3.53 a0, where a0 ∼ 10 μ� cm mol2 K2/J2

[19,20]. RKW ∼ 3.53 a0 is very close to ∼5a0 in
frustration materials, and 5–7 times larger than ∼0.5 a0

in two-dimensional (2D) Fermi liquids [20,21]. The large
λs (∼2.33) and RKW(∼ 3.53 a0) suggest an enhanced
electron-electron scattering in BaBi3. However, the m∗/m0

is smaller in SrBi3, which means that electron-electron
scattering is so weak as to be ignored compared to
electron-phonon scattering. Whether it is dominated by lattice
symmetry or electronic behavior needs to be confirmed.
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FIG. 2. M(T) curves under ZFC process at 10 Oe for (a) BaBi3,
run 1, (b) BaBi3, run 2, (c) SrBi3, run 1, and (d) SrBi3, run 2. Tc of (e)
BaBi3 and (g) SrBi3. The 4π (M/H) for (f) BaBi3 and (h) SrBi3; the
lines in (e,g) are linear fittings; the lines in (f,h) indicate the change
trends.

Superconducting parameters are obtained by analyzing the
field dependence of ρ(T), M(T) in Fig. S1 in the Supplemental
Material [22]. The upper critical field Hc2(0) is 21.8 kOe for
BaBi3 and 1.9 kOe for SrBi3 by using the Werthamer-Helfand-
Hohenberg formula Hc2(0) = −0.693 Tc dHc2/dT [23]. The
lower critical field Hc1 is determined where magnetization
departs linearly (Figs. S1(c) and S1(d) [22]). Temperature-
dependent Hc1(T ) data are fitted by the formula Hc1(T ) =
Hc1(0)[1–(T/Tc)2] and the lower critical field Hc1(0) is 237.8
Oe for BaBi3 and 488.70 Oe for SrBi3 by fitting Hc1(T ) =
Hc1(0)[1–(T/Tc)2]. Superconducting coherence length ξ is
12.30 nm for BaBi3 and 42.28 nm for SrBi3 by the relation-
ship of Hc2(0) = �0/2πξ 2 (where �0 is the magnetic flux
quantum) [24]. Then, London penetration depths λL and κGL

are estimated by Hc2/Hc1 = 2κ2
GL/ ln κGL and κGL = λL/ξ .

λL ∼ 127.30 nm and κGL ∼ 10.35 for BaBi3; λL ∼ 31.79 nm
and κGL ∼ 0.76 for SrBi3. We note that κGL ∼ 10.35 in
BaBi3 is larger than that of SrBi3 (∼ 0.76) [1–3], which
implies a possible crossover from a type-II to a type-I SC.

Temperature dependence of magnetic susceptibility under
various pressures is shown in Fig. 2. Pressure dependences
of T M

c and 4π (M/H ) are summarized in Figs. 2(e)–2(h).
For BaBa3, T M

c decreases from 5.95 at AP to 5.08 K at
0.85 GPa, then reaches 6.2 K at Pc ∼ 0.88 GPa, and then
decreases again with increasing the pressure further. Lin-
ear fittings yield dTc/dP = −0.55(1) K/GPa for P < Pc

FIG. 3. (a,b) M(T) curves under various pressures for BaBi3;
M(H) curves under various temperatures/pressures: (c) 2 K; (d) 2–
5.75 K at 0.21 GPa; (e) 2–5.75 K at 0.41 GPa; (f) 2–5 K at 0.68 GPa;
(g) 2–5 K at 0.85 GPa; (h) 2–5.75 K at 1.17 GPa; (i) 2–5.5 K at
1.22 GPa; (j) 2–5.5 K at 1.40 GPa; (k) 2–5.5 K at 1.54 GPa; (l)
2–5.5 K at 1.73 GPa.

and −0.73(4) K/GPa P > Pc. Differently, for SrBa3, T M
c

decreases monotonously from 5.65 K at AP to 4.79 K at
1.75 GPa with dTc/dP = −0.49(1) K/GPa. It is noted that
dTc/dP is ∼2−3 times larger in magnitude than that of Bi
(dTc/dP = −0.18 K/GPa) [25], which eliminates the possi-
bilities of Bi impurity. Besides, the Tc of BaBi3 was argued
to increase with pressure, reaching a maximum of 6.6 K at
0.88 GPa [16]. In the case of BaBi3, the present results are
inconsistent with the reports. However, the reasons for this
difference are not clear, either because of the quality of the
samples, pressure environments, or hidden phase changes.
One more interesting item is that bulk superconductivity of
BaBi3 vanishes at Pc with the 4π (M/H ) ∼ 5% at Pc and 1
above Pc. It implies that the original superconducting state
(SC1) transits into the second superconducting phase (SC2)
under pressure. The 4π (M/H ) of SC1 decreases from 1 to
nearly zero at Pc while the 4π (M/H ) of SC2 increases from
zero to 1; a similar phenomenon is accompanied by pressure-
induced structural transitions [26].

Pressure dependence of the superconducting parameters of
Hc1(0),Hc2(0), λL(0), ξ (0), κGL(0) are studied by measuring
magnetic susceptibility. The M(T) curve is shown in Figs. 3(a)
and 3(b) for BaBi3. The 4π (M/H )ZFC and 4π (M/H )FC are
100% and ∼5% for each P, which is the feature of type-II SCs.
Accordingly, both Hc2(0) and Hc1(0) are calculated and sum-
marized in Figs. 4(b) and 4(c), and Table S2 in the Supplemen-
tal Material [22]. Hc2(0) decreases monotonously to 13.3 kOe
at 0.85 GPa, then jumpily to 3.77 kOe at 1.22 GPa, and then
decreases with increasing the pressure, but Hc1(0) shows an
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FIG. 4. Superconducting parameters with pressure: (a) Tc, (b)
Hc1(0), (c) Hc2(0), (d) η, (e) λL, (f) ξ , (g) κGL for BaBi3; (h) Tc, (i)
Hc1(0), (j) Hc2(0), (k) η, (l) λL, (m) ξ , (n) κGL for SrBi3; the dished
lines indicate the change trends.

enhancement at Pc at first, and then decreases with pressure.
It manifests that SC1 is more robust than SC2 [27]. Then, ξ (0),
λL(0), and κGL(0) are calculated in Figs. 4(e)–4(g). These
parameters jump around Pc. In detail, λL decreases while ξ

shows a monotonous increase with increasing the pressure.
As a result, κGL of BaBi3 decreases from 10.53 at AP to 0.86
at 1.17 GPa, and then tends to saturation. It suggests that de-
crease of κGL at Pc is closely related with structural transition.
We note that κGL of BaBi3 is larger than 1√

2
in both SC1

and SC2, indicating that both are type-II SCs. We also focus
on M(H)s of BaBi3 as in Figs. 3(c)–3(l): it is thin and con-
cave for SC1 and becomes plump and symmetrical for SC2,
reflecting different superconducting properties. In the same
way, the susceptibility of SrBi3 was plotted in Fig. S2 (0.50,
0.82, 1.20, 1.69 GPa) in the Supplemental Material [22].
With increasing the pressure, the divergences of M (T )ZFC

and M (T )FC decrease. As a result, the 4π (M/H )ZFC remain
unchanged, ∼85%, while the 4π (M/H )FC increases from
45% at AP to ∼80% at 1.20 GPa. Figures 4(h)–4(n) show
the Hc1(0),Hc2(0)ξ (0), λL(0), and κGL(0) as a function of
pressure. It is found that Hc2(0) and Hc1(0) decrease until
1.69 GPa while ξ (0) and λL(0) increase. The κGL decreases

FIG. 5. Type-I SC, type-II SC, and the conversions. Pressure
dependence of Hc1(0), Hc2(0) is plotted and the colors represent the
changes of fields. Phase diagram of P − H − �M × H , where �M
is the difference of hysteresis loops under the same field.

from 0.76 at AP to 0.72 at 0.82 GPa, which approaches
the typical value of 1√

2
at 1.20 GPa. Meanwhile, the larger

magnetic hysteresis decreases with increasing the pressure,
and disappears above 1.20 GPa. These features are the evi-
dence for the crossover from a type-II to a type-I SC [1,2].

Figure 5 presents type-I SC, type-II SC, and the conver-
sion. In BaBi3, from SC1 to SC2, Hc2(0) decreases while
Hc1(0) increases around Pc, which accounts for the jump
of κGL, while in SrBi3, large and insensitive pressure de-
pendence of Hc1(0) is an inducement of the decrease in
κGL. In Figs. 4(d) and 5(k), a parameter η = [Hc2(0) −
Hc1(0)]/Hc2(0) is used to describe the evolution of Hc1(0) and
Hc2(0): type I (η � 1) and type II (η � 1). η decreases from
85.4 at AP to 4.18 at 1.22 GPa in BaBi3, and from 2.76 at AP
to 1√

2
above 1.20 GPa in SrBi3, indicating pressure-induced

crossover. Type-II SC has a strong flux-pinning effect, which
is not possible in a “clean” type-I SC. Thus, a type-II SC can
be distinguished. In Fig. 3 and Fig. S2 in the Supplemental
Material [22], �M is defined as the width of the hysteresis
loop and is proportional to critical current density by the
Bean models. In BaBi3, �M increases at first and its value at
1.22 GPa is 2 times larger than that at AP, and then decreases
with increasing the pressure. In SrBi3, �M(H) decreases in the
same shape with SC2 of BaBi3 and the magnitude decreases
to nearly 20 times smaller above 1.20 GPa, which suggests
the pressure-induced crossover. However, an inconsistency
is that the pinning effect is not completely eliminated in
SrBi3. One reason is the interference of impurities which
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makes a type-I SC behave as a type-II SC. Similar phenomena
frequently appear in type-I SCs [8,9]. In addition, �M × H

at 2 K in Figs. S3(c) and S3(d) changes from a platform
peak below Pc to a single sharp peak above Pc in BaBi3
(Supplemental Material [22]). In SrBi3, it decreases to nearly
zero above 1.20 GPa. These characteristics confirm the
crossover again.

The constructed Fermi surface along with tetragonal-cubic
phase transition is critical to two district superconducting
phases. In BaBi3, high pressure decreases Tc but with a sudden
rise at Pc. Several origins are proposed: the first scenario is
that pressure broadens energy bands and results in a decrease
in N (EF ) [23]. It is consistent with the dominated s-wave
gaps [10,11,13] and Matthias rules [15]. The second factor is
SOC, which is conducive to superconducting pairs and causes
an increase of the electron-phonon coupling and N (EF ) [13].
Tc decreases if SOC is suppressed by pressure. Thirdly, the
increase of Tc at Pc is unusual in BaBi3. As above, the features
of SC2 in BaBi3 are similar to those of SrBi3, giving us a
convincing reason to believe that structural transition causes
the increase of Tc comparable to the Na doping [15]. Similar
behaviors have been reported in CaC6 and Bi [26,28,29].
One more interesting item is the crossover from type-II to
type-I SC in SrBi3. It has been argued that a type-I SC
can be converted into a type-II SC by introducing impurities
[5,6]. Because disorders shorten electron mean free path and
lead to the increases of κGL in the “dirty”-limit SCs. Thus,
this crossover is inclined to be an electronic transition since

high pressure is a clean method [2,3]. Several mechanisms
are possible: The first is that pressure reshapes bands and
enhances carrier concentration. One result is to shorten the
electron mean free path, which goes against the crossover in
the dirty limit. However, κGL is not related with the electron
mean free path in the “clean” limit. If this assumption is true,
κGL is inclined to be related with Hc1(0) and λL(0), which
is consistent with the above discussions. The second is the
weakness of SOC and the electron-phonon coupling, which
weakens electron correlations [11,13]. The third scenario is
the varieties of vortex interactions along with lattice contrac-
tions, which has been predicted [7]. To clarify this, more
theoretical/experimental studies are required.
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