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A B S T R A C T   

Magnesium has been doped into the B-site of BaBi0.25Pb0.75O3− δ to form a solid solution Ba 
(Bi0.25Pb0.75)1− xMgxO3− δ (0 ≤ x ≤ 0.10) by solid-state reaction. The X-ray, neutron, and selected area electron 
diffraction are used to confirm that this solid solution crystallizes in triclinic space group P1. The unit cell volume 
of Ba(Bi0.25Pb0.75)1− xMgxO3− δ increases with Mg, which is surprising because the radius of Mg2+ is smaller than 
any radius of Bi3+, Bi5+, Pb2+, and Pb4+. XPS and iodometric titration data of samples show that the oxygen 
vacancies increase with Mg in Ba(Bi0.25Pb0.75)1− xMgxO3− δ. The increased oxygen vacancies result in increase of 
Bi3+:Bi5+ and Pb2+:Pb4+ ratios, which is the utmost possible reason for unit cell volume increase. They are all 
superconductors with Tzero

C (the highest temperature at which the electrical resistivity becomes “zero”) between 
11.2 and 9.2 K.   

1. Introduction 

Superconductors are magical materials with promising applications 
based on the perfect diamagnetism and practical zero resistivity in their 
superconducting state. They have been widely used as electromagnets in 
MRI/NMR machines [1], mass spectrometers [2], particle accelerators 
[3], and some tokamaks [4]. They are also promising in 
high-performance smart grid [5], electric power transmission [6], 
transformers [7], power storage devices [7], electric motors [8], mag
netic levitation devices [9], fault current limiters [10], and super
conducting magnetic refrigeration [11]. Finding a new superconductor 
or improving the properties of a known superconductor is something 
exciting. The finding of a room-temperature superconductor [12] is very 
exhilarating. It is still exciting to find superconductivity in magic-angle 
graphene (TC ~ 1.7 K) [13], a nearly ferromagnetic spin-triplet UTe2 
(TC ~ 1.6 K) [14], and an infinite-layer nickelate Nd0.8Sr0.2NiO2 (TC ~ 
10.8 K) [15]. The improvement of superconductivity in LnFeAsO1-xFx by 
changing La to Sm (TC changing from 26 K for LaFeAsO1-xFx to 43 K for 

SmFeAsO1-xFx) [16] is also very striking. Many well-known supercon
ductors are layered compounds with strong anisotropic superconducti
vity, such as LnBa2Cu3O7-δ [17,18], MgB2 [19,20], LaFeAsO1-xFx [21], 
A1-xFe2-ySe2 (A = K, Cs, Rb, Tl) [22], and so on. This anisotropy is not 
helpful for the use of the corresponding superconductors. The finding of 
an isotropic superconductor with TC > 40 K is significant [23]. In fact, 
the isotropic superconductors are not too less, which include the most 
element superconductors [24], many alloy superconductors [24], 
BaBiO3-based superconductors, the recent reported hydrogen-rich ma
terials under high pressure such as H3S [25] and LaH10 [26]. Although 
room temperature superconductivity has already been found in 
hydrogen-rich materials [12], the high pressure needed hinders their 
wide application. More efforts are needed to find new isotropic super
conductors, or to improve the existing isotropic superconductors. 
BaBiO3-based material showing the highest TC at normal pressure in the 
isotropic superconductors is one of the promising candidates for modi
fication. Therefore, since the reports of superconductivity in 
BaBi1− yPbyO3− δ [27] and Ba1-xKxBiO3 [28], BaBiO3 based 
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superconductors have grown to a unique family [29,30]. They all crys
talize in perovskite structure with a typical ABO3 formula. The cation at 
the B site is six coordinated by the anions at the O site to form BO6 
octahedra, which connect by corner-sharing of the anions at the O site to 
build a three-dimensional network [29]. This is helpful to build the 
three-dimensional superconductivity in these BaBiO3 based supercon
ductors. The cations at A site occupy the cavities surrounding by eight 
corner-sharing BO6 octahedra. This structure is very flexible. Many 
different cations can appear at the A and B sites for the BaBiO3 based 
superconductors, such as Na+, K+, Rb+, Sr2+, Ba2+, Y3+, La3+, Ce4+, 
Pr3+(and/or Pr4+), Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Er3+, 
Tm3+, Yb3+, Lu3+, and Bi3+ are found in the A site [31–40], Na+, Tl3+, 
Bi3+, Bi5+, Pb2+, Pb4+, Mg2+, Sb5+ and In3+ are found in the B site 
[41–46]. Different from Bi3+, Bi5+, Pb2+, Pb4+ and In3+, only KBa3(
Bi0.89Na0.11)4O12 [41], BaBi0.25Tl0.25Pb0.50O3-δ [42], Ba0.62K0.38

Bi0.92Mg0.08O3 [44], are reported to be superconductor with Na+, Tl3+, 
and Mg2+ at the B site respectively. Therefore, it is very interesting to 
synthesize more BaBiO3 based superconductors with Na+, Tl3+, Mg2+, or 
other cation which has not been reported in the B site. Herein, the 
synthesis of solid solution Ba(Bi0.25Pb0.75)1− xMgxO3− δ (0 ≤ x ≤ 0.10) 
through the solid-state method is reported. It is found that Tzero

C de
creases very slowly from 11.2 K for BaBi0.25Pb0.75O3− δ to 9.2 K for Ba 
(Bi0.25Pb0.75)0.90Mg0.10O3− δ, which is higher than 7 K for Ba0.62K0.38

Bi0.92Mg0.08O3 [44]. This decrease is related to the departure from the 
optimal hole-doping state of BaBi0.25Pb0.75O3− δ by Mg2+ doping and 
oxygen vacancies changing in the sample Ba(Bi0.25Pb0.75)1-xMgxO3-δ. 

2. Experimental 

The Ba(Bi0.25Pb0.75)1-xMgxO3-δ (x = 0.00, 0.01, 0.02, 0.03, 0.04, 
0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.12, 0.14, 0.16, 0.18,and 0.20, 
denoted as Mg1, Mg2, …, and Mg16, respectively) samples have been 
synthesized from MgO (99.9%), BaCO3 (99.9%), Bi2O3 (99.9%), as well 
as PbO (99.9%). The oven-dried raw materials were weighed according 
to the molar ratios of the nominal formula Ba(Bi0.25Pb0.75)1-xMgxO3-δ 
and were ground using an agate mortar and a pestle for about 30 min, as 
well as calcined at 760 ◦C for 12 h. Then the calcined materials were 
ground again, pressed into pellets under 30 MPa, and re-calcined at 
780 ◦C for 12 h. The materials were re-ground and re-pressed into cy
lindrical pellets to undertake five thermal treatments for 12 h at 820 ◦C 
(x = 0.00, Mg1), 840 ◦C (x = 0.01, Mg2), 860 ◦C (x = 0.02, Mg3), 880 ◦C 
(x = 0.03, Mg4), 900 ◦C (x = 0.04, Mg5), 920 ◦C (x = 0.05, Mg6; x =
0.06, Mg7), 940 ◦C (x = 0.07, Mg8; x = 0.08, Mg9), 960 ◦C (x = 0.09, 
Mg10; x = 0.10, Mg11; x = 0.12, Mg12; x = 0.14, Mg13), 980 ◦C (x =
0.16, Mg14; x = 0.18, Mg15; x = 0.20, Mg16) for the samples with the 
nominal formula Ba(Bi0.25Pb0.75)1-xMgxO3-δ respectively. All the treat
ments are a furnace cooling in the air every time with intermediate 
grinding and then pressing into pellets under 30 MPa. The above suit
able treatment temperature for each sample was obtained by the 
following processes: (a) The samples are treated at a temperature (such 
as 820 ◦C) for five 12 h treatments, then the X-ray diffraction data of 
these samples are obtained and analyzed; If the X-ray diffraction data of 
a selected sample is belonged to a single phase, further treatment is not 
needed for this sample, the corresponding temperature is the suitable 
treatment temperature for this sample; (b) the other samples should be 
treated at a temperature higher than before for about 20 ◦C for five 12 h 
treatments following with the check of the X-ray diffraction data; (c) If 
the X-ray diffraction data of a selected sample is belonged to a single 
phase or is almost the same as that obtained last time (this means the 
equilibrium state is obtained for this sample), further treatment is not 
needed for this sample, this temperature is the suitable treatment tem
perature for this sample; otherwise, the process (b) is continued. PAN
alytical X’Pert Powder diffractometer was used to collect Powder X-ray 
diffraction (PXRD) data between 5 and 120◦ (2θ) at steps of 0.0131◦ for 
2 h. The diffractometer produced Cu Kα (λ1 = 0.15405 nm and λ2 =

0.15443 nm) radiation at 40 kV and 40 mA at room temperature. 

Neutron powder diffraction (NPD) data of the samples Mg1, Mg3, Mg5, 
Mg9, Mg12, Mg14, and Mg15 at room temperature were obtained using 
the instrument Echidna at the OPAL reactor (Lucas Heights, Australia) of 
the Australian Nuclear Science and Technology Organization (ANSTO) 
at λ = 1.62150 Å. GSAS program was used to analyze the x-ray and 
neutron diffraction data [47,48]. Selected area electron diffractions 
(SAED) were performed on JEM2100 (accelerating voltage: 200 kV). 
The valence state of elements in the samples was investigated via the 
X-ray photoelectron spectroscopy (XPS) patterns using a UK Kratos Axis 
Ultra spectrometer. The chamber pressure was not more than 5.0 ×
10− 9 Torr. The electron binding energies were calibrated with the C 1s 
peak at Eb = 284.8 eV as a reference. The magnetic property and re
sistivity of Ba(Bi0.25Pb0.75)1-xMgxO3-δ was tested via a cryogenic Physical 
Property Measurement System (PPMS, supplied by East Changing, 
China) from 2 to 20 K. 

3. Results and discussion 

3.1. Solid solution and structure of Ba(Bi0.25Pb0.75)1-xMgxO3-δ 

Powder X-ray diffraction patterns of the samples Mg1 to Mg16 are 
similar each other as shown in Fig. 1. This may suggest that the structure 
of the main phase in each sample is similar as that of Mg1 
(BaBi0.25Pb0.75O3− δ), which has been confirmed to crystallize in a 
triclinic space group P1 previously [46]. SAED patterns of several 
samples have been checked, which can be well indexed by the triclinic 
space group P1 with similar lattice parameters of Mg1 (a ≈ 6.063 Å, b 
≈6.057 Å, c ≈6.070 Å, α ≈60.23◦, β ≈59.87◦, and γ ≈60.04◦). Therefore, 
the structural parameters for Mg1 are used as the starting model to 
refine the X-ray and neutron diffraction patterns of the samples Mg2 to 
Mg16. More diffraction peaks other than those of Mg1 can be found in 
the diffraction patterns for Mg15, and Mg16 as shown in Fig. 2c, which 
belongs to BaCO3 [49]. In addition, although diffraction peaks corre
sponding to MgO [50] are not easy to be found in the X-ray diffraction 
patterns of Mg15, they can be found in the neutron diffraction patterns 
of Mg15, which are shown in Fig. 2d. After careful checking, the 
diffraction peaks corresponding to BaCO3 and MgO are also found in the 

Fig. 1. X-ray diffraction data of the sample with the nominal formula Ba 
(Bi0.25Pb0.75)1-xMgxO3-δ. (x = 0.00 (Mg1), 0.01 (Mg2), 0.02 (Mg3), 0.03 (Mg4), 
0.04 (Mg5), 0.05 (Mg6), 0.06 (Mg7), 0.07 (Mg8), 0.08 (Mg9), 0.09 (Mg10), 
0.10 (Mg11), 0.12 (Mg12), 0.14 (Mg13), 0.16 (Mg14), 0.18 (Mg15), and 0.20 
(Mg16)). The indexes shown near the X-ray diffraction data of Mg1 are based on 
triclinic cell a≈6.064, b ≈ 6.057, c ≈ 6.065 Å, α ≈ 60.22◦, β ≈ 59.92◦, γ ≈
60.04◦. Because a≈b ≈ c, α≈β≈γ, the index abc (such as 123) includes bac 
(213), bca (231), acb (132), cab (312), cba (321), and so on. In addition, for the 
limit of space, several indexes are not shown. For example, there are also in
dexes (20 2), (02 2), (2 2 0) for the peaks around the index (242). 
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X-ray diffraction data of Mg12, Mg13, Mg14, and the neutron diffraction 
data of Mg12 and Mg14. In this case, the X-ray and Neutron diffraction 
data of Mg12 to Mg16 are refined using three phases; the main phase 
with a structure similar to Mg1, BaCO3 phase, and MgO phase. The re
finements are acceptable with Rx

wp < 0.07 and Rx
p < 0.05 for X-ray 

diffraction data, Rn
wp < 0.06 and Rn

p < 0.05 for neutron diffraction data. 
The samples Mg1 to Mg11 are single-phase. The corresponding re
finements are very nice as shown in Fig. 2 for Mg5 with Rx

wp < 0.05 and 
Rx

p < 0.04 for X-ray diffraction data, and Rn
wp < 0.06 and Rn

p < 0.05 for 
neutron diffraction data. 

The unit cell volume of the Ba(Bi0.25Pb0.75)1-xMgxO3-δ phase in the 
studied samples has been obtained with the help of the Rietveld 
refinement, which is shown in Fig. 3. The unit cell volume increases 
linearly with an enhancement of Mg in the samples with the nominal 
formula Ba(Bi0.25Pb0.75)1-xMgxO3-δ when x < 0.10, which agrees well 
with Vegard’s law [51,52]. When x > 0.10, the unit cell volume of the Ba 
(Bi0.25Pb0.75)1-xMgxO3-δ phase reaches a constant. Therefore, the solid 
solution limit is about x = 0.10(1). Impurities such as BaCO3 and MgO 
are found in the samples with the nominal formula Ba 
(Bi0.25Pb0.75)1-xMgxO3-δ when x > 0.10 as mentioned above. 

The increase of the unit cell volume of Ba(Bi0.25Pb0.75)1-xMgxO3-δ 
phase with an increase of Mg in the sample is surprising. As well known, 
the ionic radius of Mg2+ (rMg2+ = 0.72 Å (6-coordinated)) is smaller than 
that of Bi3+ (rBi3+ = 1.03 Å (6-coordinated)), Bi5+ (rBi5+ = 0.76 Å (6- 
coordinated)), Pb2+ (rPb2+ = 1.19 Å (6-coordinated)), and Pb4+ (rPb4+ =

0.775 Å (6-coordinated)). It is reasonable to expect that the unit cell 
volume of Ba(Bi0.25Pb0.75)1-xMgxO3-δ phase should decrease with an 

increase of Mg in the sample as reported for the solid solution BaBi1- 

xTaxO3 [53]. Similar phenomenon has been reported for the solid solu
tions Ba1-xPrx(Bi0.20Pb0.80)O3-δ (0 ≤ x ≤ 0.17) and Ba1-xCex(Bi0.20Pb0.80) 
O3-δ (0 ≤ x ≤ 0.16) [30]. Although the radius of Ce4+ (rCe4+ = 0.97 Å) 
(eight coordinated)), Pr4+ (rPr4+ = 0.96 Å) (eight coordinated)), or Pr3+

(rPr3+ = 1.126 Å) (eight coordinated)) is smaller than that of Ba2+ (rBa2+

= 1.42 Å) (eight coordinated)), the unit cell volume of solid solutions 
Ba1-xPrx(Bi0.20Pb0.80)O3-δ (0 ≤ x ≤ 0.17) and Ba1-xCex(Bi0.20Pb0.80)O3-δ 

Fig. 2. Rietveld plot of the X-ray (a, Mg5; c, Mg15) and neutron diffraction data (b, Mg5; d, Mg15) of the selected samples at room temperature. The plus symbol 
represents the observed value, the solid line represents the calculated value, the marks below the diffraction patterns are the calculated reflection positions, and the 
difference curve is shown at the bottom in the figure. 

Fig. 3. Composition dependent unit cell volume of Ba(Bi0.25Pb0.75)1-xMgxO3-δ.  
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(0 ≤ x ≤ 0.16) increases with an increase of Ce or Pr in the samples. This 
has been attributed to that in order to balance the charge of the sample, 
the increase of Ce4+, Pr4+, or Pr3+ will increase Bi3+(and/or Pb2+) and 
decrease Bi5+(and/or Pb4+) in the sample. Then the average radius of 
the atoms at the B site will increase, which may increase the unit cell 
volume. More details are discussed in the previous work on Ba1-xLnx(
Bi0.20Pb0.80)O3-δ (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
Lu) [30]. If one considers the above charge balance effect, the increase of 
Mg in the samples Ba(Bi0.25Pb0.75)1-xMgxO3-δ should induce more 
Bi5+(and/or Pb4+) and less Bi3+(and/or Pb2+) under an assumption that 

δ is almost the same for all the samples, which will cause a decrease of 
the unit cell volume because the radius of Bi5+(Pb4+) is smaller than that 
of Bi3+(Pb2+). However, this is not agreed with the present experimental 
data. Then, one may argue that oxygen vacancies are involved in the 
balance of the charge. Maybe some Bi5+(Pb4+) is converted to 
Bi3+(Pb2+) due to an increase of oxygen vacancies to increase the unit 
cell volume. In order to validate this assumption, in the next sections, 
the amount of oxygen vacancies in the samples was assessed by XPS and 
iodometric titration. 

Fig. 4. Binding energies of the survey (a), Ba (b), Bi (c), Pb (d), Mg (e), and O (f) of Ba(Bi0.25Pb0.75)1-xMgxO3-δ (x = 0.00, Mg1;x = 0.02, Mg3; x = 0.04, Mg5; x =
0.06, Mg7; x = 0.08, Mg9). 

X. Zheng et al.                                                                                                                                                                                                                                   



Solid State Communications 360 (2023) 115051

5

3.2. Valence of Ba, Bi, Pb, Mg, and O in Ba(Bi0.25Pb0.75)1-xMgxO3-δ 

X-ray photoelectron spectroscopy (XPS) data of selected samples 
Mg1, Mg3, Mg5, Mg7, and Mg9 belonging to the solid solution Ba 
(Bi0.25Pb0.75)1-xMgxO3-δ (0 ≤ x ≤ 0.10) are shown in Fig. 4. The survey 
spectrum (Fig. 4a) indicates that Ba, Bi, Pb, Mg, and O elements are 
present in the sample (where the C element is produced by the XPS in
strument itself). The high-resolution Ba 3 d spectrum (Fig. 4b) shows 
two symmetric peaks at 779.27 and 794.56 eV corresponding to 3d5/2 
and 3d3/2 of Ba2+ ions [54]. No obvious changes occur in the doped 
samples. This suggests that the valence state of Ba remains unchanged. 
The XPS spectra of Bi 4f7/2, Bi 4f5/2, Pb 4f7/2, and Pb 4f5/2 given in 
Fig. 4c and d are doublets. The peaks corresponding to Bi 4f7/2, Bi 4f5/2, 
Pb 4f7/2, and Pb 4f5/2 can be fitted for two peaks, 4f7/2 of Bi3+ (158.2 eV) 
and Bi5+ (158.9 eV), 4f5/2 of Bi3+ (163.5 eV) and Bi5+ (164.2 eV), 4f7/2 
of Pb2+ (136.9 eV) and Pb4+ (137.7 eV), and 4f5/2 of Pb2+ (141.7 eV) 
and Pb4+ (142.5 eV) [46,55,56]. Table 1 shows the ratios of Bi3+:Bi5+

and Pb2+:Pb4+ in each sample analyzed by XPS. With an increase of Mg 
in the sample, the ratios of Bi3+: Bi5+ and Pb2+: Pb4+ increase, which 
suggests that the relative amount of Bi3+ (Pb2+) increases. This may be 
the reason why the unit cell volume increases with an increase of Mg in 
the samples. 

XPS of Mg 2p has no obvious signal for Mg1 as shown in Fig. 4e. With 
an increase of Mg in the sample, the corresponding peaks for Mg2+ occur 
around 50 eV and then enhance. The O 1s spectrum has two peaks 
assigned at O1 1s (528.81 eV) and O2 1s (530.65 eV) corresponds to O2−

ions without the oxygen vacancy in the near neighbor and O2− ions with 
the oxygen vacancy in the near neighbor, respectively (Fig. 4f) [57,58]. 
The intensity of O2 1s peak (IO21S ) gradually enhances with increase of 
Mg, which suggests that the oxygen vacancy gradually increases. The 
ratio IO21S : IO11S for each sample is listed in Table 2. 

3.3. Oxygen vacancy in Ba(Bi0.25Pb0.75)1-xMgxO3-δ 

XPS analysis qualitatively determines the presence of oxygen va
cancies in the samples. To quantitively estimate the oxygen vacancies, 
an iodometric titration is performed for representative samples. The 
corresponding data is shown in Fig. 5a. The oxygen vacancies increase 
with an increase of Mg in the solid solution Ba(Bi0.25Pb0.75)1-xMgxO3-δ. 
Given that the samples are neutral, it is reasonable to deduce that the 
number of the electron per 6 S orbital from the obtained value of oxygen 
vacancy decreases with increasing Mg content in the samples, which in 
turn means an increase in the content of holes in the samples. Comparing 
the data shown in Figs. 4f and 5a, it is interesting that even for the 
sample Mg1 where the content of oxygen vacancy is only about 1% the 
intensity of XPS peak O2 1s related to the oxygen with “direct” inter
action to oxygen vacancy is stronger than that of O1 1s related to the 
oxygen without “direct” interaction to oxygen vacancy. However, when 
the content of oxygen vacancy reaches about 2% for the sample Mg5 the 
corresponding intensity of XPS peak O2 1s does not double. 

This may mean that the relationship between the content of oxygen 
vacancy and the intensity of XPS peak O2 1s is not linear. A quadratic 
function model is suggested as below: 

R=A δ + B δ2 (1) 

Here, R is the ratio of IO21S : IO11S , δ the content of oxygen vacancy in 
the sample Ba(Bi0.25Pb0.75)1-xMgxO3-δ. The fitting result is shown in 
Fig. 5b. Two data from Ba(Bi0.25Pb0.75)1-xInxO3-δ [46] are also used, 
which are marked by a triangle in Fig. 5b. The origin marked by the 
square is suggested under the consideration that if there is no oxygen 
vacancy the intensity of XPS peak O2 1s should be zero. The fitting of the 
present data by the above quadratic function model seems acceptable. 
More precise data should be obtained to help the establishment of the 
relationship between the intensity of XPS peak O2 1s and the content of 
oxygen vacancy in the sample. 

3.4. Superconductivity of Ba(Bi0.25Pb0.75)1-xMgxO3-δ 

Typical magnetic susceptibilities for the studied samples have been 
shown as the inset of Fig. 6a. When the temperature decreases, the 
magnetic susceptibilities start to drop to more minus value around ~11 
K–~12 K for all samples, which is noted as Tmag

C . For the pure single- 
phase sample, such as Mg1, Mg2, Mg5, or Mg7, the drop is obvious. 
When the sample contains some impurity such as BaCO3 and MgO as 
mentioned above, the drop is gentle as shown in Fig. 6a for Mg11 and 
Mg16. This is due to the decrease of the component of superconductor 
phase in the samples. The composition-dependent shielding volume 
fraction of the studied samples at 8 K is shown in Fig. 6a. With an in
crease of Mg in the nominal formula Ba(Bi0.25Pb0.75)1-xMgxO3-δ, the 
shielding volume fraction decreases, which means that the supercon
ductive component decreases. 

Temperature dependent resistance of the samples Mg1 to Mg16 was 
measured between 2 and 20 K. Typical data were shown in Fig. 6b and c 
for the samples Mg2, and Mg13. The electrical resistance of all samples 
increases when the temperature decreases to a certain temperature, after 
that the electrical resistance begins to decrease sharply. This tempera
ture is noted as Tonset

C , which is very close to Tmag
C of the corresponding 

sample. With the further decrease of temperature, zero resistance can be 
reached for all samples below a certain temperature (noted as Tzero

C ). The 
composition-dependent Tzero

C for Ba(Bi0.25Pb0.75)1-xMgxO3-δ are dis
played in Fig. 6d. Tzero

C tends to decrease with an increase of Mg for Ba 
(Bi0.25Pb0.75)1-xMgxO3-δ (0 ≤ x ≤ 0.10) as indicated by the solid line 
shown in Fig. 6d. This may be related to the decrease of the electrons in 
the 6 S orbital as shown in Fig. 5a, which makes the sample deviate from 
the optimal hole-doping state of BaBi0.25Pb0.75O3-δ. This result is similar 
to that reported for Ba(Bi0.25Pb0.75)1-xInxO3-δ [45]. One may find that the 
values Tzero

C for Ba(Bi0.25Pb0.75)1-xMgxO3-δ and Ba(Bi0.25Pb0.75)1-xInxO3-δ 
are almost the same if the number of the electron per 6 S orbital in both 
samples are the same. The zero resistivity can also be measured for the 
sample with some impurities. With an increase of impurities, the 

Table 1 
Binding energies (eV) of Bi 4f7/2, Bi 4f5/2, Pb 4f7/2, Pb 4f5/2, the ratio of Bi3+:Bi5+ and Pb2+:Pb4 for Ba(Bi0.25Pb0.75)1-xMgxO3-δ   

4f7/2 4f5/2 Bi3+:Bi5+ 4f7/2 4f5/2 Pb2+:Pb4+

Bi3+ Bi5+ Bi3+ Bi5+ Pb2+ Pb4+ Pb2+ Pb4+

Mg1 158.17 158.69 163.44 164.01 0.25:0.75 136.80 137.70 141.64 142.54 0.14:0.86 
Mg3 158.27 158.93 163.56 164.21 0.32:0.68 136.98 137.79 141.82 142.63 0.15:0.85 
Mg5 158.13 158.77 163.19 164.01 0.35:0.65 136.80 137.59 141.63 142.42 0.18:0.82 
Mg7 158.16 158.97 163.37 164.30 0.40:0.60 136.90 137.65 141.77 142.50 0.20:0.80 
Mg9 158.20 158.95 163.41 164.30 0.42:0.58 136.92 137.77 141.80 142.62 0.22:0.78  

Table 2 
Binding energies (eV) of O 1s and the ratio of IO21S : IO11S for Ba(Bi0.25Pb0.75)1- 

xMgxO3-δ   

O1 1s O2 1s IO21S : IO11S 

Mg1 528.81 530.65 0.633:0.367 
Mg3 528.93 530.81 0.647:0.353 
Mg5 528.73 530.92 0.719:0.281 
Mg7 528.80 531.00 0.785:0.215 
Mg9 528.86 531.03 0.760:0.240  
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measured Tzero
C tends to decrease as shown by the dot line in Fig. 6d, 

which may mean that the existence of impurities may affect the number 
of the electron per 6 S orbital in the sample to change the Tzero

C of the 
corresponding sample. 

It is interesting that although the shielding volume fraction of the 
studied sample at 8 K is lower than 20%, the “zero” resistance can be 
measured above 8 K for most of the studied samples. The low shielding 
volume fraction reported here seems comparable to that reported for 
Ba0.60K0.40BiO3-δ [28], but is significantly lower than that reported for 
(Ba0.62K0.38)(Bi0.92Mg0.08)O3 [44]. It is also interesting that a very nar
row gap (about 0.5 K) between Tonset

C and Tzero
C is observed for some of our 

bulk samples such as Mg2 shown in Fig. 6b, which may cause a wrong 

impression that Tzero
C of Mg2 may be better than its Tmag

C if one compares 
the data shown in Fig. 6b and the inset of Fig. 6a. Of course, the basic 
reason for this is the thermometers to monitor the temperature of the 
sample for magnetic and resistance measurement are different in our 
liquid helium free cryogenic Physical Property Measurement (PPMS, 
supplied by East Changing, China), which are denoted as Tmag and Tres 

respectively. For resistance measurement, the thermometer is along 
with the sample. And for magnetic measurement, the thermometer is a 
little far from the sample. In our system, the difference between Tmag 

could be 0.5 K lower than Tres at the steady measurement condition 
below 30 K. Therefore, there is a chance to observe that Tzero

C of a certain 
sample is very closed to its Tmag

C . 

Fig. 5. The composition-dependent oxygen vacancy δ and electron per 6 S orbital of Ba(Bi0.25Pb0.75)1-xMgxO3-δ (a), the relationship between the ratio of IO21S : IO11S 

and oxygen vacancy δ for Ba(Bi0.25Pb0.75)1-xMgxO3-δ (b). The data shown by squares and circles in Fig. 5b are from Ba(Bi0.25Pb0.75)1-xInxO3-δ [45] and Ba 
(Bi0.25Pb0.75)1-xMgxO3-δ, respectively. 

Fig. 6. Composition-dependent shielding volume fraction for Ba(Bi0.25Pb0.75)1-xMgxO3-δ (a), temperature-dependent resistance of Mg2 (b) and Mg13 (c), and 
composition-dependent Tzero

C for Ba(Bi0.25Pb0.75)1-xMgxO3-δ (d). Inset gives dc magnetic susceptibility curves of Mg1, Mg2, Mg5, Mg7, Mg11, and Mg16 under a 
measured magnetic field of 500 Oe. 
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As shown in Fig. 6d, Tzero
C of all Ba(Bi0.25Pb0.75)1-xMgxO3-δ (0 ≤ x ≤

0.10) is above 9.2 K, which is little higher than 7 K reported for 
(Ba0.62K0.38)(Bi0.92Mg0.08)O3 [44]. The difference among them may be 
related to the different hole-doping states discussed below. (Ba0.62K0.38) 
(Bi0.92Mg0.08)O3 is related to (Ba1-xKx)BiO3 with a maximum TC of about 
34 K [59]. As reported by S. Y. Pei et al. [60], TC of (Ba1-xKx)BiO3 
changes with the change of K in the samples with a maximum of TC at 
about x = 0.40, which is explained as that optimal-doped state is real
ized around x = 0.40 [61]. When more or less Ba2+ cations are replaced 
by K+, more or fewer holes appear which causes the decrease of TC [59]. 
Put simply, when x Ba2+ is replaced by x K+ in BaBiO3 to form 
Ba1-xKxBiO3, there will be x hole in the compound Ba1-xKxBiO3. When 
y/2Bi5+ + y/2Bi3+ are replaced by y Mg2+ in BaBiO3 (It is suggested that 
BaBiO3 should be noted as Ba2BiIIIBiVO6 [29]) to form BaBi1-yMgyO3, 
there will be 2y hole in the compound BaBi1-yMgyO3. As a result, there 
are about 0.4 hole per Ba0.60K0.40BiO3, and 0.56 (0.38 + 2 × 0.08) hole 
per (Ba0.62K0.38)(Bi0.92Mg0.08)O3. Therefore, it is reasonable to find the 
TC of (Ba0.62K0.38)(Bi0.92Mg0.08)O3 is just about 7 K following the trend 
shown in (Fig. 2) of the reported work by S. Y. Pei et al. [60]. 

The superconductor Ba(Bi0.25Pb0.75)1− xMgxO3− δ (0 ≤ x ≤ 0.10) re
ported in our manuscript is related to hole-doped superconductors 
BaPb1− xBixO3− δ with an optimal hole-doping state around x = 0.22 re
ported by Z. F. Wu et al. [62]. When x < 0.22, more Pb are doped in the 
sample BaPb1− xBixO3− δ, which means that there are more holes in the 
sample. TC of the corresponding BaPb1− xBixO3− δ will decreases as 
indicated by Z. F. Wu et al. [61]. For simplicity, BaPb0.75Bi0.25O3 is 
suggested as the optimal hole-doping sample. When x Bi is replaced by x 
Pb, x hole will be added in the sample BaPb0.75+xBi0.25-xO3. At the same 
time, when x Bi0.25Pb0.75 is replaced by x Mg, 2x hole will be added in 
the sample Ba(Bi0.25Pb0.75)1− xMgxO3. For the sample Ba 
(Bi0.25Pb0.75)0.90Mg0.10O3, there are more 0.20 holes per Ba 
(Bi0.25Pb0.75)0.90Mg0.10O3 than that for the optimal hole-doping sample 
BaPb0.75Bi0.25O3. Then following the trend shown in (Fig. 4) of the re
ported work by Z. F. Wu et al. [62], TC for Ba(Bi0.25Pb0.75)0.90Mg0.10O3 
should be below 5 K. However, as shown in Fig. 5, oxygen vacancies 
increase with an increase of Mg in our samples Ba 
(Bi0.25Pb0.75)1− xMgxO3− δ, which decreases holes in the samples. As a 
result, TC of about 9.2 K is obtained for our sample Ba 
(Bi0.25Pb0.75)0.90Mg0.10O3− δ. 

4. Conclusions 

The solid solution Ba(Bi0.25Pb0.75)1-xMgxO3-δ (0 ≤ x ≤ 0.10) has been 
synthesized by a conventional solid-state method. The volume of the 
unit cell obtained by Rietveld refinement increases with an increase of 
Mg in the solid solution. XPS data indicate that amount of Bi3+ (Pb2+) 
increases with an increase of Mg, which may be the reason why the unit 
cell volume increases. Tzero

C of Ba(Bi0.25Pb0.75)1-xMgxO3-δ (0 ≤ x ≤ 0.10) 
gradually decreases with an increase of Mg in the sample. This is related 
to the decrease of the number of the electron per 6 S orbital caused by 
Mg2+ doping and oxygen vacancies that appeared in the sample Ba 
(Bi0.25Pb0.75)1-xMgxO3-δ. At this case, Ba(Bi0.25Pb0.75)1-xMgxO3-δ (0 ≤ x 
≤ 0.10) is hole over-doped superconductor similar to Ba(Bi0.25Pb0.75)1- 

xInxO3-δ [46]. 
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