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We report a shockwave method for altering the properties of the superconductor material
Bi,Sr,CaCu,0g, 5 (Bi2212). We find that the superconducting transition temperature (T,) increases from
84K for the pristine sample to 94 K for the sample treated at a temperature and pressure of ~1200 K
and ~31GPa, respectively. X-ray diffraction and transmission electron microscopy characterizations
indicate that this T, enhancement arises from a phase transition from pristine Bi2212 to a mixture of
superconducting Bi2212 and semiconducting Bi,Sr,CuOg, ; (Bi2201) during the shockwave treatment.
The shockwave-treated sample exhibits n-type semiconductor properties (with an on-off ratio ~5), in
contrast to the pure metallic pristine sample. Our study offers an alternative route for modifying the
superconducting properties via a shockwave treatment. Furthermore, this method may provide a new
approach for studying other temperature- and pressure-sensitive materials.

Bismuth-based copper oxide is one of the most practical high-temperature superconducting material families. It
consists of three main phases: Bi,Sr,CuQg (Bi2201), Bi,Sr,CaCu,O4 (Bi2212) and Bi,Sr,Ca,Cu;0,, (Bi2223)'.
Since their discovery in 1986, these cuprates have been viewed as exotic materials* and have been well-studied
by surface-sensitive measurements such as angle-resolved photoemission spectroscopy (ARPES) and scanning
tunneling microscopy/spectroscopy (STM/STS)>~°. Among known superconductors in the large family of 2-D
layered materials, Bi2212 exhibits a high superconducting transition temperature (7). Many different meth-
ods, including doping'®, high pressure!! and controlling the size of the superconductor at the atomic level'?,
have been investigated to improve the superconducting transition temperature and modify the properties of
high-temperature superconductors. Among these approaches, the high-temperature-and-high-pressure tech-
nique has attracted much attention as an effective method for the synthesis of new materials'® and for tuning
the properties of known materials. Many materials become superconducting under a certain pressure, including
Bi,Te;, Sb,Se;, H,S, and WTe,'*-16, motivating many researchers to direct their attention to pressure-induced
superconductors. However, most of these efforts have focused on the exertion of hydrostatic pressure'®'>!7-2! and
element substitution®?>-%. Direct loading on superconductor materials with dynamic high temperature and high
pressure has not been reported to date.

An explosive is a high-energy material that can generate a large amount of heat and gas instantaneously,
with the energy of the explosion generating high temperatures and pressures in the form of a shockwave. The
synthesis of diamond through the method of explosion has demonstrated that the crystal structure of graphite
can be converted into diamond under blasting?*=?’. This method does not rely on sophisticated equipment, and
the treatment cycle is short and inexpensive, encouraging us to treat high-temperature superconductors with
explosion energy.

In this work, we report a novel method for modifying the properties of the Bi2212 superconductor using a
homemade explosive device (Fig. Sla). After the explosion, several techniques were used in combination to char-
acterize the treated Bi2212 sample, including XRD, transmission electron microscopy (TEM), and superconduct-
ing quantum interference device (SQUID) magnetometry. We found that the original Bi2212 was transformed
into a mixture of the superconducting Bi2212 phase and the semiconducting Bi2201 phase, with an increase
in T, from 84 to 94K. Additionally, n-type semiconductor properties of the shockwave-treated samples were
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Figure 1. XRD pattern and Rietveld refinement of pristine and shockwave-treated samples. (a) Original

XRD pattern of the pristine (black line) and the treated (red line) samples; the asterisks represent the newly
produced phase. Corresponding Rietveld refinement results for the pristine sample (b) and the treated sample
(c). Black dots are experimental data, red curves are fitting results, blue curves represent the difference between
experimental and fitting results, and short vertical lines are the predicted positions of the diffraction peaks.

demonstrated through measurements of a field-effect transistor device whose on-off ratio can reach 5. Our study
not only presents a novel method for modifying the properties of high-temperature superconductors but also
paves the way for a new approach to investigating other materials.

Results

Phase composition analysis. XRD and TEM measurements were performed to determine the change
in chemical composition and structure of the samples induced by the shockwave treatment. Figure 1a shows
the XRD pattern of pristine (black line) and treated (red line) samples, with the new produced phase Bi2201
indicated by asterisks. Based on the original data, quantitative phase analysis (QPA) was performed by Rietveld
refinement®-> using the GSAS + EXPGUI program; the fitting results are presented in Fig. 1b and c. As shown
in Fig. 1b, no distinguishable difference is observed between the calculated and observed results. The final
refined structural parameters of the pristine Bi2212 phase were calculated (a=5.41A, b=5.41 A, c=30.86 A)
and are consistent with the previously reported values®. After the shockwave treatment, the lattice constants of
Bi2212 diq not show qbvious changes (a=5.414A,b=541A4, c=30.93 A), whereas the lattice constants of Bi2201
(a=5.39A, b=5.37A, c=20.10 A) differed substantially from the values for Bi2212. Additionally, the weight
fractions of the two phases were found to be 78.70% for Bi2212 and 21.30% for Bi2201. The XRD pattern analysis
confirmed our previous prediction that some of the pristine-phase Bi2212 transformed into Bi2201 under the
shockwave loading.

The phase transition induced by the shockwave treatment was also confirmed by the TEM observations, as
illustrated in Fig. 2a—f. In the selected-area electron diffraction (SAED) pattern in Fig. 2b, we find that the lat-
tice ratio c/a for the pristine sample is ~5.24. Examination of the fast Fourier transform (FFT) pattern based on
high-resolution TEM image in Fig. 2c shows that the c/a ratio is ~5.36, which is close to the value obtained from
our XRD data (30.93/5.36 =5.77). After the explosion, ¢/a ratio values of ~3.45 and ~3.67 were obtained from
the SAED (Fig. 2e) and the FFT (Fig. 2f), respectively; these values are much smaller than those of the bulk-like
Bi2201 superconductor. Note that both the XRD and the TEM analyses indicate that a new phase was produced
after the shockwave treatment, which had a short lattice constant ¢ of 20.10 A.
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Figure 2. TEM characterization of the pristine and shockwave-treated samples. (a) TEM image of a pristine
particle. (b) Corresponding selected-area electron diffraction (SAED) pattern. The lattice ratio c/a determined
from the SAED is ~5.24. (c) Corresponding high-resolution TEM image. The lattice ratio c/a measured from
the fast Fourier transform (FFT) pattern based on a high-resolution TEM image is ~5.36. (d) TEM image of a
treated particle. (e) SAED pattern of the same treated particle. The measured lattice ratio c/a for this particle is
~3.45. (f) High-resolution TEM image of the same treated particle. The lattice ratio c/a determined from the fast
Fourier transform (FFT) pattern is ~3.67.
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Figure 3. Flux-exclusion and electrical measurements of the pristine and shockwave-treated samples. (a)
Magnetization-temperature curves of Bi2212 before and after the shockwave treatment. (b) Resistivity-
temperature curves. Blue and red lines represent the relationships between resistivity and temperature of the
pristine and treated samples, respectively.

Magnetization and resistivity measurements. Figure 3a shows the magnetization-temperature (M-T)
curves of the pristine and treated samples. A comparison of the two curves shows that the magnetic susceptibility
changes unevenly with temperature before the shockwave treatment, where the slope between 15K and 60K is
smaller than the slopes corresponding to the 0-15K and 60-84 K ranges. By contrast, for the treated sample, the
slope changes smoothly with temperature, indicating that the internal crystalline phase transformed uniformly
under the influence of high temperature and high pressure caused by the shockwave treatment. Interestingly, the
critical temperature T, of Bi2212 increased from 84K (pristine) to 94K (treated), indicating that the shockwave
treatment did not destroy the intrinsic properties of Bi2212 and even increased the T, by 10K.
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Figure 4. Is—Vpg characteristics of the pristine and shockwave-treated samples measured at different V. (a)
The FET device. (b) Ips—Vpg curves of the original powder device. The gate voltage changes from 0V to 15V
in steps of 5 V. (c) Ips—Vps curves of the device fabricated using shockwave-treated material. The gate voltage
changes from -5 V to 5V in steps of 2 V.

The temperature dependence of the resistivity is shown in Fig. 3b. For the pristine Bi2212 sample, a T onset
of 100K was observed, in agreement with previously reported values?"22 and the material exhibited metallic-like
conductivity at temperatures greater than 100 K. Additionally, a T; of 84 K and zero resistivity at ~55K are also
evident from the blue curve. For the treated sample composed of a combination of Bi2212 and Bi2201, the resis-
tivity did not decrease to zero. The resistivity was 0.016 Q.cm at approximately 0 K and showed two peaks at ~55K
(0.06 Qxcm) and ~100K (0.08 Qcm). The residual resistivity may be due to the presence of both the superconduc-
tor and semiconductor phases in the sample. The T is 94 K, consistent with the M-T curves. Notably, the resistiv-
ity decreased very rapidly at temperatures greater than 100K, and the material exhibited semiconductor behavior.

Field-effect transistor measurements. Electrical transport measurements were performed to elucidate
the semiconducting properties of the newly produced phase Bi2201 after the shockwave treatment. First, we
collected current-voltage (I-V) curves for the device fabricated using pristine Bi2212. Figure 4b clearly shows
that the Ipg—Vpg curve is rather symmetric and linear, indicating the presence of ideal ohmic contacts between
the metal contact and the Bi2212 powder channels. The back gate voltage V; was applied to Si, but the I, did not
show an obvious change as the gate voltage was varied from 0V to 25V in steps of 5 V. The current was approx-
imately 0.02 A when the source-drain voltage was applied at == 1 V. These results clearly show that the original
superconductor powder only exhibited metallic properties, with no obvious semiconductor characteristics. The
treated sample was measured under the same conditions; the results are shown in Fig. 4c. The Ipg—Vpg curve
is also symmetric and linear, but the Ig could be efficiently tuned by the back gate. The current changed from
1.5mA to 8.2mA as the gate voltage was changed from —5 V to 5V, demonstrating an on-off ratio greater than 5.
Although the on-off ratio value is not high (<1000), semiconducting behavior is clearly demonstrated in the I-V
curve. Further efforts to enhance the on-off ratio should focus on purifying the sample or controlling the thick-
ness of the device so that the electric field can effectively tune the measured current.

Discussion

In summary, we have used a new shockwave method to modify some of the properties of polycrystalline super-
conducting oxide Bi2212. A fraction of the Bi2212 phase was transformed into the semiconducting Bi2201 phase
under high temperature and pressure; trace amounts of other phases such as the Bi2223 superconducting phase
were also present. The mechanism proposed for the formation of Bi2201 is the compression in the c-axis direc-
tion, resulting in a short ¢ dimension of 20.10 A in Bi2201 versus 30.93 A in Bi2212. The diamagnetism critical
temperature of the sample was improved from 84K to 94 K. It is possible that a change in the oxygen content of
the Bi2212 contributed to the enhancement of the transition temperature. The shockwave-treated sample exhibits
apparent n-type semiconductor behavior, with an on-off ratio a high as 5; by contrast, the pristine sample shows
obvious metallic-like properties.
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Methods

Sample preparation. High purity (99.9%) powders of Bi,Os, Sr,03, CaCO;, and CuO were used to prepare
the samples in this work. These materials were weighed in the appropriate proportions according to nominal
composition Bi, ;Sr, ¢CaCu,Og ., and then mixed and calcined at 1023 K, 1073 K, and 1103 K. The homogenous
mixture was pressed into sticks using static pressure and then calcined at 1123 K. Finally, the sticks were milled
into powders for the subsequent shockwave treatment.

Shockwave treatment. The explosive used in this experiment was octogen, with the chemical formula
C4H;N;Os. Bi2212 powders and high-energy explosives with p = 1.80 g/cm’® were pressed into cylinders
(Fig. S1b,c) using a cylindrical mold. To achieve a high actuating pressure, high temperature and long function
time, we designed a special explosive device (Fig. S1a) consisting of a fully sealed internal and external tank.
Thermal initiation of detonation (the assembled installation was placed into a heating furnace and heated to
explosion) was adopted to allow the explosion occur synchronously in both directions. The explosion action was
divided into three stages: first, direct action of detonation, second, multiple reflection of the blast wave and third,
action of the explosive products (gas). The detonation velocity was approximately 8310 m/s. The maximum effec-
tive detonation pressure calculated by one-dimensional steady C-J detonation theory (P = i pODZ) was 31.4 GPa,
which is consistent with the end pressure of powder grain Bi2212 measured by Manganin gauge. After the shock-
wave treatment, the explosive device was naturally cooled to room temperature in the furnace by turning the
power off.

Characterization and analysis. XRD measurements were performed at Brookhaven National Laboratory.
Rietveld refinement of the XRD diffraction patterns were performed using the GSAS + EXPGUI program in the
space groups A2aa and Amaa®***. TEM observations were performed using a JEOL2100F microscope operated at
200kV. A SQUID magnetometer was used for M(T) and T, measurements at temperatures in the 2-100K range,
the standard four-probe method was used for R(T) measurements in the 4-270 K temperature range, and MPM
was used for T, measurements in a magnetic field of 20 G. To compare the properties of the sample before and
after the explosion, FET devices were fabricated on SiO,/Si substrates. The powder was pressed into thin slices
(4 x1x1mm).

Data Availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References
1. Rubin, L. M. et al. Phase stability limits of Bi,Sr,Ca,Cu,Og s and Bi,Sr,Ca,Cu;0,,, 5. Applied Physics Letters. 61, 1977-1979 (1992).
2. Chen, W. M. et al. Transmission electron microscopy evidence for phase transformation from Bi,Sr,CuQOg to Bi,Sr,Ca,Cu;0,.
Applied Physics Letters. 81, 688-690 (2002).
3. Tallon, J. L., Buckley, R. G., Staines, M. P, Presland, M. R. & Gilberd, P. W. Enhancing T, in Bi, ,CaSr,Cu,Og_ s from 90 to 101 K by
yttrium substitution. Applied Physics Letters. 54, 1591-1593 (1989).
4. Bonn, D. A. Are high-temperature superconductors exotic? Nat Phys. 2, 159-168 (2006).
5. Yu-Xiao, Z,, Lin, Z., Gen-Da, G. & Xing-Jiang, Z. A Reproducible Approach of Preparing High-Quality Overdoped Bi,Sr,CaCu,Oys. ;
Single Crystals by Oxygen Annealing and Quenching Method. Chinese Physics Letters. 33, 067403 (2016).
6. Damascelli, A., Hussain, Z. & Shen, Z.-X. Angle-resolved photoemission studies of the cuprate superconductors. Reviews of Modern
Physics. 75, 473-541 (2003).
7. Fischer, ., Kugler, M., Maggio-Aprile, I., Berthod, C. & Renner, C. Scanning tunneling spectroscopy of high-temperature
superconductors. Reviews of Modern Physics. 79, 353-419 (2007).
8. Shen, Z. X. et al. Anomalously large gap anisotropy in the a-b plane of Bi,Sr,CaCu,Oy_ ;. Physical Review Letters. 70, 15531556
(1993).
9. Ding, H. et al. Angle-resolved photoemission spectroscopy study of the superconducting gap anisotropy in Bi, Sr,CaCu,Oy, .
Physical Review B. 54, R9678-R9681 (1996).
10. Ye, ]. T. et al. Superconducting Dome in a Gate-Tuned Band Insulator. Science. 338, 1193 (2012).
11. Liu, Y. et al. A new modulated structure in Sr,CuOs_, ; superconductor synthesized under high pressure. Physica C: Superconductivity
and its Applications. 497, 34-37 (2014).
12. Zhang, W.-H. et al. Direct Observation of High-Temperature Superconductivity in One-Unit-Cell FeSe Films. Chinese Physics
Letters. 31,017401 (2014).
13. McMillan, P. E New materials from high-pressure experiments. Nat Mater. 1, 19-25 (2002).
14. He, L. et al. Pressure-induced superconductivity in the three-dimensional topological Dirac semimetal Cd;As,. Npj Quantum
Materials. 1, 16014 (2016).
15. Duan, D. et al. Pressure-induced metallization of dense (H,S),H, with high-Tc superconductivity. Scientific Reports. 4, 6968 (2014).
16. Pan, X.-C. et al. Pressure-driven dome-shaped superconductivity and electronic structural evolution in tungsten ditelluride. Nature
Communications. 6, 7805 (2015).
17. Khasanov, R., Schneider, T. & Keller, H. Pressure effects on the superconducting properties of YBa2Cu4O8. Physical Review B. 72,
014524 (2005).
18. Lu, W. et al. Pressure effect on superconducting properties of LaO,_,F,FeAs (x=0.11) superconductor. New Journal of Physics. 10,
063026 (2008).
19. Imayev, M. F. et al. Microstructure, texture and superconducting properties of Bi2212 ceramics, deformed by torsion under pressure.
Physica C: Superconductivity and its Applications. 467, 14-26 (2007).
20. Sun, L. et al. Re-emerging superconductivity at 48[thinsp]kelvin in iron chalcogenides. Nature. 483, 67-69 (2012).
21. Ersin Aytekin, M., Ozkurt, B. & Sugézii, I. Physical, magnetic and mechanical properties of Bi-2212 superconductors prepared by
high pelletization pressure. Journal of Materials Science: Materials in Electronics. 26, 1799-1805 (2015).
22. Hiroshi, M., Yoshiaki, T., Masao, E & Toshihisa, A. A New High- T, Oxide Superconductor without a Rare Earth Element. Japanese
Journal of Applied Physics. 27,1209 (1988).
23. Eisaki, H. et al. Effect of chemical inhomogeneity in bismuth-based copper oxide superconductors. Physical Review B. 69, 064512
(2004).

SCIENTIFICREPORTS|7:6710| DOI:10.1038/541598-017-06887-5 5


http://S1b,c
http://S1a

www.nature.com/scientificreports/

24. Chu, C. W. et al. Superconductivity up to 114 K in the Bi-Al-Ca-Sr-Cu-O compound system without rare-earth elements. Physical
Review Letters. 60, 941-943 (1988).

25. Khasanova, N. R. & Antipov, E. V. Bi-2201 phases Synthesis, structures and superconducting properties. Physica C: Superconductivity.
246, 241-252 (1995).

26. DeCarli, P. S. & Jamieson, J. C. Formation of Diamond by Explosive Shock. Science. 133, 1821 (1961).

27. Erskine, D. J. & Nellis, W. J. Shock-induced martensitic phase transformation of oriented graphite to diamond. Nature. 349, 317-319
(1991).

28. Staver, A. M., Gubareva, N. V., Lyamkin, A. . & Petrov, E. A. Ultrafine diamond powders made by the use of explosion energy.
Combustion, Explosion and Shock Waves. 20, 567-570 (1984).

29. Glass, L. & Sharma, S. Production of diamonds from graphite using explosive-driven implosions. AIAA Journal. 14, 402-404 (1976).

30. Hikita, M. et al. Electrical properties of high-T, superconducting single-crystal Eu,Ba,Cu;0,. Physical Review B. 36, 7199-7202
(1987).

31. Wan, R. x. et al. A method for preparing superconducting single crystals of Ba,GdCu;0,_,. Journal of Applied Physics. 64, 3754-3755
(1988).

32. Draper, R. C.]. et al. Growth of GdBa2Cu307 —x single crystals exhibiting high-temperature superconductivity. Journal of Materials
Science Letters. 7,1281-1283 (1988).

33. Sequeira, A., Rajagopal, H., Nagarajan, R. & Rao, C. N. R. Neutron diffraction evidence for oxygen dimers in Bi-Ca-Sr-Cu-O
superconductors. Physica C: Superconductivity. 159, 87-92 (1989).

34. Torardi, C. C. et al. Structures of the superconducting oxidesTl,Ba,CuO; and Bi,Sr,CuOy. Physical Review B. 38, 225-231 (1988).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (11572292).

Author Contributions

T.L. and G.G. conceived and designed this work. EW. conducted the explosive experiments and was assisted by
Y.L. X.X. and R.Z. performed data analysis. C.H. conducted the TEM experiments and prepared the manuscript.
All authors commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06887-5

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:6710| DOI:10.1038/s41598-017-06887-5 6


http://dx.doi.org/10.1038/s41598-017-06887-5
http://creativecommons.org/licenses/by/4.0/

	Shockwave-Loading-Induced Enhancement of Tc in Superconducting Bi2Sr2CaCu2O8+δ

	Results

	Phase composition analysis. 
	Magnetization and resistivity measurements. 
	Field-effect transistor measurements. 

	Discussion

	Methods

	Sample preparation. 
	Shockwave treatment. 
	Characterization and analysis. 
	Data Availability. 

	Acknowledgements

	Figure 1 XRD pattern and Rietveld refinement of pristine and shockwave-treated samples.
	Figure 2 TEM characterization of the pristine and shockwave-treated samples.
	Figure 3 Flux-exclusion and electrical measurements of the pristine and shockwave-treated samples.
	Figure 4 IDS–VDS characteristics of the pristine and shockwave-treated samples measured at different VGS.


