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Experimental evidence of tremendous magnetic moment dynamical inversion, from metastable
trapping state to the state with essentially the same moment oriented in the opposite direction,
. appearing during giant flux jump connected to thermomagnetic avalanche process in superconducting
© YBa,Cu;0,_;single crystal, is presented. Magnetization inversion takes place in the system, without
thermal contact between sample and sample holder, with a tremendous stored energy once the
avalanche process is completed in quasi-adiabatic conditions. A model of magnetic moment inversion,
caused by the jump between two metastable states of superconductor with the same energy storage,
is presented and discussed in terms of the critical state with peculiar evolution of the critical-current
spatial distribution. Importantly, knowledge of conditions of the appearance of such a phenomenon
is crucial for applications of bulk superconductors as “permanent” magnets, for example, in
superconducting levitation devices, etc.

The magnitude of the critical current density, ], is a measure of the inhomogeneity of magnetic field distribution,
caused by pinning of the magnetic flux in an external magnetic field H. In original Bean’s critical state model, J.
is assumed to be a constant, independent on magnetic field". In Kim, Hempstead, and Strnad*® and Anderson*
© approach, it is assumed that the critical current density is inversely proportional to the local magnetic field,
 J.~1/(B+ B,), where B is the magnetic field induction and B, is constant. Such critical state model allows to
. describe the magnetic properties of hard type-II superconductor and to calculate, for example, magnetization®~’
or flux-pinning-induced magnetostriction®'°. One of the widely developed concepts in highly anisotropic high-T,
materials is the nature of the vortex state and pinning that is at the root of the critical sate model'!. Relaxation of
the metastable critical state through a jump of the magnetic flux, A®,,, is known for more than half a century*!>!?
and it is described by the Maxwell and the heat balance equations'*'>. The speed of this process is limited by
the dissipative losses that occur during an avalanche. The jumps are observed most often during the change of
magnetic field and they are usually partial or, less often, complete. So called giant flux creep must be considered
in stabilizing against flux jumps!®. The partial jumps arise when the avalanche embraces only some limited por-
tion of the superconductor volume. If the magnetic moment decreases to almost zero, the jump is assumed to be
complete. A sharp reduction of sample magnetic moment to zero due to the avalanche has rarely been observed
experimentally, and a slight change in the sign of the moment was treated as an exotic exceptional fact'’.
Superconducting YBa,Cu;0,_s is the most well-known high-T; superconductor. Pinning sites of this super-
conductors have been studied in much detail for melt-process melt grown YBa,Cu;0,'%. The experimental evi-
dence of magnetic moment inversion in superconducting YBa,Cu;0,_; single gystﬂ; without energy E,.,
~ M - H),is presented in this

dissipation connected with the moment turning at zeroing magnetic field (E,,,
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letter. However, it should be noted that the temperature of the superconductor changes locally during an ava-
lanche of magnetic flux. Direct contact measurements, for example, using a thermocouple, confirm this. At least
two mechanisms of energy dissipation accompanying the motion of the Abrikosov vortex as an element of the
magnetic flux of a superconductor are well known. These are resistive energy losses in the normal vortex core and
two phase transitions at the front and backside of the vortex core. The first one is the transition from the super-
conducting to the normal state and the second one, reverse, from normal to superconducting state. The observa-
tion presented here injects new dynamical feature of critical state of hard type-II superconductors: the jump
transition from one branch of hysteresis loop in flux trapping regime to another one, i.e. jump from supercon-
ducting magnetic state characterized by magnetization value +M to that one characterized by —M or vice versa.
The process is quite similar to well-known thermodynamic jumps between different metastable states in ferro-
magnets or ferroelectrics. However, the Gibbs energies in the initial and final states are not equal but differ by

~M - H. Though this difference could be negligible at external magnetic field close to zero, the extension of the
instable magnetization loop region clearly reveals the role of the external field as a driving force of the flux ava-
lanche. We propose a mechanism for the magnetic moment inversion. Blocking of such inversion is crucial for the
application of bulk superconductors as “permanent” magnet in power systems!*-2.,

Experimental Details

A relatively large YBa,Cu;0,_s single crystal of 2.67 x 2.69 x 2.55mm? and 0.1184 g mass was utilized for mag-
netic studies. The single crystal was grown by top-seeded solution growth??. The as-grown sample became super-
conducting as a result of oxygenation at 500 °C for 72 h. Since a normal oxygenation method has been applied,
the twin structure, due to a tetragonal to orthorhombic transition, was present in the crystal. Magnetic properties
of the sample were examined in a Quantum Design PPMS DynaCool-9 System equipped with vibrating sample
magnetometer (VSM) option. The crystal was placed into a special holder, i.e., on the cut of gold-coated brass
tube (Fig. 1(a)). Figure 1(a) shows the exact placement of the sample inside the holder (see cross section of the
sample inside the holder). Such a fastening excludes the reversal of the sample in a magnetic field. The size of the
diagonal on the edge of the sample was slightly larger than the internal diameter of the tube holder. The sample
was inserted into the tube through the holder’s open end. The sharp edges of the cube of the studied sample only
were in mechanical contact with the holder. It practically excludes the possibility of heat flow between the sample
and the sample holder, due to limited thermal contact. Holder with sample was installed in a vacuum chamber to
reduce heat flows and to limit the dissipation of energy. The residual pressure of He gas in the chamber was equal
to about 38.4 Torr. The magnetic field was applied along to the crystallographic c-axis of the crystal. The critical
current density J, estimated from first flux jump field, was >3- 10°A/m?at T=2K.

It is well known for a long time that, the repeated cycling of a strong magnetic field at liquid helium temper-
ature, under conditions of magnetic flux jumps during thermomagnetic avalanches, can lead to microcracking
damage of the crystal**?* or to the magnetolamination phenomenon. Magnetolamination, explained in terms
of the motion of twin boundaries, occurring under mechanical loading of the sample, was reported already in
textured YBa,Cu;0,_s superconductor® and was observed in the studied single crystal too (Fig. 1(b,c)). This phe-
nomenon consists in mechanical lamination parallel to the ab-plane into thin platelets, due to pressure generated
by strong magnetic field. A magnetic field as high as 8 T at 4.2 K can produce a pressure ~ 0.5kbar on the sample.
Because of the microcracking of the crystal and the phenomenon of magnetolamination in a strong magnetic
field, it was impossible to repeat hysteresis loop measurements performed at the same conditions for the same
crystal. Nevertheless, magnetolamination allowed us to observe the surface structure of the inner layers of the
studied crystal. Figure 1(c) shows the surface of one of the thin plates. A clear grid of parallel lines, which are the
twinning surfaces that have come out of the bulk crystals, is visible.

Results and Discussion

Figure 2(a) shows the hysteresis loop measured at T= 2K, while panels (b) and (c) are focused on its details. The
loop was recorded at the first remagnetization cycle under the influence of increasing and then decreasing mag-
netic field. In the virgin diamagnetic part of the magnetization curve, i.e., in the first quarter - screening mode - a
tremendous thermomagnetic avalanche, following two partial flux jumps, is visible at around 1, =4.85T. The
flux jump is an almost complete, i.e., equal to about 96% of initial magnetization value. Then, the typical flux jump
behavior of magnetization was observed up to 9 T'”. Many small jumps appeared when the magnetic field was
decreased to H=0, i.e, in the second quarter of the loop, presented in Fig. 2, in trapping mode.

It is known that, at a negative field (the third quarter) the trapped magnetic moment of a bulk sample reaches
a maximum. In this region, the largest induction gradient arises, determining the place of the highest instability
of critical state on the magnetization loop®. As a rule, the flux avalanche in this place is the largest in magni-
tude. In the studied crystal, a dramatic event occurred when the direction of the magnetic field was reversed
(Fig. 2(a,b,¢)). The duration of such process was estimated to be equal to several tens of millisecond.

Figure 2(b,c) shows details of the remagnetization process in the vicinity of zero field. As can be seen, the
magnetization associated with the trapped magnetic flux is inverted during the thermomagnetic avalanche at
HoH=—0.048 T. Such behavior can be classified as dynamical inversion. The magnetization jumps from the state
with a positive M," (denoted as 1 in the figure, i M;" =2.82T) to the state with a negative value of magnetization,
w, M, equal to —2.46 T (Fig. 2(c)). The appearance of negative magnetization M, could be explained by inversion
of critical current (current flowing in opposite direction).

A subsequent slow increase of the field in the negative direction leads to a gradual magnetization reversal and a
coming back from the state M, (position 2 in the figure, the fourth quarter on the M(H) curve) to the third quarter
to the M;" state in the magnetic field of HoHimax = —2.6 T. During this process, the magnetization of the studied sam-
ple was completely reversed (quasi-static transition M, — M;'), i.e., the quasi-static reversal of the induction profile
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Figure 1. (a) Visualization of installation of the sample in the holder, to be fixed into vacuum chamber, to avoid
heat flows between the sample and the surrounding media. The cross section of the holder with the sample is
shown at the bottom left. (b) Images of magnetolaminated crystal, and (c) twin boundaries at the surface of
laminar crystals.

(from position 2 to position 3, Fig. 2(d)) occurred. Quasi-static inversion of the profile allowed us to estimate the
value of critical current density. As follows from Fig. 2(d), field y H,,,,, ~ 2B, where the full penetration field
B, = ,u J.d, and d is the thickness of the sample. The value of the critical current density J. determined with rela-
tion for B was ~21-10° A/m?, being in good agreement with the data obtained from the width of the hysteresis loop.

As the field decreased from the maximum value in the fourth quarter, the magnetization curve M(H) repeated
the behavior observed in the second quarter (Fig. 2(a)), what is typical for remagnetization process. When the
field approached the zero value, the trapped magnetization became comparable in the value to the M, , magneti-
zation obtained as a result of avalanche inversion. This indicates that, a dynamical inversion of the magnetization
of the superconductor, i.e., magnetic flux jump, from the metastable position 1 on the hysteresis loop M(H) in the
third quarter to the metastable position 2 located in the fourth quarter, actually occurred as a result of the ther-
momagnetic avalanche.

On switching the direction of the external field, the dynamical inversion of the trapped magnetization
(Fig. 2(c), jump 2) was repeated, i.e., a jump of the magnetization: M, — M;" was observed. In this case, the value
of the inverted magnetization M;" differed slightly from the value of the maximum magnetization trapped in the
second quarter. This might be due to instability of the trapped flux in the crystal in this field region. Such an insta-
bility was observed already in the second quarter, when the field was scanned from H=+9T to zero.

To observe the inversion of the induction profile in the entire sample - the phenomenon presented in the
manuscript - several conditions must be fulfilled:

 Thelarge size of a single crystal is required (for the appearance of avalanches),
o experiment must be performed at low temperatures (high critical current required),
« experimental conditions must be close to adiabatic.
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Figure 2. (a) Remagnetization loop M(H) for the YBa,Cu,;0,_; single crystal at T=2 K under a magnetic
field H || c-axis. (b) Extension of the data presented in panel (a) at the vicinity of positions 1 in M(H) loop,
i.e., for the field range below the appearance of jump 1; at the vicinity of position 2, i.e., for the field range just
above dynamical inversion of magnetic moment, appearing during jump from position 1; and at the vicinity
of position 3, i.e., for the field range above quasi-static inversion. (c) Extension of the loop in the vicinity of
dynamical inversion of giant magnetic moment around H=0. (d) Profiles of magnetic induction for different
spots (positions 1, 2, 3) of hysteresis loop (b).

It is known that, in order to remagnetize large size crystals and to use them as permanent magnets, a metal
band must be worn on the samples to prevent the destruction of the crystal during the very first magnetizations.
In our case, the requirement of keeping experimental conditions close to the adiabatic ones excluded the bandage.
Thus, it was impossible to effectively repeat the sample remagnetization, since, the crystal was cracked; thermo-
magnetic avalanches became weak due to diminishing crystal size or they did not occur at all. We must clearly
state that the best picture, which so far was managed to observe, is presented in the manuscript.

The cracks arise due to jumps of mechanical stresses (P) arising due to jumps of magnetic flux*>?%. By the order
of the magnitude the maximum pressure in the sample is*® P~ AB(B. — AB/2)/ 1y, where AB= B, — B, Bexs
is the induction of external magnetic field and B, is the induction inside of superconductor. Substituting the
typical values AB=4T and B=6T we obtain that in the region of magnetic-flux jump the characteristic pressure
value in ab-plane is P=10-20 MPa. This additional stresses could be responsible for individual cracks. It has been
proved in a number of experiments that the twin boundaries become mobile at stress of 5-10 MPa. These stresses
could be responsible for lamination.

Let us consider the process of a thermomagnetic avalanche in the superconductor. The investigation of induc-
tion change, occurring as a result of the flux avalanche on the surface of the superconductor, performed with the
help of magneto-optical”’~* or the Hall sensor array measurements®~2, in the screening mode (ZFC measure-
ment), revealed local formation of a “dome-like” profile of induction. In such case, the penetration of a flux ava-
lanche results in the appearance of paramagnetic circular current in the diamagnetic region of a superconductor,
that determines the local inversion of the magnetic induction profile (Fig. 26 in®?). On the other hand, in the case
of an avalanche exit, i.e. in the flux trapping regime, a circular diamagnetic current appears in the paramagnetic
region of the superconductor (Fig. 27 in*).

A description of a possible magnetic moment inversion of a superconductor in the case of an avalanche can
be given as follows. The distribution of the trapped flux (“dome-like” structure) in a YBa,Cu;0,_s square-shaped
film at 4.2K is given in Fig. 3(a) (after®*). The maximum induction values correspond to the brightest places.
Absolutely black places correspond to zero normal component of induction B,.. A similar picture of induction in
the capture of magnetic flux is expected for the studied sample of the cubic form.
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Figure 3. (a) Image of trapped flux distribution, i.e., visualization of “dome-like” structure of a YBa,Cu;0,_4
square shaped film at 4.2 K*. (b) Drawing of the flux exit at avalanche. (c) Schematic view of induction profile
evolution at avalanche in the Bean model, drawn along the e-e section of panel (b).

The “dome-like” structure of the induction is produced by the superconducting critical current J,, the direction
of which is indicated by the arrows in Fig. 3(a). The magnetic moment of a superconducting sample fully pene-
Eted by the maggstic flux is determined by integration of the critical current in the volume V of sample:
M :%fV[T’x J1dv.

To invert the magnetic moment, the change of critical current direction to the opposite one during flux ava-
lanche is required, and the avalanche “crater”, formed by the flux exit, must occupy practically the entire area of
the sample.

The construction of a scheme for inverting the magnetic moment in the case of an avalanche, presented on
Fig. 3(b), was facilitated by the data of another researchers*”?333%, where the magneto-optical technique was
used to study the transformation of the magnetic field induction pattern on the surface of a superconducting
disk during the avalanche dynamics. Analysis of these data allowed us to draw the following conclusions: (a) the
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avalanche of the exit of trapped flux originates near the edge of the sample and its front propagates inward in the
form of an arc, oriented by the convexity toward the center?; (b) the value of the critical current at the front of the
avalanche, in dynamic conditions, is close to its quasi-static value, and the direction is opposite to that of current
near sample edges, which ensures the capture of the magnetic flux*”3; (c) the avalanche front, encountering an
obstacle, is deformed in accordance with its shape®.

Taking into account the aforementioned process, the transformation of the profile in the case of an avalanche
can be represented schematically as shown in Fig. 3. Suppose that the avalanche of the flux exit, originated near
the surface, for example at the point on the “dome-like” structure (Fig. 3(a), the point at the bottom of the pic-
ture), and its front reach almost the edges of the sample, as shown in Fig. 3(b). On the boundary of the avalanche,
a critical state layer with a current of diamagnetic direction opposite to the current providing magnetic flux
capture emerged?. This current realizes the inversion of the magnetic induction profile in the central part of the
avalanche spot (creates a “crater”, Fig. 3(c)). Apparently, in our case the “crater” from the exiting flux acquired a
shape close to a square one, similar to the geometry of the sample. In this case, the area over which the critical
current flows, i.e. the current of the diamagnetic direction, is equal to the area of the superconductor with the
trapped magnetic flux prior the avalanche. In this case, the inversion of the magnetic moment during the ava-
lanche is almost complete.

Opposite direction of the captured moment in position 1 (as well as in position 4) of hysteresis loop (Fig. 2(c))
and of the external field should be noted. Such a state is energetically unfavorable, and the resulting interaction
tends to unfold the moment of the superconductor in the direction of the field, promoting of the avalanche
inversion.

We believe, a number of factors in our experiment might have contributed to the observation of the inver-
sion of the superconductor’s critical state. The size of the avalanche spot depends on the stored energy of the
superconductor just prior the emergence of instability of the critical state, the amount of heat dissipation to the
environment'’, dissipative losses during the avalanche flux dynamics, etc'**-. These factors were optimized due
to the high critical parameters of the material at a low experimental temperature and quasi-adiabatic boundary
conditions for the sample. An important role of the low pressure of helium gas in the surrounding medium, cre-
ating conditions similar to a vacuum sample bath, is noted.

The conditions of our experiment are to a certain extent exotic. In practice, the levitation processes are applied
on spacecraft, where some of these exotic conditions of our experiment may be present. In addition, modern
technologies make it possible to obtain a trapped field of 17 T at 29K in the bulk superconductors*°. In such
materials, giant critical currents and thermomagnetic avalanches with moment inversion can be expected at
higher temperatures than in our experiment. Instabilities can be stimulated by a random magnetic field pulse or,
for example, by a push (shock) arising from the movement of one of the objects involved in levitation.

It should be added that magnetization inversion was registered locally (the local surface self-field) earlier in
conventional NbTi superconductors and in textured YBa,Cu;0,_s by a Hall probe®*#!, a Hall sensor array"*?, and
a strain gage (magnetostriction)*, as a result of partial flux jumps, for the glued sensor located in the region of
the avalanche spot. In our experimental conditions, an avalanche spot covers almost the entire sample. Therefore,
here, the inversion of the magnetization at flux avalanches in the integral characteristics is discovered.

Conclusions

The experiment on a bulk YBa,Cu;0;_; single crystal has revealed a new dynamical property of the critical state
of type-1I superconductors under a magnetic field, i.e., giant jump of magnetic moment, at external magnetic
field close to zero, from one metastable state on the hysteresis loop to the state with opposite magnetic moment
direction, as a result of thermomagnetic avalanches. Using the critical state concept, a model of the magnetic
moment inversion was presented. Importantly, knowledge of conditions of the appearance of such a phenomenon
is crucial for applications of bulk superconductors as “permanent” magnets, for example, in superconducting
levitation devices, etc.

References
1. Bean, C. P. Magnetization of hard superconductors. Phys. Rev. Lett. 8, 250, https://doi.org/10.1103/PhysRevLett.8.250 (1962).
2. Kim, Y. B., Hempstead, C. & Strnad, A. Critical persistent currents in hard superconductors. Phys. Rev. Lett. 9, 306, https://doi.
org/10.1103/PhysRevLett.9.306 (1962).
3. Kim, Y. B., Hempstead, C. & Strnad, A. Magnetization and critical supercurrents. Phys. Rev. 129, 328, https://doi.org/10.1103/
PhysRev.129.528 (1963).
4. Anderson, P. Theory of flux creep in hard superconductors. Phys. Rev. Lett. 9, 309, https://doi.org/10.1103/PhysRevLett.9.309 (1962).
. Miiller, K.-H. & Andrikidis, C. Flux jumps in melt-textured YBaCuO. Phys. Rev. Lett. 49, 1294, https://doi.org/10.1103/
PhysRevB.49.1294 (1994).
6. Chabanenko, V. V. et al. Magnetothermal instabilities in type-II superconductors: The influence of magnetic irreversibility. J. Appl.
Phys. 88, 5875, https://doi.org/10.1063/1.1314611 (2000).
7. Yang, X. & Tu, S.-T. The effect of a constraining metal tube on flux pinning induced stress in a long cylindrical superconductor. J.
Appl. Phys. 112, 023909, https://doi.org/10.1063/1.4737794 (2012).
8. Tkuta, H., Hirota, N., Nakayama, Y., Kishio, K. & Kitazawa, K. Giant magnetostriction in BiSr,CaCu,04 single crystal in the
superconducting state and its mechanism. Phys. Rev. Lett. 70, 2166, https://doi.org/10.1103/PhysRevLett.70.2166 (1993).
9. Ikuta, Y., Kishio, K. & Kitazawa, K. Critical state models for fux-pinning-induced magnetostriction in type-II superconductors. J.
Appl. Phys. 76, 4776, https://doi.org/10.1063/1.357249 (1994).
10. Celebi, S., Inair, F. & LeBlanc, M. A. R. Coexistence of critical and normal state magnetostrictions in type-II superconductors: A
model exploration. J. Appl. Phys. 101, 013906, https://doi.org/10.1063/1.2407266 (2007).
11. McHenry, M. E. & Sutton, R. A. Flux pinning and dissipation in high temperature oxide superconductors. Prog. Mat. Sci. 38, 159,
https://doi.org/10.1016/0079-6425(94)90003-5 (1994).
12. Wipf, S. L. & Lubell, M. S. Flux jumping in Nb-25% Zr under nearly adiabatic conditions. Phys. Lett. 16, 103, https://doi.
0rg/10.1016/0031-9163(65)90137-X (1965).

152

SCIENTIFIC REPORTS |

(2019) 9:6233 | https://doi.org/10.1038/s41598-019-42699-5 6


https://doi.org/10.1038/s41598-019-42699-5
https://doi.org/10.1103/PhysRevLett.8.250
https://doi.org/10.1103/PhysRevLett.9.306
https://doi.org/10.1103/PhysRevLett.9.306
https://doi.org/10.1103/PhysRev.129.528
https://doi.org/10.1103/PhysRev.129.528
https://doi.org/10.1103/PhysRevLett.9.309
https://doi.org/10.1103/PhysRevB.49.1294
https://doi.org/10.1103/PhysRevB.49.1294
https://doi.org/10.1063/1.1314611
https://doi.org/10.1063/1.4737794
https://doi.org/10.1103/PhysRevLett.70.2166
https://doi.org/10.1063/1.357249
https://doi.org/10.1063/1.2407266
https://doi.org/10.1016/0079-6425(94)90003-5
https://doi.org/10.1016/0031-9163(65)90137-X
https://doi.org/10.1016/0031-9163(65)90137-X

www.nature.com/scientificreports/

13. Wipf, S. L. Magnetic instabilities in type-II superconductors. Phys. Rev. 161, 404, https://doi.org/10.1103/PhysRev.161.404 (1967).

14. Mints, R. G. & Rakhmanov, A. L. Critical state stability in type-II superconductors and superconducting-normal-metal composites.
Rev. Mod. Phys. 53, 551, https://doi.org/10.1103/RevModPhys.53.551 (1981).

15. Wipf, S. L. Review of stability in high temperature superconductors with emphasis on flux jumping. Cryog. 31, 936, https://doi.
org/10.1016/0011-2275(91)90217-K (1991).

16. McHenry, M. E. et al. Systematics of flux jumps and stabilizing effect flux creep in a La, 4¢Sr,, ,,CuO, single crystal. Phys. C 190, 403,
https://doi.org/10.1016/0921-4534(92)90699-D (1992).

17. Guillot, M. et al. Magnetization jumps and critical current of YBa,Cu;0, single crystal. Phys. Lett. A 127, 363, https://doi.
org/10.1016/0375-9601(88)90586-5 (1988).

18. Kung, P.-J. et al. Flux pinning by Y,BaCuOj; precipitates and field-and temperature-driven pinning centers in melt-powder-melt-
growth processed YBa,Cu;0;. Phys. Rev. B 48, 13922, https://doi.org/10.1103/PhysRevB.48.13922 (1993).

19. Gruss, S. et al. Superconducting bulk magnets: Very high trapped fields and cracking. Appl. Phys. Lett. 79, 3131, https://doi.
org/10.1063/1.1413502 (2001).

20. Yamamoto, A., Ishihara, A., Tomita, M. & Kishio, K. Permanent magnet with MgB, bulk superconductor. Appl. Phys. Lett. 105,
032601, https://doi.org/10.1063/1.4890724 (2014).

21. Zhou, D. et al. A portable magnetic field of >3 T generated by the flux jump assisted, pulsed field magnetization of bulk
superconductors. Appl. Phys. Lett. 110, 062601, https://doi.org/10.1063/1.4973991 (2017).

22. Xiang, H. et al. Polythermal method of top-seeded solution-growth for large-sized single crystals of ReBa,Cu;0;_s. Scripta
Materialia 116, 36, https://doi.org/10.1016/j.scriptamat.2016.01.037 (2016).

23. Gao, L., Xue, Y., Meng, R. & Chu, C. Thermal instabiblity, magnetic field shielding and trapping in single-grain YBa,Cu;0,_sbulk
materials. Appl. Phys. Lett. 64, 520, https://doi.org/10.1063/1.111092 (1994).

24. Ren, Y., Weinstein, R., Liu, J. & Foster, C. Damage caused by magnetic pressure at high trapped field. Phys. C 251, 15, https://doi.
0rg/10.1016/0921-4534(95)00398-3 (1995).

25. Chabanenko, V. V., D’yachenko, A., Szymczak, H. & Piechota, S. Failure of textured YBaCuO samples in the strong magnetic field.
Phys. C 289, 211, https://doi.org/10.1016/50921-4534(97)01620-1 (1997).

26. Diko, P. Cracking in melt-grown Re-Ba-Cu-O single grain superconductors. Supercond. Sci. Technol. 17, R45, https://doi.
org/10.1088/0953-2048/17/11/R01 (2004).

27. Keyston, J. & Wertheimer, M. A new method for measuring the speed of flux jumps in type-II superconductors. Cryog. 6, 341,
https://doi.org/10.1016/0011-2275(66)90132-9 (1966).

28. Goodman, B. B., Lacaze, A. & Wertheimer, M. R. Un appareil pour letude de la cinetique des sauts de flux des supraconducteurs de
la deuxiem espece. C. R. Acad. Sci. Paris, Serie A 262, 12 (1966).

29. Wertheimer, M. R. & Gilchrist, JI. G. Flux jumps in type-II superconductors. J. Phys. Chem. Solids 28, 2509, https://doi.
0rg/10.1016/0022-3697(67)90038-8 (1967).

30. Coffey, H. T. Distribution of magnetic fields and currents in type-II superconductors. Cryog. 7, 73, https://doi.org/10.1016/S0011-
2275(67)80031-6 (1967).

31. Esquinazi, P. et al. Vortex avalanches in Nb thin films: Global and local magnetization measurements. Phys. Rev. B 60, 12454, https://
doi.org/10.1103/PhysRevB.60.12454 (1999).

32. Nabiatek, A. et al. The reversal of the local magnetic field profile at the surface of superconducting sample caused by the
thermomagnetic avalanche. J. Low Temp. Phys. 154, 55, https://doi.org/10.1007/s10909-008-9846-y (2009).

33. Chabanenko, V. V. et al. Critical state transformation in hard superconductors resulting from thermomagnetic avalanches. Low
Temp. Phys. 42, 239, https://doi.org/10.1063/1.4947599 (2016).

34. Vlasko-Vlasov, V. K. et al. Meissner holes in superconductors. Phys. Rev. B 56, 5622, https://doi.org/10.1103/PhysRevB.56.5622
(1997).

35. Goodman, B. B. & Wertheimer, M. R. Observation of the speed of flux jumps in superconducting niobium. Phys. Lett. 18, 236,
https://doi.org/10.1016/0031-9163(65)90308-2 (1965).

36. Aranson, ., Gurevich, A. & Vinokur, V. Vortex avalanches and magnetic flux fragmentation in superconductors. Phys. Rev. Lett. 87,
067003, https://doi.org/10.1103/PhysRevLett.87.067003 (2001).

37. Collings, E. W. Applied Superconductivity, Metallurgy, and Physics of Titanium Alloys, vol. 1 (Plenum Press, New York, 1986).

38. Iwasa, Y. Case Studies in Superconducting Magnets (Kluwer Academic/Plenum Publishers, New York, 2002).

39. Tomita, M. & Murakami, M. High-temperature superconductor bulk magnets that can trap magnetic fields of over 17 Tesla at 29 K.
Nat. 421, 517, https://doi.org/10.1038/nature01350 (2003).

40. Durrell, J. H. et al. A trapped field of 17.6 T in melt-processed, bulk Gd-Ba-Cu-O reinforced with shrink-fit steel. Supercond. Sci.
Technol. 27, 082001, https://doi.org/10.1088/0953-2048/27/8/082001 (2014).

41. Chabanenko, V. et al. Dynamical transformation of the critical state caused by the thermomagnetic avalanches. Phys. C 460-462,
776, https://doi.org/10.1016/j.physc.2007.03.126 (2007).

42. Chabanenko, V. V,, Krynetskii, I., Piechota, S. & Szymczak, H. Giant magnetostriction and flux instabilities in textured YBaCuO
plates. Phys. B 216, 290, https://doi.org/10.1016/0921-4526(95)00495-5 (1996).

Acknowledgements
U. Pal acknowledges support by CONACYT (Mexico) under grant #INFR-2014-02-23053. X. Yao thanks for
support from KPRD (China) under Grant No. 2016YFA0300403.

Author Contributions

V.Ch., A.N,, R.P. and H.Sz. conceived the experiment and analyzed the data. U.P,, O.K., O.Ch. and V.G.-V.
performed the magnetic measurements and the laminated crystal structure analysis. J.Q. and X.Y. fabricated and
characterized the samples. V.Ch., EP.-R. and O.Ch. proposed a mechanism for the magnetic moment inversion.
EP-R,, V.Ch. and R.C.-M. carried out the analysis of remagnetization process and the estimates of physical values.
V.Ch., R.P, AN. and EP-R. wrote the paper with contributions from all authors.

Additional Information
Competing Interests: The authors declare no competing interests.

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

SCIENTIFIC REPORTS | (2019) 9:6233 | https://doi.org/10.1038/s41598-019-42699-5 7


https://doi.org/10.1038/s41598-019-42699-5
https://doi.org/10.1103/PhysRev.161.404
https://doi.org/10.1103/RevModPhys.53.551
https://doi.org/10.1016/0011-2275(91)90217-K
https://doi.org/10.1016/0011-2275(91)90217-K
https://doi.org/10.1016/0921-4534(92)90699-D
https://doi.org/10.1016/0375-9601(88)90586-5
https://doi.org/10.1016/0375-9601(88)90586-5
https://doi.org/10.1103/PhysRevB.48.13922
https://doi.org/10.1063/1.1413502
https://doi.org/10.1063/1.1413502
https://doi.org/10.1063/1.4890724
https://doi.org/10.1063/1.4973991
https://doi.org/10.1016/j.scriptamat.2016.01.037
https://doi.org/10.1063/1.111092
https://doi.org/10.1016/0921-4534(95)00398-3
https://doi.org/10.1016/0921-4534(95)00398-3
https://doi.org/10.1016/S0921-4534(97)01620-1
https://doi.org/10.1088/0953-2048/17/11/R01
https://doi.org/10.1088/0953-2048/17/11/R01
https://doi.org/10.1016/0011-2275(66)90132-9
https://doi.org/10.1016/0022-3697(67)90038-8
https://doi.org/10.1016/0022-3697(67)90038-8
https://doi.org/10.1016/S0011-2275(67)80031-6
https://doi.org/10.1016/S0011-2275(67)80031-6
https://doi.org/10.1103/PhysRevB.60.12454
https://doi.org/10.1103/PhysRevB.60.12454
https://doi.org/10.1007/s10909-008-9846-y
https://doi.org/10.1063/1.4947599
https://doi.org/10.1103/PhysRevB.56.5622
https://doi.org/10.1016/0031-9163(65)90308-2
https://doi.org/10.1103/PhysRevLett.87.067003
https://doi.org/10.1038/nature01350
https://doi.org/10.1088/0953-2048/27/8/082001
https://doi.org/10.1016/j.physc.2007.03.126
https://doi.org/10.1016/0921-4526(95)00495-5

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, 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) 2019

SCIENTIFIC REPORTS |

(2019) 9:6233 | https://doi.org/10.1038/s41598-019-42699-5 8


https://doi.org/10.1038/s41598-019-42699-5
http://creativecommons.org/licenses/by/4.0/

	Magnetic moment inversion at giant flux jump: dynamical property of critical state in type-II superconductors

	Experimental Details

	Results and Discussion

	Conclusions

	Acknowledgements

	Figure 1 (a) Visualization of installation of the sample in the holder, to be fixed into vacuum chamber, to avoid heat flows between the sample and the surrounding media.
	Figure 2 (a) Remagnetization loop M(H) for the YBa2Cu3O7−δ single crystal at T = 2 K under a magnetic field H || c-axis.
	Figure 3 (a) Image of trapped flux distribution, i.




