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a r t i c l e in f o



Keywords: Superconductor Vortex Topology



a b s t r a c t We have measured the magnetic torque of the ring-shaped crystals of TaSe3 by using piezoresistive cantilevers in order to investigate the superconducting topological properties. We measured three ring samples and we observed that the magnetic torque of the ring crystals oscillates with increasing the external magnetic ﬁeld. The ﬁrst peak of Sample A (radius: 37:9 mm) was 1.21 Gauss and that of Sample B ð24:5 mmÞ was 3.70 Gauss and that of Sample C ð15:6 mmÞ was 4.73 Gauss, respectively. We found that the ﬁrst peak depends on the length of the circumference itself. If there are such relation between the peak ﬁeld and the length of the circumference, it is natural that vortices in the ring crystal were placed along the circumference. From these results, we suggest that vortices exist as cylinder vortices in the rings and this phenomenon gives a new experimental evidence of topological effect in superconductor. & 2010 Elsevier B.V. All rights reserved.



1. Introduction



2. Experimental



Topology and geometry have a great potential of various effects on physical properties. For example, at the mixed state of type II superconductor, when system size is small, penetration and arrangement of vortices are affected by geometrical effect of the shape of superconductors [1]. It is also expected that topology of systems affects the superconducting properties. For example, in ¨ no oriental systems of Mobius strip topology [2,3], there is the possibility that vortices cannot penetrate crystals. From these speculations, topology of systems plays an important role in physical properties. In this research, we have measured the magnetic torque of the ring-shaped crystals of TaSe3 to investigate the effects of topology on superconducting properties. The ring-shaped crystals of quasione-dimensional superconductor TaSe3 ðTc ¼ 2:0 KÞ [4] are suitable to investigate these topological effects, because it is expected that ring crystal causes topological effect for its chain-loop structure. Besides that, a measurement without electrode is appropriate to investigate those effects, because this method conserves topology of systems. Therefore, we adopted magnetic torque measurement by using micro cantilevers as a method without electrode [5]. We found a phenomenon that the magnetic torque of the ring crystals oscillates below the transition temperature and we found that the ﬁrst peak depends on the length of the circumference itself. Then we suggests that vortices exist as cylinder vortices in the rings by the topological effects of superconductive ring-shaped crystals.



2.1. Samples



 Corresponding author. Tel./fax: + 81 11 706 7293.
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The TaSe3 ring crystals have been synthesized by the chemical vapor transportation (CVT) method [2,6]. The starting material was a mixture of Ta and Se with about 5% excess Se as a transport agent. Ta and quartz ampoules were baked at around 900 1C. After baking, the mixture was sealed in a quartz ampoule and air was evacuated from the ampoule to the order of 10-6 Torr. Next, the ampoule was placed in a furnace. The temperature of the startingmaterial at the end of the ampoule was raised to the reaction temperature, typically 700 1C. The mixture was soaked at this temperature for few hours. Using this method, thousands of ring crystals were synthesized per ampoule. The b-axis is parallel to the circumferential direction and the highest conductivity would be expected along this direction. For measurement, the crystal was ﬁxed at the extremity of the cantilever by adhesive.



2.2. Magnetic torque measurement In this study, we measured the magnetic torque in order to investigate the effect of topology on vortex state by using microcantilevers. This measurement is suitable for investigations of the effect of topology because we need no-electrode in this method. The magnetic torque s ¼ M  B produced on superconducting samples by an applied ﬁeld B and a sample magnetization M. In a homogeneous applied ﬁeld, a transverse component of the sample magnetization will cause a deﬂection of the cantilever, which is proportional to the magnetic torque s. Here, the sample mounted at the extremity of the lever as in
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Fig. 1, therefore the deﬂection Dz produced by the torque s is measured here as the change in the piezoresistance DR. In this study, in order to detect a small change in the resistance, we used a Wheatstone bridge circuit measured by a lock-in ampliﬁer. We measured magnetic torque by magnetic ﬁeld sweeping at a lower and a higher temperature than Tc . In case of Sample A, the angle between the applied ﬁeld and the ring crystal surface was 901. This sample was measured in liquid 3He directly. In case of Samples B and C, angle between the applied
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ﬁeld and the ring crystal surface was 451. This sample was measured in a vacuum.



3. Results and discussion Results of the magnetic sweep measurement at each temperature are shown in Fig. 2. Fig. 2(a) is the result of Sample A, and Fig. 2(b) is that of Sample B, and Fig. 2(c) is the result of Sample C.
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Fig. 1. (a) Scanning electron microscope (SEM) image of TaSe3 ring crystal (Sample A) on the cantilever. (b) High magniﬁcation image of the ring crystal and the cantilever.
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Fig. 2. (a) Magnetic torque of Sample A as a function of the applied magnetic ﬁeld and schematic drawing of the sample conﬁguration. Arrows show the peak positions. Solid lines represent the magnetic torque measured at T ¼ 0:56 K. Dotted lines represent the torque measured at T ¼ 4:3 K. (b) Those of Sample B. Solid lines represent the torque measured at T ¼ 0:38 K. Dotted lines represent the torque measured at T ¼ 10:9 K. (c) Those of Sample C. Solid lines represent the torque measured at T ¼ 0:68 K. pﬃﬃﬃ Magnetic torques below Tc ¼ 2:0 K of three samples are oscillate. (d) The ring circumference versus 1= B. B is the ﬁrst peak of the magnetic torque.
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Table 1 Characteristic values of three ring crystals. Sample name



Sample A Sample B Sample C



Area inner (mm2 )



4162 897 599



Radius



Circumference (mm)



outer (mm)



inner (mm)



37.9 24.5 15.6



36.4 16.9 13.8



228.7 106.2 86.9



Sample name



Width (mm)



Magnetic period (Gauss)



Number of vortices



Penetrarion depth (mm)



Sample A Sample B Sample C



1.5 7.6 1.8



1.21 3.70 4.73



243 160 136



2.33 1.33 1.18



Horizontal axis shows applied magnetic ﬁeld, and vertical axis shows magnetic torques translated from measured voltages. In vertical axis, we chose the point that magnetic torque oscillation became constant as origin, taking account of the effect of ﬁeld cooling by earth magnetism. Both Samples A and B, above Tc , magnetic torques were approximately constant. On the other hand, all of three samples, below Tc , magnetic torques oscillated as the applied magnetic ﬁeld increased, then that became constant at high magnetic ﬁeld. Furthermore, in whisker sample, this magnetic torque oscillation did not appear. 3.1. Magnetic torque oscillation Here, we discuss the magnetic torque oscillation appeared as the results of measurement for TaSe3 ring crystals. We suppose that the peak positions mean the ﬁeld that vortices penetrate and the penetration of vortices starts at the ﬁrst peak ﬁeld B. The ﬁrst peak of Sample A was 1.21 Gauss and that of Sample B was 3.70 Gauss and that of Sample C was 4.73 Gauss. Moreover, we discovered that pﬃﬃﬃ 1= B depends on the ring circumference (Figure 2(d)). Here, characteristic values of the three samples are presented in Table 1. The ﬁrst peak ﬁeld suggests that a number of the vortices penetrate simultaneously. Then we estimate the number of vortices from f=f0 and f ¼ B  S, where f0 is the ﬂux quantum, B is the ﬁrst peak ﬁeld, S is the area enclosed by the inner circumference. The number of vortices of Sample A is f=f0 ¼ 243, and that of Sample B is f=f0 ¼ 160, and that of Sample C is f=f0 ¼ 136, respectively. Therefore, several hundreds of vortices penetrate simultaneously in magnetic ﬁeld rather than each vortex penetrates one by one.



Fig. 3. Schematic model of cylinder vortex: (a) vortices place in line; (b) vortices extend along circle direction; and (c) vortices connect each other and form cylinder vortex.



3.3. Cylinder vortex model In order to explain the oscillation of magnetic torque, we propose the cylinder vortex model. We mean that the cylinder vortex is the cylinder formed by connecting penetrated vortices. While the magnetic ﬁeld applied to the ring crystal is small, vortices cannot penetrate to the ring crystal for Meissner effect. Then, when the applied ﬁeld increase larger as the vortices ﬁll the inner area of ring crystal, the vortices penetrate the ring crystal because of the effect of ring shape topology. From the above discussion, since number of vortices penetrate, it is expected that vortices penetrate whole of the ring crystal collectively and place not as Abrikosov lattice but along circumferential line (Fig. 3(a)). Moreover, vortices extend along circle direction due to strong anisotropy of crystal structure of TaSe3 [7]. And, ring crystals have b-axis connecting structure. Therefore, extended vortices are stable in ring crystals and there are overlap of supercurrent by vortices (Fig. 3(b)). This property likely causes the state that the vortices placed in line connect each other. Hence, it is natural that vortices in the ring crystal form cylinder vortex (Fig. 3(c)). This laminar structure was expected by de Gennes [8]. The cylinder vortex model is consistent with the fact that the magnetic torque oscillates.



4. Summary 3.2. Relations between peak position and length of crystal Then, we notice the relations between period and length of crystal. We consider that vortices penetrate every period and assume that this period corresponds to Hc1 . Then each penetration pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ depth l ¼ f0 =pHc1 of Sample A is estimated at lA ¼ 2:33 mm and that of Sample B is estimated at lB ¼ 1:33 mm and that of Sample C is estimated at lC ¼ 1:18 mm, respectively. From these results, we found that the l is proportionate to the inner ring circumference. Furthermore, the value of each ring circumference divided by each l is in the order of f=f0 . Accordingly, the magnetic period appeared in measurement results conceivably depend on ring circumferences. Therefore, we suppose that vortices of the ring crystal penetrate the area decided from the ring circumference and they place along circumferential line.



In this research, we measured the magnetic torque by using piezo-electric micro cantilevers. As a result, we found that the magnetic torque oscillates as applied magnetic ﬁeld increases in ring crystals and the ﬁrst peak depends on ring circumference length. These results indicate that vortices penetrate ring crystals as a cylinder vortex. The cylinder vortex is emerged by effect of the closed ring topology of the ring crystals of TaSe3.
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