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Abstract. The electrodynamic behavior of II-type superconductors is determined by the 
physics of the vortex matter, for which the superconducting material is the medium of exist-
ence. It is noteworthy that for all practical superconductors this medium is both anisotropic 
and inhomogeneous. On the basis of data on the degree of inhomogeneity and anisotropy, 
some features of magnetization in low external field, comparable to self-field, can be explained. 
Namely: 1) an anomalous shift of the central magnetization peak, and 2) the fishtail shape 
in inclined magnetic fields. In this paper, we present an experimental study of the low-field 
magnetization of Nb-Ti tapes. The degree of anisotropy was varied by heat treatment of the 
original cold-rolled tape and by slicing the samples along and across the rolling direction. The 
obtained results are discussed in comparison with the features of the magnetization loops of 
other practical superconductors. 
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Аннотация. Электродинамика сверхпроводников II рода определяется физикой 
ансамбля вихрей, для которых сверхпроводящий материал является средой существования. 
Примечательно, что для всех технических сверхпроводников эта среда одновременно 
анизотропна и неоднородна. На основании данных о степени неоднородности и 
анизотропии можно объяснить некоторые особенности намагниченности в слабом 
внешнем поле, сравнимом с собственным. А именно: 1) аномальный сдвиг центрального 
пика намагниченности, и 2) форма «fishtail» в наклонных магнитных полях. В этой статье 
мы представляем экспериментальное исследование низкополевой намагниченности 
сверхпроводящих Nb-Ti лент. Степень анизотропии варьировалась с помощью 
термической обработки исходной холоднокатаной ленты и путем нарезки образцов вдоль 
и поперек направления прокатки. Полученные результаты обсуждаются в сравнении с 
особенностями петель намагничивания других технических сверхпроводников. 
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Introduction

Quite a long time has passed from the prediction by A.A. Abrikosov of magnetic flux quantization 
in type II superconductors [1] to the acceptance by the scientific community of vortex matter 
as a new state of condensed matter. It turned out that in practically important cases anisotropy 
plays an essential role in the physics of vortex matter [2]. It is customary to distinguish between 
external and internal causes of anisotropy. Internal with respect to vortex matter or intrinsic 
anisotropy is the anisotropy of the thermodynamic critical fields Hc1 and Hc2, which leads through 
the coherence length ξ and the penetration length λ to the anisotropy of the vortices spatial 
dimensions. This type of anisotropy is typical for HTS, in which the structural unit cell itself is 
strongly anisotropic [3]. The external anisotropy is due to the anisotropy of the pinning center 
morphology, which takes place in all practical superconductors, both in HTS and in traditional 
ones such as Nb3Sn and Nb-Ti. Vortices, unlike particles, are essentially elongated objects. 
Therefore, generally one should distinguish between anisotropy with respect to the direction of 
the magnetic field B, and anisotropy with respect to the direction of the driving force F = [j × B] , 
which, for a fixed direction of the magnetic field, is determined by the direction of the transport 
current density j [4].

This is a fairly exhaustive classification of anisotropy types. Note that even in an isotropic 
superconductor a tensor relationship between current density and electric field has been 
predicted [4]. Therefore, the mismatch of the directions of these vectors cannot serve as a criterion 
for the presence of anisotropy.

The distinction between the causes of anisotropy becomes important when interpreting 
the features in the low-field parts of the magnetization curves M(H), which arise in planar 
superconductors in tilted magnetic fields. Magnetization measurements have been proven to be a 
useful tool for estimating critical current density [5]. Models have been developed and widely used 
to estimate the in-plane anisotropy of the critical current in perpendicular magnetic field [6, 7], 
which is a special case of anisotropy with respect to the driving force, and to estimate the angular 
dependence of the critical current in the configuration of the maximum driving force (the vectors 
of the magnetic field and current density are always perpendicular to each other) [8, 9]. However, 
with rare exceptions, such as [10], the low-field part of magnetization is not analyzed. This is 
mainly due to the fact that the analysis is difficult, since the combined influence of the self-field 
and anisotropy leads to a non-uniform current distribution over the cross-section [11, 12]. At 
the same time, there are intriguing effects, such as a low-field fishtail in tilted magnetic fields 
[13, 14] and an anomalous shift of the central magnetization peak [15, 16, 17]. The latter effect is 
especially important, because, on the one hand, it allows one to estimate the degree of granularity 
[18]; on the other hand, its presence may indicate that the models mentioned above for critical 
current estimating are not applicable [15].

In this paper, we present the studies of the low-field magnetization of a 10 μm thick Nb-Ti 
tape heat-treated at 385 °С/25 h in comparison with the original cold-rolled one. In cold-rolled 
single-phase β-Nb-Ti tape, the pinning centers are the grain boundaries. The heat treatment 
led to the precipitation of 6% volume α-Ti particles, acting as strong pinning centers [19]. In 
accordance with previous transport measurements, the presence of α-Ti particles significantly 
increases the volume pinning force and reduces its anisotropy [20].
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Materials and Methods

For magnetic studies 4 samples were selected, sliced along (RD-samples) and across the rolling 
(TD-samples) (Table 1). Slicing samples with an optimal length-to-width ratio can significantly 
reduce the edge effect in tilted magnetic fields [8]. The parameters of our measuring system are 
close to those, used in [8], and therefore the optimal aspect ratio is also about 5. Previously, 
samples prepared in a similar way were investigated by the transport method in a liquid helium 
environment at 4.2 K [4, 20, 21]. Table 1 provides descriptions, dimensions, and transport 
method data for the tested samples. In the series of samples from № 1 to № 4, the value of the 
critical current density measured at 1 T in perpendicular geometry (the external magnetic field 
H is co-directed with the normal of the tape n: Hǁn) increases. At the same time, the ratio of 
the critical current densities when the field, lies in the plane of the tape (Hn) to the current 
density in the perpendicular geometry (Hǁn) decreases. This ratio can serve as a rough estimate 
of the anisotropy degree in the maximum driving force configuration. The critical currents were 
measured not only at 1 T, but in a much wider range of magnetic fields up to the upper critical 
field. The obtained field dependencies were approximated by the frequently used scaling law [22]:

 

(1)

where jc is the critical current density, H is the applied magnetic field, Hirr is the irreversibility field 
μ0Hirr ≈ 10.6 T [23, 24], C, p, q are fitting parameters. For magnetic fields μ0H < 1 T, p is the key 
fitting parameter. This parameter does not exceed unity and shows how fast the critical current 
density increases with decreasing magnetic field: jc ~ Hp–1. These values are also given in Table 1.
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Table 1
Description of samples and their current carrying capacity, obtained by transport measurements

Sample Condition Slicing Size, 
mm × mm

jc (1T, Hǁn), 
kA/mm2

jc (Hn)/jc 
(Hǁn), at 1T

p, 
Hn

№ 1 cold-
worked

TD 11.7 × 2.1 0.24 13 0.8
№ 2 RD 11.4 × 1.9 0.58 6 0.7
№ 3

heat-treated
TD 11.6 × 2.1 0.83 6 0.6

№ 4 RD 11.3 × 1.9 1.33 4 0.4

The magnetization curves were measured with the Vibrating Sample Magnetometer “LakeShore 
7400 series VSM System” with the magnet field of up to 1 T. The sample oscillated perpendicular 
to the magnetic field lines. Each magnetization curve was recorded at different orientations of the 
sample to the magnetic field, at certain rotating angle around the axis passing through the central 
line of the sample. A component of the magnetization vector parallel to the external magnetic 
field direction was recorded. The measurements were carried out at 5 K in a helium gas medium.
The experiment consisted of the following steps. The magnetization was measured on a sample 
cooled in a zero magnetic field. Then the system was heated to 20 K (far above the critical 
temperature of Nb-Ti ~ 9 K), the orientation angle of the sample was changed, and the sample 
was again cooled down in a zero magnetic field.

Results and Discussion

Figure 1 shows the magnetization loops of the tested samples at 5 K and at different orientations 
of the magnetic field. Usually plane samples are examined in perpendicular geometry, so it is 
convenient to begin discussions with this orientation. Remarkable that for transverse samples № 1 
and № 3 an anomalous shift of the central magnetization peak is observed, while it is not the case 
for longitudinal samples № 2 and № 4. This effect was considered in detail in [15] and is related to 
the inhomogeneous penetration of the flux into the sample due to variations in the tape thickness 



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.1

70

in the transverse direction. Please note that the scale on the vertical axes is different. The width 
of the hysteresis loop increases for samples from 1 to 4, which corresponds to known trends for 
such heat treatment [25, 26, 27]. This is also consistent with transport measurements (Table 1) 
since the loop width ∆M is proportional to the critical current density jc [7]:

 
(2)

where l and w are the length and width of the rectangular sample; jcl and jcw are the critical current 
density along the length and width, respectively. Formula (2) can be used for quantitative estimates 
(Table 2). Clearly, if an anomalous shift of the central magnetization peak is observed, then (2) 
gives an overestimated value of the critical current density. Here two things must be noted. First, 
transport measurements were carried out at 4.2 K while magnetic measurements — at 5 K, so 
the critical current should be lower in the latter case. Second, the electric field criterion for 
magnetic measurements is lower than for transport measurements [8]. Consequently, the estimate 
of the critical current, obtained from magnetic measurements, should be lower than for transport 
measurements, which is not the case for transverse samples № 1 and № 3. This confirms the 
conclusions of the work [15] that the anomalous central peak shift indicates an inhomogeneous 
flux penetration. This leads to the fact that Formula (2), obtained in the framework of the critical 
state model, gives an overestimated value compared to transport measurements.
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Table 2
Comparison of transport measurements and magnetic estimates at 1 T

Sample Slicing Anomalous central 
peak shift

jc (1 T, 4.2 K), kA/mm2

transport
jc (1 T, 5 K), kA/mm2 

magnetization
№ 1 TD Yes 0.24 0.27
№ 2 RD No 0.58 0.48
№ 3 TD Yes 0.83 0.84
№ 4 RD No 1.33 1.16

Fig. 1. Magnetization curves for samples № 1 (a), № 2 (b), № 3 (c) and № 4 (d). The angle between the 
normal to the tape and the magnetic field is indicated in the legend

a) b)

c) d)
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As for tilted magnetic fields, there are several theoretical works, predicting interesting 
phenomena [28, 29, 30]. A low-field fishtail for superconductors with anisotropic pinning has been 
predicted [14]. The essence of this effect is as follows. When the self-field of screening currents is 
comparable to the external field, there are locations in the cross-section of the sample, where the 
direction of magnetic induction deviates significantly from the direction of the external magnetic 
field. If the critical current density has a pronounced anisotropy, then this leads to a sharply 
non-uniform distribution of the current over the cross section and may lead to a non-monotonic 
dependence of the total magnetization on the external field. This effect was actually observed 
in inclined magnetic fields on cold-rolled Nb-Ti tape [13]. Figure 1 shows the evolution of this 
effect at different angles of the magnetic field for samples with different degrees of anisotropy 
(Table 1). The low-field fishtail effect occurs on stationary hysteresis loops, when the direction 
of the external magnetic field differs from normal direction (θ ≠ 0°) and manifests itself initially 
as a violation of the symmetry of the central peak (see loops at θ = 20° in Figures 1, a and 1, b) 
with subsequent splitting of the central peak into two smaller ones (at angles θ = 45°, 60°, 70°, 
80° in Figures 1, a and 1, b). Moreover, these features appear only on the stationary hysteresis 
magnetization curve, while the virgin curves are free of any features. This is an important fact, 
because it allows one to distinguish between intrinsic and external anisotropy. Intrinsic anisotropy 
is characterized by the appearance of an additional peak on the virgin curve and the absence of 
any features on the stationary hysteresis curve [31, 32]. When a sample with intrinsic anisotropy 
is magnetized in an inclined magnetic field, it is energetically favorable for the vortices to turn, 
so that the dimensions of the vortex become smaller. If the pinning is sufficiently weak and 
the rotation of the vortices is not hindered, then this appears as a double peak on the virgin 
branch of the magnetization curve: the first peak corresponds to the penetration of the vortices 
into the whole sample cross section, and the second corresponds to the full rotation of vortices 
in the direction of the external field [33]. In terms of the generalized critical state model, this 
corresponds to successive penetration of magnetic field components [34].

Qualitatively, with a decrease in the anisotropy degree the severity of the low-field fishtail effect 
reduces with almost complete disappearance for sample № 4 with a minimum degree of anisotropy. 
It is interesting to compare the hysteretic loops for samples № 2 and № 3, the anisotropy of which 
has the similar value (Table 1), but the fishtail effect for sample № 3 is much less pronounced. Such 
a significant difference may seem especially strange, since the critical current, and hence the self-
field of sample № 3, is higher than of sample № 2, which means that the effect, associated with the 
curvature of magnetic lines by the self-field, should be more pronounced. However, it turns out 
that not only the ratio jc(Hn)/jc(H||n) is important for the occurrence of the low-field fishtail effect, 
but also the details of the critical current angular dependence. It was shown [21] that the critical 
current angular dependence of the Nb-Ti tape is well described by the two-parametric dependence:

 
(3)

where θ is the angle between the tape normal n and the magnetic field H, kL and kU — the 
parameters of the angular dependence.

2 2

2 2

( cos ) (sin )( ) (90 ) ,
( cos ) (sin )

L

c c U

kj j
k

θ + θ
θ = °

θ + θ

Fig. 2. Model angular dependencies with a different values of the parameters kU and kL at a constant 
ratio kU/kL (a). Corresponding simulated magnetization curves at θ = 70 °(b)

a) b)
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From (3) it follows that jc(Hn)/jc(H||n) = jc(90°)/jc(0°) = kU/kL. Thus, the details of the 
angular dependencies are described by different sets of the parameters (Fig. 2). Using the angular 
dependence (3), the magnetization loops of a long flat sample with a width-to-thickness ratio 
w/t = 10 were calculated using the program, developed in [13]. The results are shown in Figure 2. 
For the same ratio jc(Hn)/jc(H||n), the low-field fishtail can have a different degree of severity, 
depending on the sharpness of the peak near θ = 90°. 

Conclusion

The low-field fishtail effect has been experimentally studied on samples with different degrees 
of external anisotropy. In contrast to intrinsically anisotropic superconductors, the magnetization 
curves of Nb-Ti samples in tilted magnetic fields do not show peculiarities on the virgin 
magnetization curve, while features are observed on the stationary hysteresis loops. Increasing the 
degree of anisotropy enhances the low-field fishtail effect. In addition, the manifestation of the 
low-field fishtail effect is sensitive to the details of the critical current angular dependence. 

An anomalous shift in the central magnetization peak was observed for the transverse samples. 
It is shown that the estimation of the critical current density over the width of the magnetization 
loop, performed within the framework of the critical state model, yields overestimated values 
compared to the transport measurements.
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