Dynamical visualization of attractively interacting single vortices in type-1I/1
superconducting Nb by magneto-optical imaging
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In type-1I/1 superconductors, the intervortex interaction has a potential minimum, resulting in
an attractive force at certain distances. To better understand this unique vortex system, in-situ
observations in high-purity Nb have been performed using magneto-optical imaging with single-

vortex resolution.

We have dynamically visualized the behavior of the vortices during cooling,

including clustering of attractively interacting single vortices, the hopping motion of vortices, the
formation of an Abrikosov triangular lattice, and various degrees of disordered states with or without

clusters.

From the direct observations of clustering vortices, a conversion temperature for the

boundary between type-11/2 and type-I1I/1 states is evaluated. The diverse vortex configurations
arise from the interplay of the vortex-vortex interaction, the screening current, and the pinning

potential landscape.

I. INTRODUCTION

The Ginzburg-Landau (GL) theory, basically valid
near the critical temperature T, classifies supercon-
ductors into type-I and type-II. Beyond this classifica-
tion, theories applicable well below T,[1-6] further dis-
tinguish type-II superconductors into type-11/1 and type-
I1/2. Type-II/1 superconductors, with a GL parameter
k < 1.1, exhibit attractive interactions of vortices at in-
termediate distances, in contrast to the repulsive forces
seen in type-1I1/2 (normal type-1I) superconductors. The
attraction is linked to a potential minimum of the vortex-
vortex interaction at a length scale of several times of the
magnetic penetration depth A [4, 7]. Initial research in
the 1970s on materials such as Nb, V, TaN, and PbT1 re-
vealed these phenomena [8-12]. The origin of the attrac-
tive interaction is qualitatively understood by the con-
densation energy mechanism, i.e., the order parameter
overlap [13]. Recently, advanced experimental studies on
this issue have rekindled interest in the type-1I/1 super-
conductors [14-17]. While there are various supercon-
ductors that have been expected to manifest attractively
interacting vortices, due to different mechanisms, i.e.,
magnetic superconductors [18], multi-band superconduc-
tors [19-21], and topological superconductors [22], type-
I1/1 superconductors can provide a tractable platform to
study such vortex system with less influence of pinning
since the pinning effect would often mask the behavior
originating from the vortex-vortex interaction.

The boundary between Type-1I/1 and Type-11/2 has
been evaluated numerically by solving the Eilenberger
equations without approximation [4] (for the 2D case,
ref.[23]). The experimentally determined boundaries of
the type-II/1 in the x-T diagram have been quantita-
tively compared with several theories in ref.[24]. Here we

show the schematic x-T' diagram in Fig. 1(a) [11, 25], and
Fig. 1(b) is, as an example, the numerically calculated
vortex-vortex interaction energy expected in the type-
IT/1 superconductivity, where the London penetration
depth Ar, and « are set to 100 nm and 0.77, respectively.
The details are described in Appendix A. The first poten-
tial minimum appears at ~ 6\,. Interestingly, the inter-
action potential oscillates with reducing the amplitude
[26]. The repulsive force caused by the non-monotonic
potential may prevent the vortices from coalescing into
a single domain [27]. A molecular dynamics simulation
using this interaction potential is demonstrated in the
Summplement Material [28] (see also references [29-31]
therein).

High-purity Nb of a representative type-11/1 supercon-
ductor undergoes a transition from type-11/2 to type-11/1
behavior at the conversion temperature T* during cool-
ing. The superconducting properties of high-purity Nb
samples have been studied by magnetization measure-
ments [8, 9, 32]. Without any demagnetization effect
(demagnetization factor D = 0), a magnetization jump
in H., appears in the M-H curves, indicating a first-
order transition due to the attractive interaction (the or-
ange line in Fig. 1(c)). For D # 0 (Fig. 1(d)), instead
of the first-order transition, the intermediate mixed state
(IMS) appears between Meissner and mixed states below
T*. While real-space observations of the IMS have been
realized by the Bitter decoration technique [12, 33] , the
dynamical behavior of the vortices, e.g. the emergence
process of the IMS, has not been revealed due to the lack
of real-time observations.

From an application perspective, the behavior of vor-
tices in pure Nb is closely related to the performance of
the superconducting radio frequency (SRF) cavity, since
remanent vortices that cannot be expelled from the cav-
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FIG. 1. (a) Schematic t-x diagram in the vicinity of k = 1/+/2
based on previous papers [11, 25]. Type-11/1 superconduc-
tivity exists between the type-I and type-II/2 (type-II). (b)
Calculated vortex-vortex interaction energy as a function of
intervortex distance. The inset is an enlarged plot of the zero
energy region. A potential minimum, indicated by the arrow,
exists at an intermediate distance. (c,d) Schematic H-T phase
diagrams of type-1I/1 superconductors with demagnetization
factors D = 0 and D # 0 for the type-II side x > 1/v/2. T*
is the conversion temperature which separates type-11/2 and
type-11/1 behavior. (e) B-T phase diagrams for the type-II
side of type-11/1 superconductors.

ity during cooling degrade the Q-factor [34-36]. In this
context, understanding the mechanism of flux expulsion,
where vortex clusters may be relevant, is of significant
importance to improve the Q-factor.

To study the dynamic behavior of vortices, magneto-
optical imaging (MOI) is a powerful technique that allows
real-time real-space observation of magnetic field distri-
butions in superconductors [37]. Individual vortices have
already been resolved by MOI in several groups [38-40]
and even manipulated with the help of a laser beam [40].
Recently, we have visualized the formation of IMS dur-
ing field cooling in cavity grade Nb using the MOI [16].
However, in that study, the behavior of vortices in lower
fields could not be investigated because the resolution of
the MOI at that time was not sufficient to resolve indi-
vidual vortices.

In this paper, we present the dynamical visualization
of attractively interacting single vortices in high-purity
cavity-grade Nb using a MOI with single vortex reso-
lution. In our Nb samples, the conversion temperature
T* was found to be around 8.5 K. In addition, various
patterns of vortex configurations emerged depending on

temperature and field due to the interplay of multiple
factors, i.e., the vortex-vortex interaction, the Lorentz
force from a screening current, and the disordered pin-
ning potential landscape.

II. EXPERIMENTS

Single-domain Nb samples with a square-cuboid shape
of Tx7x3 mm?3 were cut from high-purity large-grain
plates (Tokyo Denkai Co.) originally prepared for SRF
cavities. The samples were annealed at 900°C for 3
h in a vacuum of ~10~* Pa to dehydrogenate, after
one side of the square surfaces was mirror-polished by
chemical-mechanical polishing. The residual resistance
ratio (RRR) of the plates is 496 according to the data
sheet provided by the company. We expected the value
of K of our Nb samples to be in the range of 0.73-0.81
[16].

The MO observations were performed using a conven-
tional polarizing microscope setup. A schematic drawing
of our low-temperature MO imaging setup is shown in
Fig. 1 of ref.[16]. In the present study, a sCMOS cam-
era (pco.panda 4.2, Excelitas PCO GmbH) was used for
image acquisition, and a high-power green LED chip was
used as a light source to enhance illumination. Exter-
nal magnetic fields H, and H, were applied perpendic-
ular and parallel to the prepared surface, respectively,
where H, was used to roughly compensate for the in-
plane ambient field. Regarding the sign of H, (or B,),
the direction from bottom to top of the paper is defined
as positive. The angle of rotation of the analyzer was
slightly shifted from the crossed Nicols configuration by
1-1.5° for better contrast [38]. Due to this angular off-
set, negative/positive B, appear darker/brighter in the
MO image. Therefore, positive vortex and negative anti-
vortex can be distinguished.

For the present study, we developed our own
MO imaging sensors, which are garnet films of
(Lu,Bi)3(Fe,Ga)5012. The films were fabricated on a
gadolinium gallium garnet (GGG) substrate by an eclipse
PLD method[41, 42], in which a shadow mask was placed
between the target pellet and the substrate to prevent the
deposition of large particles such as droplets. The MO
film used in this study shows a zigzag pattern of mag-
netic domain walls at low temperatures, indicating the
presence of in-plane magnetization domains. The film
thickness is ~500 nm estimated from the total deposi-
tion time.

All images were taken during field cooling (T-scan).
Since the MOI signal reflects the local flux density By,
it is convenient to use a B-T plot to follow the T-scan
(Fig. 1(e)), where a typical change in B; is indicated by
the arrow [16]. A sudden decrease of B; occurs at T
due to the flux expulsion. To enhance the contrast of
the images, the background image, which is an average
of several dozen images taken above T,, was subtracted
from all successive images after image registration to re-
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FIG. 2. (a) MO image of single vortices at 9.0 K below T, dur-
ing T-scan in -9.3 Oe. Since the MO film senses the magnetic
field a few submicrons above the sample surface and there are
other factors such as image processing, contrast adjustment,
etc., the size of the vortices appears larger. (b) MO image of
clustering vortices below the conversion temperature T*. The
video is available in the Supplemental Material.

move non-negligible drift or vibration, and application of
Gaussian filter to reduce noise.

III. RESULTS AND DISCUSSION

Figure 2 shows MO images taken during the T-scan in
-9.3 Oe. Note that the temperature shown in the images
has an error about £0.05 K due to temperature insta-
bility in our experimental setup. Just below 7. around
9.2 K many uniform dark spots appear (see ‘Videol’
in the Supplemental Material), which is the creation of
(anti-)vortices. By counting the number of vortices in
Fig. 2(a), B is estimated to be -5.1 G. As the temper-
ature decreases, slight drifts of the vortices from left to
right can be seen down to 8.7 K, indicating the influence
of the Lorentz force exerted by the screening current. In
addition, a hopping motion of the vortices can be seen,
suggesting that pinning by some amount of quenched dis-
order exists at least at the surface, although the sample is
sufficiently clean for IMS to appear at low temperatures.

With decreasing temperature further, the vortices be-
gin to aggregate at ~8.5 K, then form vortex clusters.
The clusters gradually grow by absorbing other vortices
around them. As shown in Fig. 2(b), not all vortices are
involved in cluster formation. This is probably caused
by the competition of the attractive force between vor-
tices and the pinning force. Since the MO image shows
the vortex pattern on the surface, there is a possibility
that some of the isolated single vortices are pinned at the
surface and may cluster in the body of the sample if the
effective pinning centers exist only near the surface.

Recently, the expectation that ideal pure Nb is an
intrinsic type-I superconductor has been proposed, in
which the similarity of magnetic field patterns of the IMS
in Nb and the intermediate state in Pb was thought to be
a supporting evidence [43]. Since the spatial resolution
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FIG. 3. MO images taken in -2.3 Oe during T-scan. (a-c)
Sequential images of a hopping vortex (in the white box).
Black, red, and blue lines in the inset of (c¢) show line profiles
of the vortex in (a), (b), and (c), respectively, along the red
arrow in (b). (d-f) Clustering of three vortices (in the yellow
box). The line profiles along the arrows drawn in the figures
are plotted in the inset of (f). The video is available in the
Supplemental Material.

of our MOI is insufficient to reveal the internal structure
of the cluster, we cannot exclude the possibility that the
“yortex cluster” here is a “giant vortex”. However, recent
small-angle neutron scattering studies using Nb samples
of different purities with RRRs of ~100 (“Nb-1p”), > 300
(“Nb-mp”), and > 10k (“Nb-hp”) have observed Bragg
spots of hexagonal lattice of single vortices below the
temperature of the aggregation in all cases. The purity
of our Nb samples (RRR~500) is probably between Nb-
mp and Nb-hp, and the transition temperature to IMS,
Tivs, is also between Nb-mp and Nb-hp in fixed mag-
netic fields [15, 16], suggesting that the quality of current
samples does not reach ideal pure Nb. Therefore, the ob-
served aggregate structure of vortices is expected to be
a “vortex cluster”. Further direct observation studies for
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FIG. 4. Vortex arrangement during the T-scan in a relatively higher field. (a) Change in averaged light intensity AI from
the value above T. during T-scan in 15.7 Oe. Labels (b)-(h) indicate the points corresponding to the following images. (b-h)
Successive changes of the vortex arrangements: (b) an image just below T (9.2 K), (c) ordered vortex lattice (9.1 K), (d)
weakly disordered state (9.1 K), (e) strongly disordered state (8.7 K), and (f,g,h) intermediate mixed state (8.4, 7.5, and 6.1 K,
respectively). The insets of (c) and (d) show the results of the FFT for each image. All images are displayed with a fixed gray
scale, except for the regions surrounded by yellow squares in (b), (c) and (d), where the contrasts are increased for visibility.

The video is available in the Supplemental Material.

much higher purity Nb with a better spatial resolution
than several hundreds nm are required to explore the
type-I superconducting Nb.

Snapshots during the T-scan in a lower field (-2.3 Oe)
are shown in Fig. 3. There is an overall flow towards 2
o’clock just below T, where the hopping motion of the
vortices can be seen again in Fig. 3(a-c). The two dark
spots in the white box of Fig. 3(b) are a trace of a hopping
single vortex, indicating an instantaneous jump during
the exposure time of 0.5 sec, whose profiles are shown in
the inset of Fig. 3(c). The ratio of the intensities of two
negative peaks reflects that of the dwell times at the two
positions.

In Fig. 3, most of the vortices remain isolated single
vortices even well below 8.5 K, probably because the vor-
tices are too far apart to attract each other against the
pinning force. However, in the yellow box in Fig. 3(d-f),
we can find three vortices, labeled A, B, and C, forming
clusters: the vortex A collides with the second vortex
B, and then the cluster consisting of A and B becomes
attached with C. Thier profiles are shown in the inset
of Fig. 3(f). The clusters appear to form and grow by
collisions of vortices during hopping.

Figure 4 shows the changes of the vortex arrangement
during the T-scan in a relatively higher field (+15.7 Oe),
where single vortices are still resolved. Note that the

vortices are represented by bright spots, unlike those in
Fig. 2 and 3 because their fields are positive. Just af-
ter the superconducting transition, a certain amount of
magnetic field is expelled from the sample, as shown in
Fig. 4(a), but there is no sign of vortices in Fig. 4(b),
probably because the field modulation by vortices is
small, since A(T") should be longer, much closer to T..
In the next image (Fig. 4(c)), despite a small decrease
in temperature, we notice the appearance of an ordered
vortex lattice, which is a hexagonal lattice with a lattice
constant of ~ 1.5um, corresponding to 11 G, from the re-
sult of the fast Fourier transformation (FFT). However,
this ordered lattice is broken within small temperature
decrease (Fig. 4(d)). This change is probably due to the
interplay of the weak intervortex interaction, the pinning
effect and the Lorentz force due to the screening cur-
rent. Since the vortex lattice is too soft near B.o(T) or
in very low fields [44, 45] to maintain the ordering, some
vortices move downward due to the Lorentz force while
others appear to be fixed. With decreasing temperature
the arrangement is further disordered (Fig. 4(e)). Then,
below ~8.5 K, the vortices suddenly start to form clus-
ters as shown in Fig. 4(f), indicating that the attractive
force between the vortices overcomes the pinning force
around this temperature. As the temperature continues
to decrease, the clusters gradually absorb the individ-
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FIG. 5. Plot of several charactaristic temperatures deter-

mined from the observations in T-scan. Red circles, Teiuster,
show the temperature at which vortices start to aggregate.
Crossed markers, Tiatsice, indicate the point where the vor-
tex lattice were detected. Superconducting transition tem-
perature T,z is also shown by black squares with a line of
Heo(T) = 4040(1 —#%)/(1+t?), where t = T/T. and T, is 9.25
K [46].

ual vortices around them (Fig. 4(g)). At low tempera-
tures (Fig. 4(h)), some vortices remain isolated from the
clusters, suggesting existence of relatively strong pinning
centers in this sample.

From the consective images in T-scan, we extracted
some characteristic temperatures, i.e., the starting tem-
perature of the clustering Tijuster, temperatures where
the vortex lattice is observed Tiagtice, and the supercon-
ducting transition temperature 7.5, which are illustrated
in Fig. 5. Tastice gradually shifts toward lower temper-
atures as the magnetic field increases, because the vor-
tex lattice becomes stiffer as the inter-vortex distance
decreases, maintaining the ordered structure at lower
temperatures against the temperature dependent pinning
force. On the other hand, T¢juster Seems to be indepen-
dent of the magnetic field and concentrate around 8.5 K,
indicating that the conversion temperature 7™ is around
this value, although they are somewhat scattered due
to the ambiguity of the manual determination and the
limited experimental stability of the temperature. It is
possible that the influence of the pinning remained in our
Nb sample has led to an underestimation of T*. However,
it is expected that even under the influence of pinning,
clustering could occasionally occur as a result of collision
between weakly pinned mobile vortices when the attrac-
tive force starts to work. Since there is no clear case of
clustering vortices above ~8.5 K for the different fields,
we expect T to be around 8.5 K in this sample.

The conversion temperature is an important parameter
to investigate the superconducting property of Nb includ-
ing the quality of samples via the relationship between
T* and k. In previous experiments T* has been evalu-
ated by examining the magnetization jump accompanied
by the first vortex penetration in the M-H curves in sam-
ple shapes of D ~0 [8] or by detecting slope changes by
the differential magnetization using large-D samples [24].
However, these macroscopic methods may give an error
in lower fields and higher temperatures due to the re-
duced number of vortices involved. Direct observation
by MOI can be an alternative means to determine 7™,
especially for low fields as demonstrated in the present
study, and applicable to plate-like shapes.

IV. CONCLUSION

In conclusion, we have successfully conducted the dy-
namical observation of attractively interacting single vor-
tices in low fields (< 200e) in high-purity cavity-grade
Nb using a MOI with single vortex resolution. In our
Nb sample, the conversion temperature T was found
to be about 8.5 K. During field cooling, in addition to
the hopping motion of single vortices, the diverse vor-
tex configurations - such as hexagonal lattice, weakly or
strongly disordered state, and mixture of isolated vor-
tices and clusters - were observed depending on temper-
ature and field, which can be explained by the combined
influence of multiple factors, i.e., the vortex-vortex inter-
action, the Lorentz force from the screening current, and
the disordered landscape of the pinning potential. As a
future prospect, further improvement of the spatial, tem-
poral, and magnetic resolutions in the MOI will make it
possible to dynamically study the internal structure of
vortex clusters, vortex lattice structures in higher fields,
or the birth of vortices just at 7.
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Appendix A: Attractive vortex-vortex interaction

The attractive vortex-vortex interaction is not de-
scribed by the conventional GL theory. Several ap-
proaches have been studied to go beyond the GL theory
to investigate the vortices in a type-I1I/1 superconduc-
tor [1, 3-5]. On the other hand, the boson method is
the quantum field theory suitable to treat the topological
defects in an ordered state (e.g. vortices in superconduc-
tors) [48, 49], and the theory of superconductivity has
been formulated based on this formalism [2, 50]. Here
we use the vortex-vortex interaction formulae by the bo-
son method of superconductivity to study the attractive
vortex behavior and vortex cluster formation [2, 26, 51].

Vortex-vortex interaction potential energy and force
(per unit length) are expressed as follows, respectively
2, 51):

2% ke (k) Jo (kr
EY Y (r) = 5722 / >‘2L(k2) +OC((]€)) dk, (A1)

2 [e%¢) 20 r
- 3 [ SR

where r is the distance between the axes of the two vor-

tices, ¢q is the unit flux quantum, A, is the London pene-
tration depth, Jy, J; are the zeroth and first order Bessel
functions, respectively. ¢(k) is the so-called boson charac-
teristic function. ¢(k) at T'= 0K has been calculated nu-
merically as follows [26]: ¢ (k) = exp{—v [k &]"} where
& is the coherence length, v = 0.559 — 0.4257V N(0),
n = 2.207 — 0.7857VN(0). V is the coupling constant of
the electron-electron interaction. N(0) is the density of
state at the Fermi level. We adopted 0.32 for VN (0) to
follow the reference [26].

The numerically calculated vortex-vortex interaction
energy as a function of the distance between two vortices
with the values Ar, of 100 nm and & of 0.77 is shown in
Fig. 6. EY~V(r) is an oscilatory damped function [26],
which can be seen up to the second minimum in Fig.
6(c).

Boson methods start from the BCS Hamiltonian, but
instead of formulating using Green’s function in the man-
ner of the Gor’kov equations, they advance through the
operator formalism to be derived. Although they should
be consistent with other theoretical frameworks through
the BCS Hamiltonian, this remains a topic for future re-
search.
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