RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 020501(R) (2016)

Visualizing the elongated vortices in y-Ga nanostrips
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We study the magnetic response of superconducting y-Ga via low temperature scanning tunneling microscopy
and spectroscopy. The magnetic vortex cores rely substantially on the Ga geometry, and exhibit an unexpectedly
large axial elongation with aspect ratio up to 40 in rectangular Ga nanostrips (width / < 100 nm). This is in stark
contrast with the isotropic circular vortex core in a larger round-shaped Ga island. We suggest that the unusual
elongated vortices in Ga nanostrips originate from geometric confinement effect probably via the strong repulsive
interaction between the vortices and Meissner screening currents at the sample edge. Our finding provides novel
conceptual insights into the geometrical confinement effect on magnetic vortices and forms the basis for the

technological applications of superconductors.
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Magnetic vortices in mesoscopic superconductors, in-
cluding symmetric disks, triangles, squares, and rectangles
[1-4], have recently stimulated tremendous interest due to
their fundamental importance in controlling superconducting
energy dissipation, a significant feature for superconductor-
based nanotechnologies. When a superconductor is shrunk
to nanoscale, exotic vortex shapes (i.e., giant vortex and
antivortex-vortex molecule) and configurations may occur,
but so far mostly inferred from indirect measurements [5].
Direct real space visualization of vortices in nanostructured
superconductors remains challenging and rarely explored. A
few scanning tunneling microscopy (STM) studies present the
preliminary evidence of giant vortex in Pb islands [6-8], but
the ill-defined geometry of the samples investigated renders the
issue quite complicated and difficult for a direct comparison
with theory.

Among all these superconducting nanostructures, rectan-
gular nanostrips or nanowires are especially appealing for
superconducting electrical circuit and quantum interference
devices. Regular oscillations of resistance and critical current
as a function of magnetic field have been respectively reported
in superconducting InO and Al strips [9,10], which can be
accounted for by the so-called Weber blockade theory [11].
Here each oscillation in either magnetoresistance or critical
current corresponds to adding a single vortex into the strip, in
analogy with single electron transport through quantum dots in
the Coulomb blockade regime. Furthermore, the penetrating
vortices are anticipated to configure into a one-dimensional
chain at the center of the strip [10-12], because of the lower
vortex potential energy there. Upon increasing field, the vortex
chain may split into two or more buckled parallel rows [13—15].
However, so far as we know, such vortex chains have little
been directly visualized, and whether the model applies for
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the extremely narrow superconducting nanostrips remains
unjustified.

Herein we report the direct visualization of unexpectedly
elongated vortex cores in superconducting y-Ga nanostrips by
STM, and show that they are caused by the strong repulsive
interaction between the vortices and Meissner screening
currents at the sample edge. All experiments were conducted
in a Unisoku ultrahigh vacuum STM system equipped with
molecular beam epitaxy (MBE) for in situ sample preparation.
The MBE growth of superconducting Ga nanoislands has been
described in detail elsewhere [16], and in the Supplemental
Material [17]. The measurements were carried out at 4.4 K
unless otherwise noted. A magnetic field up to 7 T can be
applied perpendicular to the sample surface. The differential
conductance dI/dV spectra and maps were measured by dis-
rupting the feedback circuit at the setpoint of V; = 10 mV and
I = 100 pA, sweeping the sample voltage V;, and extracting
the conductance using a standard lock-in technique with a bias
modulation of 0.3 mV at 987.5 Hz.

Figure 1(a) shows the constant-current topographic image
of a rectangular Ga nanostrip, which has a length [ ~ 440 nm
and a width w ~ 64 nm. Note that the nanostrip exhibits
an almost perfect rectangle, which can easily be modeled in
theory. The atomically resolved STM image on the nanostrip,
shown in Fig. 1(b), reveals a defect-free surface. The unit cell,
marked by the blue thombus, consists of two bright spots with
a periodicity of ¢y = 0.86 nm and an intersection angle of 76°,
which are consistent with y-Ga(001) plane [Fig. 1(c)] [18].
Figure 1(d) plots a series of differential conductance dI/dV
spectra acquired on the Ga nanostrip at various temperatures,
normalized to the normal-state one above 7. (10 K). A
superconducting gap with clear coherence peaks is visible at
2.5 K. At elevated temperatures, the gap gradually reduces
and both the coherence peaks are suppressed, as expected.
The superconducting gaps can be fitted by using Dynes’s
expression [19], as illustrated in Fig. 1(d). Figure I(e)
plots the extracted superconducting energy gap A at various
temperatures. Fitting the data to a BCS gap function yields
T. = 6.80 K and A(0) = 1.28 meV.
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FIG. 1. (a) STM topography of a rectangular Ga nanostrip with a
height of 5.85 nm (45 ML) (V, = 3.5V, I =50 pA, 483 nm x 161
nm). Line profile taken along the red curve characterizes the height
and width w of Ga nanostrip. Both labels @ and b denote, respectively,
the orientations of the short and long side of the rectangular strips
throughout this Rapid Communication. The dotted rectangle marks
the region where all ZBC maps are taken in Fig. 2(a). (b) Atomic
resolution image (V; = 20 mV, I = 50 pA, 10 nm x 10 nm) of the
Ga nanostrip. The bright spots correspond to the Ga atoms in the
top layer. (c) Schematic crystal structure of y-Ga. Along the ¢(001)
axis, each unit cell consists of four atomic layers. For clarity, the
spheres in each layer are coded in different opacity. The brightest Ga
spheres at the top layer form a dimmerlike structure, consistent with
the STM image in (b). (d) Temperature-dependent dI/dV spectra on
Ga nanostrip (black dots) and their best fits to the Dynes’s expression
(red curves), with the broadening parameter I"' of 0.1-0.2 meV. (e)
The extracted gap magnitude A versus temperature (black squares).
The red line shows the fit to BCS gap function.

Having identified the lattice structure and superconductiv-
ity, we then focus on the magnetic response of y-Ga nanostrip.
To visualize the magnetic vortices in real space, we map the
spatial variation of zero-bias conductance (ZBC) on the dotted
rectangle in Fig. 1(a), a common approach for STM imaging
of vortices [6-8,20-27]. This technique takes advantage of
the ZBC contrast within and outside the magnetic vortex
cores, and has a higher spatial resolution (~§&). Here, the
suppressed superconductivity within the vortex cores leads to
a higher ZBC value, leaving superconductivity only outside
the vortex cores with lower ZBC. Thus the regions with
enhanced ZBC indicate the emergence of magnetic vortices.
Figure 2(a) illustrates such maps at various fields ranging from
0.3 to 1 T. Two intriguing phenomena are immediately noticed.
The first phenomenon, which is also the more interesting and
unexpected one, is that the magnetic vortex cores expand and
compress along the longer (b axis) and shorter (a axis) sides
of the rectangular Ga nanostrip, respectively, regardless of
the field. This consequently leads to the anisotropic vortex
cores with great axial elongation. The elongation ratio 7 is
estimated to be 15 at 0.435 T, and increases further with the
magnetic field. At 1.0 T, many vortices merge together and
the superconductivity is almost completely killed, pushing the
whole island into the normal state. Figure 2(b) reveals the field-
dependent ZBC profiles across the vortex cores. Along the b

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 020501(R) (2016)

axis, the existence of only one extremum in every ZBC profile
excludes reasonably the possibility of vortex chain for a single
individual yellow stripe. On the other hand, ZBC oscillates
along the a axis, with each peaked region representing single
or multiple (e.g., giant vortex) of the magnetic flux quantum
®,. The number of peaks invariably appears smaller than, but
tends to close the applied flux &/, as the field increases.
Above 0.7 T (®/ Py = 10.1), the ratio between them becomes
greater than 0.5, ruling out the possibility of giant vortex. We
therefore suggest that each peak (or yellow stripe) actually
denotes a single flux quantum ®,, namely, the vorticity L = 1
(Fig. S1).

Secondly, we find that the magnetic vortex first penetrates
into the Ga nanostrip in a rather high field, i.e., 0435 T
in Fig. 2(a). This is caused by the finite energy barrier for
vortex entry, consisting of the geometric [28] and Bean-
Livingston surface barrier [29]. Both barriers conspire to
preclude the penetration of vortices at low field. The first vortex
penetration occurs only when the surface superconducting
currents exceed the pair-breaking current, locally weakening
superconductivity and then allowing the nucleation of a vortex.

The anisotropic internal vortex structure constitutes the
major finding in this study: their large elongation and the
mechanism behind are unprecedented. For anisotropic vortex
cores, such as sixfold star-shape [20], fourfold [23-25], and
twofold symmetry [26,27,30], to name a few, seen previously
in certain unconventional superconductors, the anisotropy in
either the Fermi surface or the superconducting gap has
been suggested to be the primary cause. However, this is
not the case here: in y-Ga the superconducting gap can
be well fitted by the isotropic BCS theory [Fig. 1(e)], and
no gap anisotropy is involved. To shed more insight into
the possible mechanism behind this, we have investigated
the vortices in more Ga nanostructures, and find that the
vortices invariably elongate once the width of Ga nanostrips
is reduced to below ~100 nm. In contrast, usual isotropic
circular vortices develop in a roughly round-shaped Ga island
with a larger lateral dimension [Fig. 3(a)], which shows the
same lattice structure and superconductivity as Ga nanostrips.
Shown in Figs. 3(b)-3(i) are the isotropic vortex cores, which
bear strong similarities with those observed in conventional
superconductors such as Pb [22]. This completely excludes
the anisotropy in intrinsic electronic structure of y-Ga as a
possible cause for the elongated vortices. Instead, the vortex
elongates mainly via a geometrical confinement effect.

Figure 3(j) plots the radial dependence of vortex-induced
ZBC [or o(r)]. Based on the Ginzburg-Landau expression
for the superconducting order parameter A near the interface
between a superconductor and a normal metal, the radial ZBC
profile across the vortex core should obey [21]

0(r) = 00 + (1 — 00o)[1 — tanh(—r/+/26)], (1)

where o () is the normalized ZBC away from the vortex core
and r is the radial distance from the vortex center. A best
fit of ZBC profile o(r) to Eq. (1) yields a superconducting
coherence length £ =24.6 £ 1.1 nm at 4.4 K. Figure 3(k)
further qualifies the vortex-induced ZBC enhancement as
a function of the vorticity L in the round Ga island and
rectangular Ga nanostrips, seen more visually in Fig. S2. The
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FIG. 2. (a) Normalized ZBC maps at various magnetic fields, acquired in a field of view of 380 nm x 51 nm on the Ga nanostrip of Fig.
1(a). The normalization was performed by dividing these maps by the normal-state ZBC value at the vortex core. Yellow regions with enhanced
ZBC correspond to the vortex cores, all showing enormous elongation along the b axis. The small ZBC enhancement on the right side Ga
nanostrip at 0.435 T probably indicates that we are probing a critical state just before the penetration for the second vortex. (b) ZBC profiles
across vortex centers in (a). The ZBC presents oscillations along the a axis, while it shows a single extremum along the b axis. Here ®/®, and
L denote the applied magnetic flux and total vorticity in the strip, respectively.

linear relationship between them, guided by the dashed line,
indicates the equivalence (except for the shape) among all
observed magnetic vortices, regardless of the geometry.

We now consider possible explanations for the elongated
vortices in the Ga nanostrips. First, as the width w of Ga
nanostrips is comparable to their Fermi wave length Ap,
quantum confinement will become important and might lead to
sizable spatial modulation in A across the width of nanostrips
[3], forming a single or a multiple of weak superconducting
thin slices normal to the a axis. As a result, vortices, as

o M 10

locally quenched superconductivity, will most probably reside
inside the weak superconducting slices (more energetically
favorable), and may enormously elongate along the slices
[27,31]. However, our Bogoliubov—de Gennes self-consistent
calculations show that this explanation from the quantum
confinement effect is applicable only if the Fermi wave length
Ap is larger than about eight times the lattice constant. In
a usual metal, however, Ar is commonly comparable to its
lattice constant (e.g., Ap ~ 0.4ap in y-Ga) [16], as indicated
by considering free electron approximation. Therefore, the
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FIG. 3. (a) STM topography (V; = 3.0 V, I = 50 pA) of a larger Ga island (350 nm x 280 nm) with a height of 3.39 nm (26 ML). The
dotted square marks the region over which all ZBC maps in (b)—(i) are acquired. (b)—(i) Magnetic field dependence of ZBC maps, acquired
in a field of view of 140 nm x 140 nm in (a). The isotropic vortex cores are unchanged respective of the fields. (b) ZBC map (140 nm x 140
nm) taken on a round-shaped Ga island with a height of 3.39 nm (26 ML), showing a highly isotropic vortex core. (j) Radial dependence of
o (r) across the isotropic vortex, which are color-coded to match the ZBC map in (b). Here o (r) has been normalized to optimize their fit to
the inserted expression by minimizing the residual, as shown by the red curve. (k) Magnetic vortex-induced ZBC enhancement on various Ga

nanostructures.
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FIG. 4. (a) Schematic of vortex axial elongation. J, and J, denote
the Meissner screening currents at the sample edge and around the
vortex, respectively. Black thick arrows label the repulsive force
between the vortex and Meissner screening currents J,. (b) Magnetic
field and y-Ga geometry dependence of vortex elongation n. The
extracted n for [/w = 1.0, 2.1, 6.9, and 8.5 are coded magenta, red,
black, and blue, respectively.

quantum confinement effect might not play the primary role
in the vortex elongation observed here.

Alternatively, another possible origin of elongated vortices
is from the geometric confinement effect imposed by narrow-
ness of the rectangular Ga nanostrips. In the Ga nanostrips
studied here whose widths are of the order of & (e.g., w ~ 2.5
in Fig. 2), the finite size of vortex core cannot be ignored.
Moreover, the nanostrip thickness (several nanometers) is
considerably smaller than the penetration depth A; vortices
are of the Pearl rather than Abrikosov type [32]. The vortex
interactions with the Meissner screening currents at the sample
edge (J.) becomes long ranged and prominent. In terms of the
counterpropagation between J, and the screening current J
encircling the vortex [left panel in Fig. 4(a)], the interactions
are dominantly repulsive and pronounced along the a axis. To
minimize this repulsive interaction, the vortex current J; will
deform, or more specifically, elongate along the b axis until
they are fully exploring the sample geometry [right panel in
Fig. 4(a), less energetically costly], where the J,-J; repulsive
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interaction along the b axis gets stronger as well. Consequently,
an equilibrium with the strong deformation in J; and thus ZBC
or vortex cores is reached, as observed.

From considering J,-J; repulsive interactions, one may
further argue that vortex elongation 1 could enhance as the
ratio //w and magnetic field increases, because J, increases
with increasing field. In addition, once multiple vortices enter
into the nanostrips, the strong interaction between vortices will
not only compress a certain vortex along the a axis as well and
contributes to enhance 5, but also configures all vortices paral-
lel to the b axis, as observed. Figure 4(b) summarizes the vortex
elongation 7 as a function of the field B and //w of the y-Ga
nanostructrues. Clearly, n increases abruptly with B and [/ w.
For example, in the Ga nanostrip with the aspect ratio //w of
8.5, nisashigh as40.5 at 0.7 T. Therefore, even though further
detailed theoretical investigations will be needed to understand
the vortex elongation in a quantitative way, our experimental
findings support that the repulsive interaction between the
vortices and sample edge screening current is a reasonable
explanation of the vortex elongation in Ga nanostrips.

To summarize, our real space visualization of unusually
elongated vortices in y-Ga nanostrips sheds light on Pearl
vortex dynamics in the extremely thin and narrow supercon-
ducting nanostrips (w < 4£), where the geometrical confine-
ment effect may deform the internal vortex core structure and
then configure vortices in a brand-new way. The elongated
vortices observed here provide a novel platform to study exotic
vortices in nanoscale superconductors. From the viewpoint
of superconductor applications, the strong geometrical con-
finement could impose deep potential well for the vortex
transverse motion and immobilize the vortices, providing
a promising strategy to design nanoscale superconducting
devices working at high magnetic field, a long-standing dream
of superconducting research.

This work was supported by National Science Foundation
and Ministry of Science and Technology of China.
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