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Structure and dynamics of a pinned vortex liquid in a superconducting a-Re¢Zr thin film
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We report the formation of a pinned vortex liquid spanning a very large region of the magnetic field-
temperature parameter space in a 5-nm-thick amorphous superconducting Re,Zr (x & 6) (a-ReZr) thin film,
using a combination of low-temperature scanning tunneling spectroscopic (STS) imaging and magnetotransport
measurements. The nature of the vortex liquid differs significantly from a regular liquid. Analyzing series of
STS images captured as a function of time, we observe that the interplay of pinning and intervortex interactions
produces a very inhomogeneous state, where some vortices remain static, whereas others move forming a
percolating network along which vortices are mobile. With increase in temperature or magnetic field this network
becomes denser, eventually encompassing all vortices. Our results provide key insight on the nature of a pinned
vortex liquid and some of the peculiarities in the transport properties of ultrathin superconducting films.
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Inrecent years there has been renewed interest in the mixed
state in thin superconducting films, owing to the observation
of vortex fluid states [1-4] in these materials. On general
grounds, it is expected that in a clean superconductor the
crystalline vortex lattice can melt at a characteristic temper-
ature/magnetic field, producing a vortex liquid (VL) state. So
far, VL states in bulk single crystals have been unambigu-
ously detected only in layered high-7; cuprates [5—8] at large
operating temperatures. On the other hand, for conventional
superconductors, the vortex lattice is either seen to retain its
crystalline structure till very close to the upper critical field
(H,») line [9,10] (in extremely clean crystals) or is driven into
a disordered vortex glass above the order to disorder transition
[11-13]. The situation is different in thin films, where reduced
dimensionality renders the vortex lattice more susceptible to
thermal (and quantum [14,15]) fluctuations. Indeed, in weakly
pinned superconducting thin films, two-dimensional (2D) VL
states with different long-range and short-range correlations,
such as isotropic, hexatic, and smectic, have been identified
using real space imaging of the vortex state [2—4].

When a current is passed in the mixed state of a super-
conductor, each vortex experiences a Lorentz force, Fi =
J®ot (where J is the current density, ®y = h/2e ~ 2.068 x
107> Wb is the flux quantum, and ¢ is the thickness of the
sample), which can cause the vortices to move and give rise
to dissipation. When vortices form a crystalline solid, a finite
density of weak pinning centers can collectively pin all the
vortices, such that the dissipation happens only above a crit-
ical current [16,17] 1., where the Fi overcomes the pinning
force. In a VL a finite density of pins cannot pin all vortices,
except for the extreme situation where each vortex is individ-
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ually pinned. However, it has been theoretically predicted that
in two dimensions, such a vortex glass is unstable [18-20]
except at T = 0. On the other hand, various inhomogeneous
liquid states [21,22] such as interstitial liquid or vortex slush
[23-25] have been proposed, where the motion of vortices
is dictated by a combination of defect pinning and interac-
tion with nearby vortices. Understanding the structure and
dynamics of the pinned VL is not only important to realize
the application potential of these materials, but also connects
to the fundamental problem of a pinned liquid that is relevant
for a variety of systems; e.g., colloids [26], skyrmion lattices
[27], liquid-crystal molecules, or lipids in membranes [28].
Scanning tunneling spectroscopy (STS) imaging is a pow-
erful tool to obtain structural information of the vortex lattice
[29]. Here, a fine conducting tip of a low temperature scan-
ning tunneling microscope [30] (STM) is brought within the
tunneling range of a superconductor, and the local density of
states (LDOS) is measured from a spatially resolved tunneling
conductance map, G(V, r) = ‘% |V (r is the local coordinate
on the surface), while rastering the tip over the sample surface.
Since both the superconducting energy gap and the coherence
peak in the LDOS is suppressed at the normal core of a vortex,
each vortex manifests as a local minimum [13] in G(V,r)
when the bias voltage is kept close to the coherence peak.
This technique has been extensively used to image crystalline
and glassy vortex states. However, application of STS in a
VL is trickier. Since STS imaging is a slow measurement,
imaging of moving vortices has mostly been restricted to
situations where the motion is very slow [1,3,4,31-33]. When
the movement of vortices is faster than the characteristic time
of data acquisition at every pixel (few milliseconds), rapid
fluctuation due to moving vortices will get integrated out,
thus blurring the boundary between the vortex core and the
gapped superconducting region outside [14]. The measured
G(V, r) at any point will thus be an average of the contribution
both from inside and outside the vortex core, and its value

©2023 American Physical Society


https://orcid.org/0000-0002-5763-7825
https://orcid.org/0000-0001-8308-2176
https://orcid.org/0000-0002-0302-1881
https://orcid.org/0000-0001-5239-3481
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.L180503&domain=pdf&date_stamp=2023-11-08
https://doi.org/10.1103/PhysRevB.108.L180503

RISHABH DUHAN et al.

PHYSICAL REVIEW B 108, L180503 (2023)

will depend on how frequently a vortex came below the tip.
Consequently, G(V, r) can be considered as a metric of the
probability density of vortices, where its lowest value would
correspond to a static vortex located at point r, and the highest
value would be for a location r that is far from any vortex. For
a homogeneous vortex liquid where the probability of finding
a vortex is the same everywhere, G(V, r) would be spatially
uniform, and its value will be in between these two extremes.
On the other hand, if there is a set of preferred points r;, where
vortices spend longer time (as expected for a pinned liquid),
G(V, r) would display local minima at r; but the value at the
minima, G™" (r;), will depend on the fraction of time a vortex
spends there. In this interpretation, G(V, r) provides a measure
[34] of the time-averaged LDOS of vortices at point r. In this
Letter, we use this information from STS images to investigate
the structure and dynamics of a pinned vortex liquid in a thin
superconducting film.

Our sample consists of a 5-nm-thick amorphous Re,Zr,
x ~ 6 (a — ReZr) superconducting film (7, ~ 4.65 K) grown
on oxidized Si substrate using pulsed laser deposition [35].
The coherence length and penetration depth [36] are & ~
5.9 nm and [35] A(T — 0) ~ 800 nm respectively. The
STM topographic image shows a very smooth surface with
very low density of particulates [36]. Here, pinning is not
deliberately introduced, but rather arises naturally from sub-
strate imperfections as the film thickness is reduced [36].
For this thickness the vortex lattice always remains in a dis-
ordered state with no evidence of hexatic or smectic order.
For STS measurements the sample was transferred directly
from the deposition chamber into the STM using an ultrahigh
vacuum suitcase without exposure to air. For transport mea-
surements, the same sample was subsequently covered with
a 1.5-nm-thick Ge capping layer to prevent oxidation, and
then patterned into a Hall bar using argon ion beam milling.
Resistance (R) as a function of temperature (7) and magnetic
field (H) was measured in conventional four-probe geometry
in a *He cryostat.

Figure 1(a) shows R-T in various magnetic fields (H) mea-
sured using a very small applied current, I = 500 nA, which
is more than two orders of magnitude smaller than I. ob-
tained by linearly extrapolating back the slope of the flux
flow region [37] of the current-voltage (I-V) characteristics
at low temperatures [Fig. 1(c)]. The transport is thus in the
thermally activated flux flow (TAFF) regime, where the vor-
tex motion happens through thermally activated jumps over
pinning barriers U. In a VL for I < I, TAFF is predicted to
give a temperature dependent linear electrical resistance [21].
In our sample, at 410 mK we can resolve this linear region
above 40 kOe [Fig. 1(d)]. We observe that the R-T curves
follow a simple activated behavior, R = Rye™V /KT (k is the
Boltzmann constant), from a few Kelvin below 7. down to
the temperature where the data hit the noise floor [Fig. 1(b)].
This activated behavior is a hallmark of the putative pinned
VL [21] where U is independent of current. In contrast, in a
vortex glass [17,4] the pinning barrier diverges at small cur-
rentas U (1) « (IT")a, where Iy ~ I. and « is a constant or the
order of unity. Consequently, in a vortex glass state the TAFF
resistance becomes extremely small for I < I.. Therefore, a
transition to a vortex glass is marked by an abrupt decrease in
the resistance at a characteristic temperature which we do not
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FIG. 1. (a) Rvs T and (b) R vs 1/T (in semilog scale) in different
magnetic fields (H); the red dashed lines in (b) are fits to the acti-
vated behavior, R = Rye~V"V/kT Inset of (a) shows H dependence
of activation energy U (H)/k in semilog scale; the solid line is a fit
to UH) =U,In(Hy/H), where % ~ 8.6 K and Hy = 94 kQe. (c)
Representative current-voltage (I —V') characteristics at 7 = 410 mK
for different magnetic fields. /. is determined from the I intercept
of the extrapolated linear fits (black line) to the flux flow regime.
Inset: H dependence of I. at T = 410 mK. (d) Expanded view of
representative /—V curves at 7 = 410 mK for different magnetic
fields. Solid lines show the linear fit to the TAFF region.

observe in our sample. The magnetic field dependence of U
[inset of Fig. 1(a)] fits well to a function of the form U (H) =
UoIn(Hy/H), with Up/k ~ 8.6 K and Hy ~ 94 kOe ~ H.
(also see Supplemental Material Fig. 1S [36]). This functional
form is observed in many superconducting films [38-41]
and is expected when transport is dominated by the thermal
activation of dislocation pairs. From theory [42,38], Uy =
% in CGS units; using [35] A =800 nm we obtain
Uop/k ~ 3.1 K which is of the same order as that obtained
from the fit. An agreement even at this level is remarkable
considering the complexity of the vortex motion that we will
highlight below.

We now concentrate on the STS data. We first focus on
the data taken at 410 mK, 10 kOe. Except otherwise stated,
the vortex state was always created by applying the magnetic
field after cooling the sample to the base temperature in zero
field, i.e., the zero-field-cooled (ZFC) protocol. We acquired
ten successive G(V, r) maps over an area containing approxi-
mately 120 vortices, where each map takes approximately 12
min to acquire. In Fig. 2(a) we show the normalized conduc-
tance maps, Gy (V,r), for the first image. The conductance
scale is normalized and stretched such that the lowest and
highest values of Gy (V, r) across all ten images correspond to
—1 and 0O respectively. First, we concentrate on the individual
image. Gy(V,r) maps show the presence of local minima
[G}{,“i“(V)] where the vortices are preferentially located,
forming a disordered lattice with short range hexagonal
coordination. However, the values of Gy (V, r) at the minima
as well as in between two adjacent minima have wide
variations. Only some of these local minima are deep, i.e.,
Gmin(V) < —0.8, and are separated from adjacent minima
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FIG. 2. (a) Representative Gy(V,r) map of the first image of
ten consecutive vortex images taken at 410 mK, 10 kOe. Blue lines
show the motion paths of vortices. (b) Delaunay triangulation of local
Gy (V, r) minima (solid dots) for the image shown in (a); topological
defects are color coded as magenta, red, and green corresponding to
four-, five-, and sevenfold coordination, respectively. (c) Variation
of o, (square), oy (star), (Gn(V)) (circle), and f (diamond) for
ten consecutive vortex images. (d) Positions of Gy (V,r) minima
obtained from all ten images, where minima corresponding to each
image is shown in a different color; the red and blue networks
represent the global motion paths of vortices. () Same as (d) but
for the vortex state prepared using field cooled protocol.

with barriers where Gy (V, r) is high. These minima appear at
around the same location in every image. Here the vortices are
localized and undergo only small displacement around their
mean positions. On the other hand, we see several shallower
minima corresponding to sites where the vortices are partially
localized. All these sites contain at least one neighboring
shallow minimum to which the vortex can hop; since this
necessarily means that there is also a finite probability to find
the vortex anywhere between these two minima, the maximum
along the line joining them is also suppressed. To elucidate
this more clearly, we connect all adjacent minima for which
GMn(V) > —0.8 and where along the line joining the two

minima, Gy(V) < —0.4 using thin blue lines. The connected
points define the motion paths along which the vortices hop
from site to site within the time scale of acquisition of a
single image. In order to understand the correlation between
the structure of the lattice formed by the conductance minima
and dynamics of vortices, in each image first we Delaunay
triangulate the positions of the minima [Fig. 2(b)] to uniquely
define the nearest neighbors for each point, and calculate
four metrics. The degree of localization of vortices which is
quantified by the average value of all the conductance minima,
(GImin(v)), and the fraction of minima that are connected to
the motion paths (f); and the structural distortion which is

quantified by the two metrics: (i) o; = (1%1 > - aH)z)l/2

where /; is the length of the ith bond, ay = 1.075(%)1/2
(where B is magnetic field in Tesla) is the expected
lattice constant for a hexagonal vortex lattice (48.88nm
at 10kOe) and A, is the total number of bonds, and (ii) oy =
(NLH Zj 0; — 600)2)1/2, where 60;s are the angles formed by
two adjacent bonds starting from the same point, and Nj is the
total number of such angles. For a perfect hexagonal lattice,
o) = gy = 0. In Fig. 2(c) we plot (GI"™(V)), f, o1, and oy
for each image. We observe a clearly discernible correlation:
When o; and 0y are low, (Gy Gimin(y)) and f are also low
implying that when the lattlce is less distorted the vortices
on the average are more localized and vice versa. Therefore,
we conjecture that the vortex motion is associated with a
successive buildup of local strain and strain relaxation that
happens over a time scale of minutes, even though the actual
motion of vortices could be much faster.

To investigate the motion over longer time scales, in
Fig. 2(d) we plot all the motion paths obtained from all ten
images in a single frame (blue lines), which form an intercon-
nected network. In the same figure we also show the positions
of minima obtained from ten successive images using filled
circular dots of different color for each image. We observe that
the positions of some of the shallow minima change from one
image to another (also see Fig. 12S [36]). The reason for this
is that some vortices do not undergo a “complete” hop from
one minimum to another, but instead get trapped in a pinning
center midway, so that the corresponding Gy(V, r) minima
appear at a different location in the next image. To capture
the network arising from motions that involve an incomplete
hop we also connect any two points on this image that are
separated by a distance d < 0.5ay (thick red lines) [36],
eliminating any isolated segment that is shorter than 0.5ay
in length, since those correspond to the meandering motion of
a vortex about its mean position. The two networks together
capture the global motion paths of vortices. It is noteworthy
that minima from two successive images do not necessarily
appear as adjacent points on this global motion path, imply-
ing that the temporal evolution of the minima is faster than
the time interval between imaging the same location in two
successive images. To find out how robust this network is we
repeated the measurement over the same area by heating the
sample above 7; and cooling it back in the field-cooled (FC)
protocol [Fig. 2(e)]. Despite the large thermal cycling and
difference in the H-T cooling protocol, we observe that global
motion paths are similar, showing that the motion paths of
vortices are primarily dictated by underlying defect pinning.
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FIG. 3. (a) Variation of R and f; with H at 410 mK. At some
fields f; were calculated from two sets of images taken at two
different areas to get an estimate of statistical error. (b)—(d) Positions
of Gy (V, r) minima at three representative magnetic fields obtained
from ten consecutive images along with global motion paths of
vortices; the color scheme is the same as Fig. 2(d).

We now investigate the vortex states at different magnetic
fields created using ZFC protocol at 410 mK. Figure 3(a)
shows R-H measured at 410 mK. In Figs. 3(b)-3(d) we
show the gradual evolution of the network of global motion
paths with increasing field constructed from ten images in the
same way. With increase in field, the network become denser,
eventually, connecting almost all local minima across the ten
images. To quantify this, we plot in Fig. 3(a) the fraction of
all minima in all ten images, fg, that are connected to at
least one motion path. f; increases smoothly with magnetic
field. It is interesting to note that even though R falls below
our resolution limit of 5 m2 below 40 kOe, down to 1 kOe
we do not observe [36] a situation where the local minima
in Gy(V, r) appear at the same location in all ten images, as
would have been expected for a vortex glass. However, within
the size of our images we cannot rule out the existence of a
percolative transition that would mark the onset of long-range
diffusion of vortices [43].

The temperature evolution of global motion paths at
10 kOe are shown in Figs. 4(a)—4(c) (see additional data in
Fig. 45 [36]). All images are acquired on the same area by
correcting any thermal drift using topographic markers. Here
too, fg increases with temperature [Fig. 4(d)]. In addition,
we observe that the number of vortices connected to the
blue network (Np) initially increases more rapidly than those
connected to the red network (Ng), giving rise to a peak in
the ratio (%—i) [inset Fig. 4(d)]. This can be understood as
follows. The red network arises from a change of position
of a Gy(V, r) minimum which happens whenever the vortex
gets trapped in a pinning center between two local minima
in Gy(V,r). As the temperature is increased these trapping
events become rarer and the vortex movement predominantly
involves hops between two Gy (V, r) minima that leave their
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FIG. 4. (a)-(c) Positions of Gy(V, r) minima from ten consec-
utive images taken at 10 kOe at different temperatures along with
global motion paths of vortices; the color scheme is the same as
Fig. 2(d). (d) f vs T for 10, 20, and 30 kOe. Inset: (%—2) variation
with temperature for 10 and 20 kOe, respectively.

positions unchanged. (The opposite happens at very low
fields, i.e., 1 kOe, and low temperatures where the minima are
far apart and a complete hop from one minimum to another
becomes extremely rare [36].) Above the peak temperature
the red network also increases and (%—i) approaches unity. We
believe that this decrease marks the gradual crossover towards
a homogeneous unpinned liquid as theoretically predicted
[21,44]. Above 2.8 K we cannot resolve minima in Gy (V, r)
anymore. A similar temperature evolution is also observed
[36] at 20 kOe.

Based on the insight obtained from STS we can try to
qualitatively understand other transport peculiarities such as
low onset of nonlinear creep [20,45] and the formation of
vortex slush [23-25] earlier reported in superconducting films.
In Fig. 5, we plot (in log-log scale) the differential resistance
R = ‘fi—‘l/ as a function of current at 20 kOe, obtained from the
I-V characteristics of our thin film. We observe that the cur-
rent, I;, at which nonlinear creep sets in gradually shrinks to
smaller values as the temperature is decreased. Estimating I,

from the value at which [20] ‘;,1]?1((‘1/; = 1.2, we observe that I,

follows a power law I; oc T%>°! (see inset of Fig. 5) so that it
becomes vanishingly small [46] in the limit 7 — 0. The vortex
slush is characterized by the S shape of the R-I curve, where
R appears to plateau at a temperature independent value much
lower than the flux-flow resistance Ry. In Fig. 5, we observe
the vortex slush behavior below 1.4 K. Both these features can
be understood from the percolative transport network that we
observe in our experiments. Just like temperature or magnetic
field, with increase in current the percolative network will
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FIG. 5. R vs I plotted in log-log scale for various temperature at
20 kOe. The black squares show the onset of nonlinear flux creep on
the R-I curves; the connecting dashed line is a guide to the eye. The
red arrow points to the vortex slush behavior. The horizontal dashed
line shown the value of Ry at 0.41 K; Inset: Variation of I, with
temperature following a power law I; o« T>°! (solid line).

get denser such that the number of vortices participating in
dissipation will increase continuously with applied current.
This would give a faster than linear increase the voltage at
low currents. The vortex slush plateau is expected when the
network connects all vortices. At this drive all vortices are mo-
bile but the average mobility will be smaller than that expected

for Bardeen-Stephen flux flow due to the underlying pinning
potential. As the current is further increased the resistance
gradually crosses over to the flux flow regime.

In summary, we show the existence of an inhomogeneous
VL in an a — ReZr film formed under the combined influence
of intervortex interactions and defect pinning. Even though
our work focused on 5-nm-thick a — ReZr film, a similar
pinned vortex liquid is also seen in a 2-nm-thick a-MoGe
thin film [36]. We conjecture that this is a general feature in
ultrathin superconducting films, where the enhanced role of
fluctuations prevents the formation of a vortex glass as in the
case of bulk samples. If the pinned VL indeed survives down
to T = 0, the pertinent question would be whether below a
certain temperature it transforms into a quantum liquid and
gives rise to the much-debated Bose metal [47-51,15]. Future
STS studies in the presence of a current drive will provide
further insight on the transport-structure correlation of the
pinned VL state.
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