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Flux Droplet Formation in NbSez Single Crystals Observed by Decoration
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A potential barrier of geometrical origin, characterized by a barrier field H~, governs vortex
penetration in thin superconducting samples. We observed this effect by the decoration of crystals
of NbSe2. Upon zero field cooling and applying a field H, ( H„=5 mT, vortices form a belt at
the sample edges. At H = H„flux begins to penetrate in the form of dropletlike intrusions. The
orientational correlation length for the vortex pattern inside the "droplets" is much larger than for the
field-cooled patterns. This we interpret as recrystallization of the moving flux line lattice.

PACS numbers: 74.60.Ge, 74.60.Jg
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with A the penetration depth and H, the applied field.
In the absence of pinning (J, = 0) the cutoff for the
edge current should be taken at J, = 2H, ~/d for x
W, where H, ] is the perpendicular lower critical field.
Another consequence of a rectangular cross section is
the occurrence of a "geometrical barrier" against flux
penetration, as was shown by Indenbom et al. [5] and
by Zeldov et al. [4]. The barrier is characterized by
the penetration field H„=H, ted/W. If the applied
external field H, is less than H~, flux lines only enter
over a width of about d/2 and form a vortex belt
along the sample edges. The shielding current in this
case is approximately given by Eq. (1); it flows over
the whole width of the sample even in the absence
of bulk pinning. For H ) H~ vortices are driven
towards the sample center by the screening currents. If
pinning is low, the geometrical potential governs the
flux distribution and Zeldov's result for J, ( J, applies.
For strong pinning, J, » J, , field profiles as calculated
in Refs. [1,2] are recovered. Clearly, the geometrical
effects are best observed in weakly pinning materials.

Penetration of magnetic flux in superconductors recently
became again a subject of theoretical and experimental
investigations, due to the fact that, in finite samples,
"geometrical" effects can significantly affect the critical
state and the resulting vortex distribution. This problem
was already studied a long time ago, but it was carefully
reconsidered recently by Brandt [1],Brandt and Indenbom
[2], and Zeldov et al. [3,4], who presented calculations of
the field and current distributions in thin superconducting
strips in perpendicular field. They showed, among other
things, some specific consequences of a rectangular sample
geometry.

First, in the Meissner state, the screening current
persists over the entire width of the superconductive strip.
For a sample of width 2W and thickness d, A «d «W,
it is given by [4]

Below, we show such observations on low pinning NbSe2.
More interestingly, however, is that we can observe novel
dropletlike flux intrusions for H near H~.

We used the decoration technique to obtain information
about the flux distribution in these samples for different
applied fields below and above H~. The advantage of
the decoration technique is that it allows us to measure
the field distribution with single-vortex accuracy and
submicron spatial resolution [6,7]. This makes it possible
to obtain more detailed information than with other
methods, such as magneto-optics [5,8] or the use of
miniature Hall probes [4].

Our experiments were performed on 2H-NbSe 2

single crystals. 2H-NbSe 2 is a superconductor with
T, = 7.2 K, London penetration depth AL = 265 nm,
Ginzburg-Landau coherence length goL(0) = 7.8 nm,
anisotropy y = 3, and upper critical field slope near
T, dH, z/dT = 0.75 T/K. NbSez is known to have
weak vortex pinning properties and relatively low critical
currents, since the layered structure possesses few grain
boundaries. The crystals were platelets, with the c axis
normal to the platelet surface. Most of them had a
characteristic hexagonal shape, a size of about 1 —2 mm
and thicknesses in the range of 50—150 p, m. From their
geometrical dimensions we expected H~ for our samples
to be about 3—5 mT. Samples were cooled down to 1.2
K in low remanent magnetic fie1d (typically 0. 1 —0.2 mT)
and always decorated at this temperature. The external
field was applied either at 1.2 or at 4.2 K prior to the
decorations at 1.2 K. Experiments were done for three
different external fields: 3, 5, and 7.5 mT; more than 10
samples were studied in each case.

The typical flux distribution observed in 3 m T is
shown in Fig. 1(a). We see a belt of vortices along
the sample edges. Its width varies in a range of 30—
50 p, m, which is close to the sample half thickness d/2 =
65 p, m. Shown in Fig. 1(b) is the field profile B,(x) and
the corresponding current distribution in the sample as
calculated in the strip approximation from the image by
using Brandt's approach [1],
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The obtained dependence is actually very close to the one
described by formula (1) for a Meissner current. The edge
current Jo at 1.2 K evaluated from H, i (1.2 K) = 9 mT is
expected to be about 1 X 10 A/cm for a 130 tu, m thick
sample. This is close to the value of J calculated with
Eq. (2) at the vortex belt interface.

This has to be compared to J, in order to see whether
the weak pinning scenario applies. Unfortunately, J, at
these low fields is not very well known. Recent low-
field measurements of J, performed by Duarte et al.
[9] give the value J, = 5 X 103 A/cm . In our own
experiments at 3 and 5 mT we usually observed the field-
cooled vortices of the remanent field, 0.1 —0.2 mT [see
Fig. 1(a)] at close distance to the interface with the belt.
This indicates a similar value for J„since apparently
the driving force was less than the single-vortex pinning
force; otherwise, these vortices would have been driven to
the sample center upon applying the external field. The
regime we work in is therefore probably Jo ~ J, .

Next, we discuss experiments performed at 5 mT
external field. Two of many similar images obtained
in these experiments are shown in Figs. 2(a) and 2(b).
For the sample in Fig. 2(a) (thickness 80 p, m, half-width
-0.5 mm) we can estimate H„=4 mT (at 1.2 K). The
actual sample shape and shape imperfections may change
this value and make it varying along the edges. Also
the sample is heated as a side effect of the decoration
experiment. In our case the temperature during decoration
went up to 3.9 K, which would decrease H~ with about
10%. First, we see again the vortex belt, as in the 3 mT
experiments. It expands in the middle of each edge and
narrows near the corners. Next, we see Aux "droplets"
that originate from the belt and are elongated towards the
sample center. Usually one can observe a few droplets in
one sample. Their sizes vary in a wide range from 30 up
to 300 p, m.

A fascinating feature of the vortex lattice inside the
droplets is the very high degree of order, both translational
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FIG. 1. (a) Decoration pattern of the vortex distribution in the
belt near the sample edge, H, = 3 mT. (b) Induction profile
in the sample as measured from the above picture and the
corresponding current distribution, calculated (see text) for a
sample half-width W = 0.5 mm and thickness d = 130 p, m.
The value at the edge was not measured, but fixed at H dg, =
H, QW/d = 5.9 mT. Close to the edge the current distribution
(dotted) is most affected by the fixed value of H, zg, .
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FIG. 2. Decoration patterns obtained on different samples at
H„=5 mT. Visible are parts of the sample edge, with the belt
and droplets originating from it.
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FIG. 3. A higher magnification view of the vortex pattern in
the llux droplet close to its front (calculated induction 2.2 mT).

~ ~ 1L-II ~ Ll ~

2

-4-

-5
5 10

distance / ao

15 20

FIG. 4. Orientational correlation functions for a vortex pattern
in the droplet (calculated induction 2.2 mT) and for field-cooled
lattices at 5 and 1.6 mT. Drawn lines show the exponential fits
from which correlation lengths were extracted. The numbers
found are 275ap (droplet, 2400 vortices used in the calculation),
10.3ao (5 mT FC, 1350 vortices used), and 1.9ao (1.6 mT FC,
830 vortices used).

and orientational (see Fig. 3). For the applied field
of 5 mT the induction inside the droplets was always
substantially lower than the external field, and it was
found to be in the range of 1.8—2.5 mT for different
samples. Normally droplets consist of a few large grains
of an ordered vortex lattice, consisting of up to 10
vortices. Typically, the average grain size increases
when the size of the droplet is larger. The orientational
correlation function (OCF) calculated within a grain close
to the droplet front is shown in Fig. 4. We can compare
this OCF to the results of the field-cooling experiments
we did in fields of 0.5, 1.6, and 5 mT. Typically, the
correlation length for held-cooled lattices increases with
field. We plotted the orientational correlation functions
for comparison in the same figure. Fitting them with
an exponential decay, we found that the 2.2 mT vortex

pattern inside the droplet has a correlation length that
is dramatically (about 20 or 100 times) larger than the
correlation length in a field-cooled pattern at 5 and
1.6 m T, respectively.

Therefore we propose the following scenario for the
droplet formation process. First, at some point along the
edge, H exceeds H~. This may be either because the ir-
regular sample shape locally leads to a lower barrier or be-
cause the heat pulse of the decoration procedure decreases
H~. This allows the screening current to drive the vor-
tices in the barrier region towards the center. Now the
motion becomes important. According to Ref. [10], a
moving vortex configuration will spontaneously recrystal-
lize to a "perfect" vortex crystal, if the driving force act-
ing on the vortices overcomes a certain critical value. For
weak pinning materials this critical value is expected to be
only slightly higher than J, . In our case the current in the
belt is as high as J, + J, at the beginning of the local fIux
penetration, e.g. , higher than J, . Moreover, as shown in
Ref. [10], an ordered vortex crystal is able to continue to
move coherently even under the action of driving forces
much smaller than the recrystallization force. Thus, once
a coherent region has appeared, it moves farther into the
sample. As long as new vortices penetrate from the sam-
ple edge, the ordered region grows, forming a Aux droplet
of lower Aux density than H, . Growth continues probably
until the current redistribution decreases the driving force
on the droplet front below some pinning-determined value
of the critical force Fp.

It is useful to point out that droplet formation has
the same effect on the course of field penetration as the
filling of the interior of the sample by vortices according
to Zeldov's model with J, ~ J, . Upon increasing the
field to H, ) H~, both mechanisms lead to a decrease of
the sample region with nonzero screening currents, and it
fulfills the new equilibrium condition J~(W, rr

—d/2) ~
Jo + J, on the edges.

Alternatively, droplet growth may be stopped due to the
creation and accumulation of defects in the "perfect" vor-
tex lattice. For a coherently moving vortex crystal the ef-
fect of the pinning potential is averaged out by the lattice
periodicity. Any defect, like a dislocation, appearing in
the moving lattice will snppress this averaging, and a pin-
ning force develops that irnpedes the motion. The remark
with respect to time scales can be made. Given the edge
current the typical flux-liow velocity v = ppB/ppB 2d is, .

of order 1.0 m/s, leading to the time scale r —100 p, s of
the droplet formation. Here po = 6 p, A, cm is the nor-
mal state resistivity, and the Bardeen-Stephen expression
for Aux-flow resistivity has been used. Decoration itself
takes a second, suggesting that the stopping process is
intrinsic.

Another argument in favor of collective vortex motion
is the observation that one of the close-packed directions
of the vortex lattice inside the droplet, near the front, was
always found to be perpendicular to the front curvature,
e.g. , along the direction of droplet motion (see Fig. 3).
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This is consistent with earlier theoretical predictions [11]
for the lattice orientation in a moving vortex crystal.

Once stopped, a perfect vortex crystal is expected
to relax, being subject to both pinning potential and
thermally induced disorder. While the spatial variations
of the pinning potential are of the order of s, and
its influence cannot be seen on the decoration patterns,
thermally induced fluctuations can actually introduce a
certain degree of disorder. But in contrast with field-
cooling experiments, where the lattice forms from the
disordered liquid state near T„droplets appear at low
temperatures where c66, the shear modulus of the vortex
lattice, always has a nonzero value. It can lead to the
preservation of the highly ordered state observed in the
droplets. This is also suggested by the fact that in zero-
field-cooling experiments, where the field was applied at
4.2 K, droplets are seen as well, but the order inside them
has decreased. We found an orientational correlation
length value of about 10ao in this case (compared to about
300ao in the experiments described above). This again
suggests that droplets penetrate during field application
and not during the heating in the decoration procedure.

Finally we performed experiments at an external field
of 7.5 mT, which should be above the barrier field. In
this case the field has filled the whole sample except
for a vortex-free region, along the edges. The filling of
the sample interior indicates that the condition J, ~ 1,
indeed holds, otherwise we would simply find a belt
with increased width, according to [2]. The width of
the vortex-free region was found to be smaller (10—
15 p, m) than predicted by Zeldov's model (40—60 p, m
for typical sample sizes). The induction in the samples is
approximately equal to the applied field, and we do not
see any substantial field gradient from the boundary of the
vortex-free region towards the sample center. In fact, the
vortex distribution observed is more similar to the field-
cooled case. It is important to emphasize that Zeldov's
model deals with the penetration of individual vortices
and does not consider any possible collective phenomena,
like formation of the droplets we observed. Therefore
we might expect the final field distribution to be different
from the Zeldov's equilibrium state at H, ) H~.

In conclusion, we performed direct observations of the
geometrical barrier effect. We observed an unusual type
of flux penetration via flux droplet formation. The vortex
pattern inside the droplets has a much larger orientational
correlation length than the field-cooled patterns of the cor-
respondent fields. The geometrical barrier effect creates a
unique situation in low pinning materials that leads to the
appearance of the coherent flux-flow regime at the pene-
tration field and to the formation of flux droplets.
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