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Real Space Images of the Vortex Lattice Structure in a Type II Superconductor
during Creep over a Barrier
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We report on Bitter decoration studies of the magnetic flux line lattice in the type II superconduct
NbSe2 during flux creep experiments over barriers, a surface step. We find that these steps can ac
“vortex diodes.” By imaging the real space structures of the vortex lattices as they flow over the
steps and measuring the change in vortex density, we are able to measure the energetic height o
barrier as well as the elastic correlation length of the vortices along their length. At low fields, we fin
that the vortices are correlated over distances of roughly5 mm. [S0031-9007(97)03874-X]
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The response of a type II superconductor to an appli
magnetic field is both technologically important as we
as scientifically interesting. It is technologically impor
tant because all of the relevant superconductors, from
engineering point of view, are type II materials, and the
response to fields and currents limits the kinds of applic
tions which can be realized. They are scientifically inte
esting because their flux-line lattices (FLL) are excelle
model systems for many important issues in condens
matter physics, such as the flow of pinned structures [1
self-organized criticality [2], and phase transitions in th
presence of disorder [3]. When a magnetic field betwe
Hc1 andHc2 is applied to a type II material, a vortex lat-
tice of magnetic flux lines can form. When this field is
rapidly removed, material defects will pin the lattice, pre
venting it from being instantaneously expelled. How th
FLL interacts with these defects and flows around the
as the magnetization leaves the sample can tell us mu
about the pinning mechanism itself.

There have been many studies of both the tempo
[4] and spatial responses [5] of the magnetization of
type II superconductor during flux creep. However, ver
little is known about the structures the vortices form
as the FLL flows. In this paper we present real spa
images of how a vortex lattice interacts during creep wi
a particular type of defect, a surface step. Images
the kind presented here allow us to perform a numb
of quantitative measurements. By calculating the ener
differences between the structures close to and far aw
from the step, we can calculate the energy height of t
step. For step heights in the 40 to 250 nm range, we fi
a linear dependence of barrier energy with step heig
This quantitative measurement then allows us to meas
how well the vortices are elastically correlated along the
length. This is an important issue in vortex physics a
different regimes of anisotropy, temperature, and field c
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produce either two- or three-dimensional vortices. Th
paper then presents a new way to directly measure
correlation length.

Our experiments used the Bitter decoration techniq
[6] to directly visualize the vortex lattice structures. I
the technique, iron clusters of roughly 50 Å diameter a
evaporated onto the surface of a sample which has a v
tex lattice present. The clusters are attracted to the fi
gradients arising from the vortex lines emerging from th
surface of the sample and decorate the surface where
tices are located. Van der Waals forces hold the clust
quite strongly after they have landed on the surface,
lowing one to warm up the sample and image the vort
locations at room temperature with a scanning electron m
croscopy (SEM). The technique can either image sta
vortex structures or dynamic ones if, for example, the vo
tex configuration changes during the approximately 1 s
needed for the evaporation to take place.

In the experiments described here, high quality NbS2
crystals with typical dimensions of0.5 mm 3 0.5 mm 3

0.2 mm similar to those used in Ref. [7] were cleave
and the resulting surface topographies were measu
with a profilometer. Samples were then cooled down
4.2 K with a field of 36 Oe applied in thec direction. At
4.2 K, the field was removed and after waiting 10 mi
the sample was decorated. This resulted in “quasista
images of the vortex lattice. By quasistatic, we me
that the creep rate was less than one lattice constant
second, giving us the opportunity to resolve individu
vortices in our images.

Shown in Fig. 1(a) is a Bitter pattern of a FLL taken a
4.2 K without the applied field having been removed. Th
continuous line highlighted with the arrow is a0.3 mm
surface step. Figure 1(b) is a Delaunay triangulation
the vortex patterns with the topological defects shade
Despite the fact that the FLL is polycrystalline, there is n
© 1997 The American Physical Society 1369
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FIG. 1. Shown in the lower frame is a magnetic decoratio
image of a FLL on the surface of NbSe2 taken at a temperature
of 4.2 K and a field of 36 Oe with the field remaining static
The white diagonal line is a0.35 mm surface step. The upper
frame shows a Delaunay triangulation of the lower image wi
the topological defects shaded in. Well away from the step, t
intervortex distance is0.8 mm.

a strong correlation between grain boundaries and surf
steps, in contrast to results in BSCCO [8]. We believe th
this is due to the lower line energy in NbSe2 due to a lower
k , 20. This then requires a larger step for the formatio
of grain boundaries. Furthermore, the large region
reversible behavior in BSCCO can favor the freezing
the vortex lattice at steps in a particular orientation. This
because with a large region of reversible magnetization,
vortex-vortex interactions are well pronounced and qu
strong, comparatively speaking, when the lattice becom
pinned, at or below the irreversibility line. This can
produce a well-ordered structure which will then pin in a
orientation to minimize interaction energy with the ste
However, the case with NbSe2 with a very narrow region
of irreversible magnetization is quite different. In thi
case, the pinning of the lattice sets in close toTc with
weak vortex-vortex interactions, and an amorphous so
is formed which takes little notice of the extended defec
the step. The extended defect does not greatly affect
long-ranged orientational order in the lattice because th
is none yet present in the unpinned lattice as it starts
1370
n

.

th
he

ace
at

n
of
of
is

the
ite
es

n
p.

s

lid
t,

the
ere
to

pin nearTc. One should note that in the absence of flow
the vortex density near the step is uniform and appears
be the same as that well away from the step. As we w
show below, this is quite different from what is seen durin
creep experiments.

We now consider images taken near steps during flu
creep. In particular, we will discuss images where vortice
are forced to overcome a step height,s, on their way to
the sample edge. As the step requires a change in ene
of s´L, where´L is the energy per unit line length, it is
clear that the step should modify the motion.

Shown in Fig. 2(b) is a typical result for a FLL im-
aged 10 min after the field was removed. The vorte
flow is towards the left-hand side of the image. From
the measured decay of the magnetization in a commerc
SQUID magnetometer, we estimate the flow velocity t
be,0.3 mmysec. These SQUID results are in agreemen
with the average magnetization as calculated from seve
decoration images. The subject of this paper is not the o
servation of creep itself but the detailed spatial dependen
of the vortex pattern during the creep. As the decoratio
time is of the order of 1 sec and the vortex lattice consta

FIG. 2. Shown in the upper frame is the surface topology o
our sample with two surface steps, the center frame shows t
decoration image taken at 4.2 K, 10 min after a 36 Oe fiel
was removed from the sample, and the lower image shows
calculation of the interaction energy using as input the locatio
of the vortices determined from the decoration image.X, Y,
andZ are the spatial coordinates.
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is ,1.0 mm, this puts us safely into the quasistatic regim
where we can still image individual vortices.

Figure 2(a) shows a surface profile recording done alon
the direction of flow. There are two well-defined step
in the surface, a small one on the left and a larger on
on the right. The image in 2(b) clearly shows how the
vortices “pile up” at the leading edge of a step with a large
density difference for a higher step. Shown in Fig. 2(c) is
calculation of the vortex-vortex interaction energy per un
length for the pattern we have observed. It is extracte
from our data in the following way. After a decoration,
we find the vortex locations by fitting their locations to
Gaussians. We then use the pairwise interaction potenti
E12  sf2

0y8p2l2dK0sr12yld, calculated out to a distance
of 20l. The effects of the steps are clearly seen in a plo
of a vertically integrated, sliding average of this interactio
energy as we move across the sample. The vortex dens
increases on the right-hand side of the step and is rarifi
on the left-hand side. The interaction energy has tw
components near the step. There is the rapidly rising a
falling part at the step due to the step, and there is a
overall, gradually changing baseline shift away from th
step. This overall baseline shift is due to the field gradien
in the sample due to the creep and is also found in samp
without steps. The rapidly changing part near the ste
represents a competition between the interaction energy
the vortices and the line energy difference on both sides
the step,

s´L  tDEi , (1)

where t is the sample thickness,́L is the line energy
given by sf0y4pld2 ln k and DEi is the vortex-vortex
energy increase per unit length due to the pileup o
vortices. This quantityDEi is labeled in Fig. 2(c).

This kind of picture would suggest that vortices shoul
be able to flow into thinner regions without a pileup
This is clearly demonstrated in Fig. 3 where vortices hav
moved into a well without changing their density but hav
accumulated to a higher density at the far wall where th
sample increases its thickness again. This indicates th
the steps in this system are not just regions of localize
disorder due to local strains, for example, which migh
be expected to pin the flow of vortices in either direction
[9]. Instead they are rather ideal, clean regions whe
the thickness changes but the pinning appears to be o
geometrically induced and not related to disorder. Th
steps appear to function as “vortex diodes” impeding flow
in one direction but not the other. An interesting poin
is the “hydrodynamic” flow of vortices around the tip of
the surface defect shown in Fig. 3. The vortices appe
to line up and flow parallel to the tip in uniform channels

The central result of this paper is obtained from a mea
surement ofDEi as a function of step heights for thick
samplesst . 50 mmd. Shown in Fig. 4 is this depen-
dence for a sample which was200 mm thick (open sym-
bols). Other thick samples show quantitatively the sam
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FIG. 3. The upper frame shows a magnetic decoration im
on a sample with a triangular depression whose topology
shown in the bottom frame. For the decoration image,
sample was cooled to 4.2 K in a field of 36 Oe and t
sample decorated 10 min after the field was removed at
temperatures and vortex creep was well under way.

behavior, but usually do not have steps which span s
a wide range in height. As expected from Eq. (1), w
find a linear behavior but we find that the slope,4 3

1027 ergyscmmmd, is roughly 40 times larger thańLyt.
Also shown in Fig. 4 as the filled circles are results fro
a 60 mm thick sample which agree quantitatively with th
200 mm results. This argues that the vortex array seen
the surface is not propagated throughout the bulk of
sample but exists only for a thicknessteff ø t. The sur-
face pattern then merges with a more homogeneous,
energetically costly, bulk pattern roughly5 mm below the
surface with the step. That is, the increase of vortex d
sity induced by the presence of the step is a maximum

FIG. 4. Shown is a plot of the interaction energy versus s
height s for thick samples. The open circles are data for
200 mm sample and the shaded circles are for a60 mm thick
sample. The inset shows our model for vortex flow over t
barrier created by the surface step.
1371
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the surface and decays towards the uniform bulk distrib
tion at around5 mm below the surface.

To test this hypothesis, we have performed decoratio
under the same conditions as above but for samples wh
were much thinnerst , 8 mmd and were comparable in
thickness toteff. In this situation we find thattDEiys

equals 2.4 3 1026 ergycm, which agrees closely with
´L  2.03 3 1026 ergycm. This shows that the vortex
lines are well correlated along their length for no mor
than5 mm at these low fields. Our decoration results fo
low the trend as shown in small angle neutron scatteri
(SANS) data on the same system [10], but generally gi
somewhat larger values for the correlation length than w
find for the extrapolated SANS data. This is consiste
with the fact that our decoration probably gives an up
per limit for the correlation length since the high vorte
density very close to the step is hard to resolve with o
technique and, if resolved, would increase the measur
value ofDEi .

Finally, it is interesting to ask the question as to wheth
these surface steps can modify the creep rate. Dur
the early stages of creep, the total vortex flow should
reduced because of the barriers´L. However, as the
vortex-vortex interaction increases due to the pileup at t
barrier, the stable configurations´L  teffDEi is estab-
lished and one might expect that the creep rate would th
be governed by other kinds of material defects. How
ever, something more subtle may happen. Because of
short correlation length along the lines, the tops may
pinned at the surface defect while the rest of them flo
along with the bulk lattice flow as shown in the inse
of Fig. 4. The vortex could then snap through the vo
tex free region seen at the surface in a short time sca
This situation would remain stable untilteffDEi , s´L

and then again one would be in a creep regime domina
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by the barrier. Therefore, one could imagine a situatio
in which the steps have an impact on the creep even
the steady state. However, the relatively small step heig
in comparison with the average sample thickness mig
still make this effect hard to observe in a global magnet
zation measurement but a local probe, such as used in m
netization studies of YBCO [11] and BSCCO [12], might
be able to see it directly.

In conclusion, we have observed a stable configuratio
for the FLL during creep over a barrier, a surface step
We find that the steps can act like “vortex diodes.” From
a calculation of the energetics of the structures, we a
able to extract a longitudinal correlation length in a new
way. We find values for this length which are in rough
agreement with values obtained from SANS data at high
fields. Contrary to intuition, it may be possible for surface
barriers to affect the creep rate of the FLL in the stead
state.
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