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We report the observation of a novel flux-lattice structure, a commensurate array of flux-line chains.
Our experiments consist of the magnetic decoration of the flux lattices in single crystals of Bi-Sr-Ca-
Cu-O where the magnetic field is applied at an angle with respect to the conducting planes. For a nar-
row range of angles, the equilibrium structure is one with uniformly spaced chains with a higher line
density of vortices than the background lattice. Our observations are in qualitative agreement with
theories which suggest that in strongly anisotropic materials, the vortices develop an attractive interac-

tion in tilted magnetic fields.

PACS numbers: 74.60.Ge, 74.70.Vy

Flux lattices in the high-7. superconductors have
proven to be a rich and interesting area for research.
Strong anisotropies and the importance of thermal fluc-
tuations have combined to produce new structures and
regimes not previously seen in flux lattices in convention-
al superconductors. Oval vortices,' hexatics,? liquids,
and intrinsic pinning* have all been seen in static flux-
lattice structures. Flux lattices have become important
model systems to study the influence of disorder on posi-
tional and orientational correlations,’ as well as its effect
on the character of phase transitions in the lattices.®

In this Letter we report the observation of a novel
flux-lattice structure which arises when the magnetic
field is tilted with respect to the highly anisotropic con-
ducting planes in single crystals of Biy Sr;¢Cagg-
Cu;03+5 (BSCCO). For a narrow range of tilt angles,
some of the flux lines form an array of flux chains uni-
formly spaced along the sample. Our experiments pro-
vide supporting evidence for recent theories’ which sug-
gest that in strongly anisotropic materials, the normally
purely repulsive interaction between flux lines develops a
bound state at a finite separation.

Our data consist of Bitter patterns®® of magnetic flux
lattices in high-quality single crystals of BSCCO. This
technique uses very small ferromagnetic particles to
sense the field distribution at the surface of a material.
The “smoke” is made by evaporating a magnetic materi-
al in a background of inert (helium) gas. A freshly
cleaved sample is first field cooled to trap the flux. Mag-
netic Fe particles of size ~50 A are then formed by
evaporation; they thermalize in the gas, drift to the sam-
ple surface, and preferentially decorate regions with
strong magnetic fields. The surface van der Waals forces
hold the particles immobile. The sample is then warmed
to room temperature and the lattice is examined using a
scanning electron microscope.

The crystals, which were grown using a directional

solidification process,'® are typically in the form of thin

sheets with basal-plane dimensions of up to several cm?
and thicknesses up to 100 um. The lattice constants,
ao=5.413(2) A, bp=5.411(3) A, and ¢x=30.91(1) A,
were determined using a four-circle x-ray diffractometer.
As is typical in these materials, an incommensurate

FIG. 1. A region of the decorated crystal taken at an angle
of 70° with an applied field of 35 G. The dark regions are the
vortices, with an average spacing of 1.4 um. The chains run
approximately perpendicular to the rotation axis, and define
the orientation of the vortex lattice between chains. (The field
of view is 75 um by 60 ym.)
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periodicity of 4.7(1)bo was observed along the b axis.
The crystals, as extracted from the melt, demonstrated a
large, sharp (<5 K 10%-90% transition width) Meiss-
ner transition with an onset at 88.5 K, indicative of a
homogeneous, bulk superconductor. The crystals used
for this experiment were not annealed. Torque magne-
tometry'' has shown that this system is three dimension-
al with a large anisotropy parameter, I =(m./m,)"'?
=55.

Figure 1 shows a micrograph of a flux lattice taken
with an applied field By of 35 G at an angle 6=70°.
The dark spots indicate the vortices, separated by 1.4 um
on average. The geometry is defined in the inset of Fig.
2. The obvious chain structures seen in the photo are al-
ways found to run “up and down hill” in the sample, in-
dependent of the orientation of the a,b axes. These
chains have been seen for angles between 60° and 85° at
fields between 23 and 97 G. In the photo, the chains are
separated by approximately 10 um. This structure is the
main result of this paper, and its phenomenology will
now be discussed in detail.

Figure 2 shows the data for decorated flux lattices at
angles between 0° and 90°. The quantity B is the mea-
sured average density of flux lines in a picture times the
flux quantum. What is plotted is this quantity normal-
ized by the applied field By versus the tilt angle. The
simplest picture which emerges is that the field com-
ponent parallel to the ¢ axis of the sample, given simply
by Bocos6, forms the lattice that we see. The solid line
shown in the figure is this dependence, which fits the
data quite well.

Up to angles where we begin to see chains, we see no
distortion or elongation beyond 4%-5% of the hexagonal
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FIG. 2. The field B =n®, defined from the vortex density n
divided by the applied field Bo vs the tilt angle 8. At low an-
gles, both the density B=Bocos® and correlation functions
(not shown) are equivalent to what would be generated by the
normal component of Bo. Inset: The sample geometry defining
the tilt axis .

flux lattice. This already points to an important role of
the anisotropy in this system. For an isotropic supercon-
ductor, ignoring surface effects, one would expect to see
a distorted vortex lattice with a ratio of lattice parame-
ters proportional to cosf. This is due to the projection of
a hexagonal vortex lattice perpendicular to the applied
field into the plane of the picture. More detailed com-
parisons with the distorted vortex lattices predicted'? for
tilted fields will be published elsewhere.’ In addition,
over the range of fields we have studied, we see no effect
of the field component parallel to the surface on either
the positional or orientational correlation lengths. Also,
the parallel component of field does not seem to break
the degeneracy of the orientational order with respect to
the underlying crystal lattice or tilt direction. However,
when the chains form they do break the degeneracy of
the orientational order. The chains always run up and
down hill independent of the a and b directions in the
crystal. As can be seee from the photo, this locks in the
orientational order in the hexagonal lattice between the
chains and orients the lattice with one of the lattice vec-
tors always parallel to the chains.

Figure 3 shows a plot of the perpendicular distance be-
tween chain vortices d as a function of the lattice param-
eter of the applied field ao=1.075(¢0/By) '/? for all fields
and angles 6. As shown in the inset of Fig. 3, D is the
mean measured distance between the vortices in the a-b
plane and d =D cos@ is the distance between vortices in a
plane perpendicular to the applied field. As the external-
ly applied field is increased, the line density of the vor-
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FIG. 3. Inset: The geometry of the chains in the crystal a-b
plane. The spacing along the chain is D and between chains is
c. The a direction is arbitrary. The data at all angles and ap-
plied fields are plotted against ao=4.808/B{’%, the vortex lat-
tice constant for a hexagonal lattice created by the applied
field.
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tices in the chains also increases. Also, as the angle in-
creases, the line density of the vortices in the chains de-
creases. It is also clear that the interaction in the chains
is relatively hard as the vortex spacing is seen to be con-
stant over the length of the chain and constant from one
chain to the next. However, the photos suggest that the
interaction between chains is relatively soft as the dis-
tance between them is found to vary quite a bit.

The data for our decorations are tabulated in Table 1.
The last column gives the quantity D/do, where @o=aq
x (cos®) "2 is the lattice parameter due to B. Note
that the values cluster around (3 )72, The inset of Fig.
4 shows a Delaunay triangulation? for a chain formed at
an angle of 70° at a field of 97 G where the background
lattice is ordered.? The decreased separation of the vor-
tices in the chains over the background lattice implies
the existence of topological lattice defects. Our images
show dislocations strung along the chains, ordered into
pairs with opposite Burgers vectors. The dislocation
pairs are roughly evenly spaced apart a distance ¢ (equal
to the average interchain distance) along the chain and
can be viewed as an array of interstitials. In the triangu-
lation, a dislocation is marked by a fivefold-coordinated
vortex separated by one lattice spacing from a seven-
fold-coordinated vortex. The pairs consist of two dislo-
cations with equal and opposite Burgers vectors. The
cancellation of the strain field of a dislocation pair with
equal and opposite Burgers vectors at large distances al-
lows the lattice between the chains to be undisturbed.

Figure 4 shows a plot of the distance between chains ¢
(see inset of Fig. 3) versus ag. The data clearly show

TABLE I. Composite data from our decorations at various
tilt angles.

Field Field

Angle B B D c

(deg) (G) (G) (um) (um) d/c D/ay
10 35 36.0
20 35 354
40 35 28.2
50 35 25.6
55 35 21.6
60 17 1.42 17.6 0.040 0.861
60 35 20.1
65 23 1.32 16.0 0.035 0.856
65 35 16.1
70 23 1.46 11.4 0.044 0.852
70 28 1.29 11.1 0.040 0.830
70 35 13.4 1.14 9.5 0.042 0.796
70 47 16.5 1.00 8.7 0.039 0.834
70 69 22.8 0.84 6.8 0.042 0.848
70 97 36.4 0.69 5.2 0.045 0.848
75 35 10.1 1.35 7.5 0.047 0.819
80 35 5.8 1.56 7.9 0.034 0.775
80 47 1.89 7.1 0.046 1.09
85 35 3.7 1.80 8.3 0.019 0.634
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FIG. 4. The spacing between chains ¢ as defined in Fig. 3 vs
ao for §=70°. Data for three other angles are also shown. In-
set: A Delaunay triangulation for a region near a chain (thick
line) taken at 70° and 97 G. To accommodate the increased
vortex density along the chain, pairs of dislocations (shaded re-
gions) are formed.

that the distance between chains depends strongly on the
magnitude of the applied field and weakly on the angle 6.
The linear dependence suggests that ¢/ag is a constant or
that the number of vortices between chains is a constant
for a fixed angle, independent of the applied field, and
depends only weakly on the angle, if at all. The chain
structure is then incommensurate with respect to the un-
derlying crystal lattice but commensurate with respect to
the flux lattice. This last point is evident in the triangu-
lation shown in Fig. 4. The distance between chains is,
on average, ¢. The line density of vortices in the chain is
such that one accumulates one extra vortex along the
chain for every distance ¢ traveled. Thus the structure
that we see is the result of one and only one extra vortex
line being added for every chain-superlattice unit cell.

It is clear that the chains orient the flux lattice and
their formation destroys the rotational degeneracy which
exists in this system, because there are no line defects to
orient the flux lattice such as are found in twinned Y-
Ba-Cu-O.* This suggests that tilted fields could be used
to orient flux lattices, which might be important for tech-
nological applications as well as in experiments such as
neutron scattering in which one does not wish to obtain a
powder pattern for the scattering.

Experimentally, it is clear that the chains are formed
by at least a weakening of the repulsive interaction be-
tween the vortices in the direction orthogonal to the tilt
axis w due to a tilt of the current paths with respect to
the vortex axis resulting from the strong anisotropies in
the system. The chains are roughly evenly spaced along
the sample due to a repulsive interaction between them.
The distance between them is presumably determined by
a trade-off in the energy gained by forming a chain and
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the cost in energy due to the repulsive interactions be-
tween them.

The bound state which we suppose is the underlying
driving force for the emergence of this structure has been
discussed in several recent theoretical papers.” The gen-
eral idea is that because of the strong anisotropy, the
screening currents must run in the conducting planes and
not in planes perpendicular to the axis of the vortex as
for an isotropic superconductor.

There have been several calculations’ for this situation
within the effective-mass approximation. Kogan, Naka-
gawa, and Thiemann have calculated the potential for a
single vortex. A shallow attractive region develops in a
direction perpendicular to the rotation axis. Parallel to
the rotation axis the interaction is purely repulsive. Buz-
din and Simonov have considered a similar situation, but
examined the total energy for a chain of vortices near
H.,. In both calculations, the equilibrium line density
along the chain had no field dependence, in contradiction
to the results presented here. In addition, neither calcu-
lation gave any indication of a normal vortex lattice be-
tween the chains as is seen in our experiments. However,
we believe that these calculations have captured the
essential physics and need only to be extended to finite
vortex density to fully explain our data.

In conclusion, we have observed a novel flux-lattice
structure which consists of uniformly spaced chains of
vortex lines embedded in a background of a hexagonal
flux lattice. These chains may arise from the formation
of a bound state between vortices in strongly anisotropic
materials in the presence of a tilted magnetic field. The
chains appear to repel each other and the distance be-
tween them seems to be determined by a competition be-
tween the energy gained by forming a chain and that lost
by not having them infinitely far apart. These chains
provide a nondestructive way of orienting the flux lattice
in a given direction without requiring the presence of line
defects in the crystal.
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FIG. 1. A region of the decorated crystal taken at an angle
of 70° with an applied field of 35 G. The dark regions are the
vortices, with an average spacing of 1.4 ym. The chains run
approximately perpendicular to the rotation axis, and define
the orientation of the vortex lattice between chains. (The field
of view is 75 um by 60 um.)
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FIG. 4. The spacing between chains ¢ as defined in Fig. 3 vs
ao for 6=70°. Data for three other angles are also shown. In-
set: A Delaunay triangulation for a region near a chain (thick
line) taken at 70° and 97 G. To accommodate the increased
vortex density along the chain, pairs of dislocations (shaded re-
gions) are formed.



