but because I is small, it is not surprising that
there is a close connection between the dy-
namics of the dissipative system and the
Hamiltonian system obtained when T' = 0.
Every frequency-locked orbit evolves smooth-
ly as '=0 to a stable, periodic orbit of the
Hamiltonian system. In fact, increasing the
damping destabilizes the periodic orbits; in
each case there exists a maximum value of T’
above which the orbit becomes unstable. As a
general rule, the orbits (Fig. 2) that become
unstable at small values of " are those that
extend over small ranges of g; they also tend
to have large periods. We therefore consider
N(@3q), the total number of periodic solutions
that are stable over a range of greater than 3¢,
as a function of 3¢, for three values of " (Fig.
3). One sees that the orbits with 8¢ less than
about I'/10 are destroyed. A similar instance
of the destruction of multistable, periodic
orbits by dissipation has also been reported for
a system of two coupled Van der Pol oscilla-
tors (16).

The scaling of N(dq) with q (Fig. 3)
suggests that in the limit '=0 there are an
infinite number of periodic orbits, stable over
small ranges of q according to a power law

N(3q) =3¢~ (€)

A similar power-law dependence is observed
for one-dimensional circle maps at the critical
value of the nonlinearity, in which case v is
the fractal dimension of the “devil’s staircase”
of frequency-locked states (12). Unfortunate-
ly, our computational resources do not allow
us to locate enough periodic orbits to see
whether their distribution in q is self-similar.
The exponent <y can be extracted by linear
regression of the points with I' = 1 x 1073,
The value of N for 8¢ = 1 X 10~* s probably
depressed by damping and because the search
for periodic orbits was limited to periods no
greater than 100 trap cycles. Excluding this
point gives y = 1.02 £ 0.05 (correlation
coefficient r = 0.997), distinctly different
from the universal value of 0.87 seen in circle
maps at criticality.

The well-known ion crystals seen in
Paul traps are thus seen to be the most
stable members of a much larger class of
frequency-locked states. The underlying
Hamiltonian dynamics exhibits an appar-
ently infinite number of stable, periodic
orbits with winding numbers that are ra-
tional approximants of the secular fre-
quencies associated with the Mathieu
functions for the same parameter values.
With increasing dissipation, the compli-
cated phase space structure of the Hamil-
tonian system becomes progressively sim-
pler. For infinitesimal damping, the sta-
ble, periodic orbits correspond to fre-
quency-locked attractors; then as the
dissipation increases, the attractors are
gradually destroyed until, for sufficiently
large damping, only the crystal remains.
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Surface Pinning as a Determinant of the
Bulk Flux-Line Lattice Structure in
Copper Oxide Superconductors

Seokwon Yoon, Hongjie Dai, Jie Liu, Charles M. Lieber*

Direct knowledge of crystal defects and their perturbation of magnetic flux lines is essential
to understanding pinning and to devising approaches that enhance critical currents in
superconductors with high critical temperatures (7). Atomic force microscopy was used
to simultaneously characterize crystal defects and the magnetic flux-line lattice in single
crystals of Bi,Sr,CaCu,O,. Images show that surface defects, which are present on all real
samples, pin the flux-line lattice. Above a critical height, the pinning interaction is sufficiently
strong to form grain boundaries in the bulk flux-line lattice. These results elucidate the .
structure of the defects that pin flux lines and ‘demonstrate that surface pinning, through
the formation of grain boundaries, can determine the bulk flux-line lattice structure in
high-T_ materials. The implications of these results to the bulk flux-line lattice structure
observed in previous experiments and to enhancing critical currents are discussed.

Understanding the structure and pinning
of the magnetic flux-line lattice (FLL) in
the high-T_ copper oxide superconductors
is a challenging problem of central impor-
tance to many applications proposed for
these materials (1). Two techniques, neu-
tron diffraction (2—4) and Bitter decoration
(5-9), have been used to probe the struc-
ture of the FLL in the copper oxide mate-
rials. Neutron scattering experiments probe
the FLL of the bulk material but, as in any
diffraction experiment, cannot provide mi-
croscopic details of the FLL (for example,
topological defects). Furthermore, neutron
diffraction experiments have not provided
direct information about crystalline defects
that might pin the FLL. On the other hand,
Bitter patterns, which are produced when
individual flux lines are decorated with
small magnetic particles as they emerge
from the surface of a superconductor, can
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be used to address directly the microscopic
structure of the FLL. This microscopic view
has led to the identification of several struc-
tures, including a hexatic glass (6), a chain
state (7, 8), and grain boundaries (9).
The conventional Bitter decoration
technique is limited in several respects. It is
implicitly assumed that the surface structure
probed by this technique is representative
of the bulk FLL. This assumption has been
questioned theoretically (10) because the
flux lines in the copper axide materials have
both a large line energy, which makes them
susceptible to pinning by surface Toughness,
and a small line tension, which makes them
flexible. Hence, flux lines pinned by surface
defects could bend and adopt a different
structure in the bulk. There is some exper-
imental evidence from Bitter patterns for
pinning of the FLL by surface roughness
(9); however, it is still unclear whether the
FLL seen at the surface is the same or differs
from that of the bulk. This situation is not
surprising because the techniques used to
view the patterns, electron or optical mi-
croscopy, provide little quantitative infor-

215



mation about the crystal defects that might
be pinning flux lines. In this regard, Bitter
decoration and neutron diffraction are both
limited.

Direct knowledge of these defects and of
how they perturb flux lines is needed for a
quantitative understanding of FLL pinning
and in efforts to enhance critical currents in
the high-T, materials. To this end, we
report atomic force microscopy (AFM)

1004 C
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Fig. 1. (A) AFM and (B) SEM images of the
same area of a BSCCO single crystal decorat-
ed at 4.2 K with iron clusters in a field of 33 G.
The light circular spots in (A) correspond to the
positions of flux lines at the sample surface.
Each flux-line feature has a diameter of 0.3 to
0.4 um and is composed of individual iron
clusters having diameters of 20 to 30 nm. The
FLL constant is 0.85 pm, and the image area is
36.9 um by 36.9 um. A series of surface steps
is also present in the center portions of (A) and
(B). We highlight quantitatively the size of these
steps by plotting in (C) the height variation
along the white line drawn across (A). The AFM
images reported in this study were recorded in
air with a Nanoscope |ll AFM using Si;N, can-
tilevers and tips.
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studies of Bitter patterns on single crystals
of Bi,Sr,CaCu,Og, 5 (BSCCO) that quan-
titatively and simultaneously characterize
the structure of surface defects and the FLL.
We show that surface steps, which are
present on all real samples, pin flux lines.
Measurements made as a function of step
height demonstrate that above a critical
height, the pinning interaction is suffi-
ciently strong to form grain boundaries in
the bulk FLL. In addition, pinning by other
defects, including bent crystal surfaces and
surface cracks, have been characterized.
These results may shed light on the bulk
FLL structure observed in previous experi-
ments (2, 3) and on ways to enhance
critical currents.

Single crystals of BSCCO were grown
according to a method described elsewhere
(11). The as-grown crystals were subse-
quently annealed for ~10 days in oxygen at
450°C to remove oxygen vacancies because
these defects may pin the FLL. The mag-
netically determined transition widths (90
to 10%) of the annealed crystals were small
(=2 K) and indicate that the crystals are
homogeneous and of high quality. The
crystals were cleaved (typical size 2 mm by
2 mm by 0.05 mm) and cooled in a mag-

netic field applied parallel to the ¢ axis of
the crystals. After the crystals were cooled
to 4.2 K, magnetic iron clusters were evap-
orated to decorate the flux lines emerging at
the BSCCO surface. Although the decora-
tion is carried out at 4.2 K, the resulting
flux-line pattern corresponds to the position
of flux lines frozen at some higher temper-
ature (I, 8, 9). The decoration procedure
has been described in detail elsewhere (12).
After the decoration, samples were warmed
to room temperature, and we recorded the
Bitter pattern using an atomic force micro-
scope or a scanning electron microscope.
A comparison of the images obtained by
AFM and scanning electron microscopy
(SEM) from the same decorated BSCCO
sample area is shown in Fig. 1. Two distinct
types of structures can be seen in these
images: the magnetic FLL and surface steps.
The AFM image (Fig. 1A) shows a hexag-
onal pattern of small light spots ~300 nm
in diameter over the entire BSCCO sur-
face. These features correspond to the po-
sitions of individual flux lines decorated
with the iron clusters. In contrast, the FLL
is barely visible in SEM images (Fig. 1B) of
the same sample area (I13). Generally we
find that the AFM images exhibit better

Fig. 2. A series of AFM images recorded on a
single BSCCO crystal that was decorated at 4.2
K in a field of 33 G; the lattice constant is 0.85
wm in all three images. Each image shows a
surface step that crosses the crystal surface.
The heights of the steps are (A) 30 nm, (B) 100
nm, and (C) 300 nm. To highlight the orientation
of the FLL with respect to these steps, we
plotted the 2DFTs as insets in each image; the
2DFTs have been rotated by 90° in the insets so
that the directions of the reciprocal lattice vec-
tors (given by the 2DFT) can be compared
directly with the real-space directions of the
steps. In (A) and (B) the 2DFTs were calculated
from the entire real-space images. The three
2DFTs plotted in (C) were calculated from
areas of the image where they are displayed.
The white line running across the image in (C)
highlights a GB between distinct FLL domains

at the top and bottom of the image. The images (A), (B), and (C) are 25.4, 31.5, and 49.6 pmon a

side, respectively.
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flux-line resolution than the SEM images
because either too much or too little mag-
netic iron has been deposited onto the
sample surfaces. Excess deposition reduces
the corrugation at the position of the flux
lines (13), and low deposition reduces the
average cluster size decorating the flux
lines; in both cases, the decorated flux lines
are difficult to resolve by SEM. Interesting-
ly, by using AFM to image small (=10 nm)
magnetic clusters, it may be possible to
extend the upper field range accessible by
the decoration technique.

In addition, both images show steps on the
sutface of the BSCCO crystals. Surface steps
are a common feature on BSCCO samples.
We believe that most of these steps, especially
long, curved ones, are created as a result of
the large strains induced during the process of
cleaving any real crystal. Because surface steps
can pin flux lines, it is essential to characterize
their structural properties. In this regard,
AFM images yield key information not avail-
able from SEM images; that is, the AFM
provides a quantitative measure of the crystal
surface topography while simultaneously im-
aging the FLL. This point is illustrated clearly
through the analysis of the surface steps in Fig.
1. The heights of the steps determined from a
cross section through the AFM image are 140,
105, and 35 nm (Fig. 1C). Information in the
SEM image only allows one to say qualitative-
ly that a given step is large or small.

We exploited the imaging capability of

AFM to determine quantitatively how sur-
face steps of different heights affect the FLL
structure. Representative images of the FLL
for a single BSCCO sample in the presence
of surface steps with different heights are
shown in Fig. 2. Analysis of the surface
topography demonstrates that the step
heights are 30, 100, and 300 nm in images
2A, 2B, and 2C, respectively. These data
are typical of those observed in studies of
roughly 20 independent crystals; that is,
steps of varying heights are common on
BSCCO crystal surfaces. Importantly, the
FLL structure can differ significantly de-
pending on the surface step height.

In Fig. 2A, the FLL orientation is inde-
pendent of the step. This orientational
independence is clearly evident from a
comparison of the FLL reciprocal lattice
vectors, which are shown in the two-di-
mensional Fourier transform power spec-
trum (2DFT) of the image (Fig. 2A, inset),
with the step direction: None of these
vectors is aligned along the direction of the
step. In Fig. 2B, the 2DFT shows clearly
that a principal axis of the FLL is aligned
preferentially along the straight section of
the step at the top of the image. This
preferential alignment indicates that the
FLL is pinned to the step. The overall
orientation of the FLL is not perturbed,
however, by the gentle curvature in the
step in the lower part of the image. The
structure of the FLL in the presence of the
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Fig. 3. AFM images of the FLL in the presence of a curved surface (A) and a surface crack (B). The
crystal was decorated at 4.2 K in a field of 33 G; the FLL constant is 0.85 um. We highlight the
magnitude of the surface curvature in (A) by plotting the height variation along the white line in the
image. The variation in surface topography in (B) is also shown quantitatively in a plot of the surface
height along the white line in the image. The alignment of the FLL along the crack in (B) is
highlighted by the 2DFT shown in the inset; the 2DFT is rotated by 90°. The images in (A) and (B)
are 35.7 pm by 35.7 pm and 37 um by 37 um, respectively.

SCIENCE ¢ VOL. 265 * 8JULY 1994

. REPORTS

largest step is more complex and interesting
(Fig. 2C). On the lower surface terrace
located in the upper left of the image, the
2DFT shows that the FLL orientation is
pinned to the direction of the step. The
FLL in the upper right of this image (the
higher surface terrace) is also pinned in this
same orientation. The 2DFT demonstrates
that the FLL orientation in the lower part
of the image is rotated relative to the upper
part. This rotation in the FLL follows the
change in step direction that occurs in the
lower part of the image. Because the FLL
adopts two distinct orientations, a grain
boundary (GB) is formed where the two

domains meet. In summarizing our studies

Fig. 4. (A) An AFM image (30 pm by 30 pm) of
the FLL produced by decorating a BSCCO
crystal at 4.2 K in a field of 33 G; the lattice
constant is 0.85 pm. This image exhibits sev-
eral FLL domains that have distinct orientations.
With respect to the horizontal axis, the domains
have orientations of —7°, 1°, 15°, and 23°. The
GBs that form between these domains are
highlighted with white lines. The large dark
circles visible in the image are caused by
surface contamination that occurs after the
decoration process and do not affect the FLL
structure. (B) The 2DFT calculated from the
real-space image exhibits sixfold symmetry,
although each of the six “peaks” has a tangen-
tial width of ~30°. The 2DFT is rotated by 90° in
this plot.
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of flux lines in the vicinity of surface steps,
it is possible to define three regimes of
pinning: (i) steps <30 nm in height do not
affect the orientation of the FLL; (ii) steps
between 30 and 200 nm in height can pin
the orientation of the FLL but do not create
long-range disorder in the FLL; and (iii)
steps >200 nm in height pin flux lines
strongly and create extended GBs in the
FLL.

Quantitative analysis of the step-height
dependence of GB formation provides
unique insight into surface pinning and its
influence on the bulk FLL properties. From
our AFM data, we find that GBs with
angles 8 = 8° to 30° form when the step
height is greater than 230 to 300 nm (14).
These results strongly support the existence
of a critical step height for GB formation.
We have shown that a stable FLL GB will
form when the flux-line pinning energy
exceeds the energy of a GB (9). For a step
of length L, and a GB of a length L that
extends a distance l. perpendicular to the
crystal surface, an expression for the critical
step height s is given by

- LGBl
s= o Lk
where
0 In(1/0)
“= 41 Ink

and 6 is the angle of the GB. Using our
measured values of s, L, and Lsg, we can
evaluate I, and find it to be 42 to 69 pm.
Notably, because the sample thicknesses
used in these studies were ~50 pm, our
results demonstrate that the GBs penetrate
through the entire sample and are not
simply a surface effect. Because GBs break
up the FLL into randomly oriented crystal-
line grains (that is, a polycrystalline struc-
ture), our results show that pinning by
surface defects strongly influences the bulk
FLL structure.

We have also investigated how other
defects present on the surfaces of the
BSCCO crystals affect the FLL structure.
Examination of the extensive set of AFM
FLL images recorded in these studies shows
that the cleaved BSCCO surfaces have at
least two other types of defects, including
curved surfaces and cracks (Fig. 3). The
curved surface shown in Fig. 3A, which is
typical of those observed in our studies,
exhibits a peak-to-valley height change of
60 nm over a length of ~10 wm. This type
of defect may be formed when crystals are
mechanically dislodged from the growth
melt or when they are cleaved. Analysis of
the flux-line positions in the areas contain-
ing curved surfaces demonstrates that these
defects do not perturb the FLL structure.
The absence of pinning by curved surfaces
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is reasonable because there is no abrupt
superconductor-vacuum interface parallel
to the flux lines (the origin of pinning in
the case of steps). In short, the curved
surfaces locally tilt the ab plane of BSCCO
with respect to the applied field, but be-
cause the tilt angle is small (~0.4°), there
is no measurable effect on the FLL structure
(7, 15).

We also observe linear defects in the
surface plane that penetrate into the inte-
rior of the crystals (Fig. 3B); we call these
defects surface cracks. It is possible that
cracks arise from imperfect growth or
through severe mechanical strain. The
alignment of the flux lines along the crack
shown in Fig. 3B shows that these defects
can strongly pin flux lines. As in the case of
surface steps, the strength of flux-line pin-
ning by cracks will depend on the distance
that the crack penetrates into the crystal.
The crack shown in Fig. 3B is ~250 nm in
depth (16) and thus should be capable of
forming a FLL GB. We do not observe GBs
originating from cracks (linear defects do
not introduce strain that can be relieved by
a GB). However, FLL GBs could form in
areas between two cracks or between a
crack and a surface step when these defects
are oriented at an angle with respect to
each other (17).

We now consider the implications of
these results. First, the formation of GBs
in the FLL is significant with regard to
order in the bulk FLL and to understand-
ing the magnetic phase diagram for these
materials. The analysis presented above
demonstrates that FLL GBs extend
through the samples, and thus, these GBs
affect the bulk FLL structure. The obser-
vation of GBs over much of the BSCCO
surface implies that in real samples the
FLL is polycrystalline. Recognizing that
the bulk FLL structure is polycrystalline is
essential for properly interpreting other
measurements. This point is illustrated in
Fig. 4, where an image exhibiting several
FLL GBs (Fig. 4A) and the 2DFT calcu-
lated from the real-space image (Fig. 4B)
are shown. The 2DFT has the sixfold
symmetry expected for the FLL; however,
each of the six “peaks” exhibits a tangen-
tial width on the order of 30°. This large
tangential width simply reflects the ran-
dom orientation of FLL grains with respect
to each other. Interestingly, our results
provide a natural explanation for the large
tangential widths of the diffraction peaks
observed in a recent neutron scattering
study of BSCCO (2). In the future it will
also be important to investigate surface
pinning and FLL GB formation at elevated
temperatures because ultimately thermal
energy may overcome the surface pinning
potentials. Accounting for the tempera-
ture dependence of surface pinning and
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GB formation in real samples will be
important to understanding intrinsic melt-
ing transitions of the FLL.

Lastly, it is interesting to consider
whether surface defects can be exploited
to control pinning in the high-T_ super-
conductors. One promising strategy would
be to create defects, such as stepped sur-
faces, using a combination of microlithog-
raphy and etching. Large surface steps will
pin flux lines and could increase the crit-
ical current density (J), although this
effect alone will not be large. However, by
producing surface steps in a geometry that
causes a dense, random array of FLL GBs,
the enhancement in J could be quite large
because there is a large energy associated
with moving such correlated defects.

REFERENCES AND NOTES

. D. J. Bishop, P. L. Gammel, D. A. Huse, C. A.
Murray, Science 255, 165 (1992).

. R. Cubitt et al., Nature 365, 407 (1993).

. M. Yethiraj et al., Phys. Rev. Lett. 70, 857 (1993).

P. L. Gammel et al., ibid. 72, 278 (1994).

. G. J. Dolan, G. V. Chandrashekhar, T. R. Dinger,

C. Feild, F. Holtzberg, ibid. 62, 827 (1989).

. D. G. Grier et al., ibid. 66, 2270 (1991).

. C. A Bolle et al., ibid., p. 112.

. P. L. Gammel, D. J. Bishop, J. P. Rice, D. M.

Ginsberg, ibid. 68, 3343 (1992).
9. H. Dai, J. Liu, C. M. Lieber, ibid. 72, 748 (1994).

10. D. A. Huse, Phys. Rev. B 46, 8621 (1992).

11. Y. Li, J. Liu, C. M. Lieber, Phys. Rev. Lett. 70, 3494
(1993).

12. R. P. Huebner, Magnetic Flux Structures in Super-
conductors (Springer-Verlag, Berlin, 1979).

13. The poor contrast in the SEM image is a result of
the small variation in corrugation (10 to 20 nm) at
each flux-line site, where the corrugation was
determined by AFM. The small corrugations arise
from the large number of magnetic clusters cov-
ering the surface and filling areas between the
flux-line positions.

14. The upper and lower bounds on the step height
were obtained from measurements of the mini-
mum (maximum) step that creates (does not
create) a GB. The exact height needed for GB
formation cannot be determined because we rely
on natural steps. Using microlithography and
etching techniques to artificially control the step
height could, however, provide a means for pre-
cisely determining the step height required to
form a GB (S. Yoon and C. M. Lieber, unpublished
results).

15. For a tilted surface the density of flux lines should
be determined by the field component perpendic-
ular to the ab plane: B, = B, cos 8, where B, is
the applied field (7). This relation implies that the
density of flux lines will be lower on a tilted surface
than on a flat one for the same applied field.
Because the tilt angle is on the order of 0.4°, B, =
B, and there is no measurable effect on the
density of flux lines.

16. Because the AFM tip has a finite size, this mea-
surement provides a lower limit to the crack
depth.

17. For example, consider two nearby cracks orient-
ed atangle = n-60° (n=1,2,...). [fthe flux lines
are strongly pinned to each of the cracks, then a
GB will form between the two misoriented hexag-
onal FLL domains originating from the cracks.

18. We thank D. R. Nelson for helpful discussions.

C.M.L. acknowledges support of this work by the

National Science Foundation Division of Materials

Research and the Harvard Materials Research

Laboratory.

—_

[P NEAENY

o N O

4 March 1994; accepted 18 May 1994





