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We have used magnetic decoration to study the pattern of vortices formed near an isolated sawtooth
twin boundary in single-crystal YBayCus- O7—5. When the pitch of the sawtooth is comparable to both
the intervortex spacing and the penetration depth, we find an unusual vortex structure which has a re-
duced symmetry relative to the sawtooth itself. This vortex pattern arises from the magnetic interaction
between the vortices and the twin boundary which occurs for an asymmetric twin. This is the first obser-

28 DECEMBER 1992

vation of a vortex structure caused by the magnetic interaction with a crystalline defect.

PACS numbers: 74.60.Ge

Measurements of the interactions which pin magnetic
vortices to defects in the oxide superconductors are im-
portant in the quest to engineer materials with the
highest possible critical currents. To date, most such
studies have relied on transport and magnetization mea-
surements [1]. In YBa;Cu3O7—; the most heavily stud-
ied of the high-7T, materials, extended defects appear to
be particularly promising as pinning sites. These can ei-
ther be columnar pins [2] introduced through ion bom-
bardment, screw dislocations [3], or the ubiquitous twin
boundaries [4] found in most as-grown single crystals.

Pinning of vortices normally arises as a result of the in-
teraction between the normal core, of the size of the
coherence length &, and defects in the superconducting
crystal [5]. On the other hand, vortex structures such as
the hexagonal lattice [6] and vortex chains [7] are formed
as a result of the magnetic interaction between vortices
which exists on a length scale given by the penetration
depth A. Magnetic interactions with defects are not gen-
erally thought to induce significant pinning. However,
the oxide superconductors are strongly type Il with A>&.
Therefore the major part of the vortex energy is carried
by the persistent currents which circulate around the vor-
tex at an average distance A from the vortex axis. This
suggests that purely magnetic interactions with energy of
order ¢4/A% per unit length of vortex line may play a role
in pinning vortices to extended defects in addition to the
familiar core pinning which has an energy of the same or-
der, H2E*~¢4/1% Although the pinning force due to the
core is still greater by a factor of A/£, the magnetic part
of the interaction energy can be important in determining
the equilibrium flux-lattice structure in the vicinity of an
extended defect and thereby can indirectly affect the pin-
ning of vortices to that defect.

In this Letter we report on the vortex patterns seen
near a peculiar type of sawtooth twin occasionally found
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in single-crystal YBa;Cu3O;-5. We find a pattern in
which the vortices populate only one side of the teeth of
the sawtooth. By contrast, previous observations of
straight twins only showed a uniform line of vortices at
the boundary. We argue that the surprisingly regular
distortions of the flux-line lattice caused by this boundary
can be understood by assuming purely magnetic interac-
tions between the vortices and an asymmetric sawtooth
twin. This is the first observation of a vortex structure
arising from magnetic interactions with crystalline de-
fects.

The samples were YBa,Cu3O7—; single crystals [8]
which were annealed after growth. Measurements on
similar crystals, from the same batch, showed a near op-
timal 7, and a large Meissner fraction. Typically, the
crystals were | mmX 1 mm X20 um, with the smallest di-
mension being along the ¢ axis of the sample, and they
contained 1-3 domains separated by twin boundaries.
The flux lattices in the untwinned regions have been stud-
ied using magnetic decoration and show very little
pinning-induced disorder for fields greater than 10 G.
Therefore, we believe the regions of these crystals away
from the twins are quite clean from a vortex pinning
point of view. In about 25% of the crystals, the twin
boundaries between domains of the crystal where the a
axis of the crystal changes by 90° were not straight lines,
but had the sawtooth pattern as shown in Fig. 1(a). For
the example shown, the sawtooth had a pitch of 1 um and
a depth of 10 um. We do not know why such sawtooth
twin structures form during crystal growth as the rake is
significantly greater than the §=2tan ~'(b/a) =0.9° al-
lowed by the orthorhombic symmetry of YBCO.

The flux-line lattices in these samples were imaged us-
ing the magnetic decoration technique [9]. Far from the
twins, and for fields greater than 10 G, the flux lattices in
these samples formed a well-ordered hexagonal lattice.
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The penetration length anisotropy in the ab plane in-
ferred from these lattices is 1.23 £0.03, a value some-
what larger than that reported from other measurements
on untwinned YBCO single crystals [10]. Near isolated,
straight twins, we find structures very similar to those re-
ported in other decoration experiments [11]. However,
near sawtooth twins, we find a novel vortex structure.

Shown in Fig. 1 are the results of a decoration at 17 G
near a sawtooth twin. Figure 1(a) is an optical micro-
graph of our sample imaged using Nomarski differential
interference contrast. In this picture of the crystal, the
different twin domains show up as different colors, in this
case orange and blue. The sawtooth twin boundary is
clearly visible in this picture. In this image, the individu-
al vortices show up as the barely visible, small bumps.
The vortices are more easily seen in the SEM micrograph
shown in Fig. 1(b) but the twin domains are not visible in
that image as there is no contrast mechanism for them in
this kind of picture. For the large pitch region, near the
bottom of Fig. 1(b), the vortices simply follow the twin
boundary as they would near a straight twin. However,
as the pitch becomes smaller and comparable to the inter-
vortex spacing, near the center of the picture, a regular
structure of a different type is found. This structure is
sketched in Fig. 1(c) where the vortices lie on alternating
arms of the sawtooth. The observation of this novel vor-
tex structure is the central result of this paper. When the
pitch is substantially less than the intervortex spacing, the
usual hexagonal lattice reappears. The dense twins then
represent an essentially homogeneous effective medium in
this limit.

Because of the significant anisotropy of the penetration
depth in the a and b directions, one can use the flux lat-
tice itself to determine the crystallography of the underly-
ing crystal lattice [10]. The basis vectors for the flux lat-
tice far away from a twin uniquely define an ellipse whose
major and minor axes are aligned with the a and b direc-
tions of the crystal lattice [12]. Shown in Fig. 1(c) are
the basis vectors obtained for such an analysis of the flux

FIG. 1. Shown are three views of a sawtooth twin in single-
crystal YBa;Cu3O7-5 and the novel vortex structure which
forms there. (a) A Nomarski micrograph where the different
twin domains show up as orange and blue. The sawtooth twin is
easily visible in this micrograph while the vortices show up as
the small bumps. (b) An SEM micrograph of the vortex struc-
ture near the twin. The vortices show up as the black dots while
the twin domains cannot be seen with this type of imaging. (c)
A drawing which combines the information found in the upper
two images. The vortices which decorate the sawtooth twin are
shown as the solid dots in the central panel. Note the reduced
symmetry of the vortex structure relative to the sawtooth twin
itself. The upper diagrams show the basis vectors for the flux
lattice well away from the sawtooth twin and at the bottom of
the figure are shown the a directions of the crystal as deter-
mined by using flux lattice crystallography as described in the
text.
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lattice shown in Fig. 1(b). The peaks of the Fourier
transforms of the flux lattice have a width of 4° FWHM
and give the a directions of the crystal lattice with an er-
ror of +£2.5° This gives an included angle of only
84 + 3° when crossing the twin. Using polarized light,
we have independently determined this angle to be
88° £ 2. The maximum difference from orthogonality of
the two a directions is bounded by the rake of the
sawtooth twin, which must also incorporate some lattice
strain to form the structure.

One can understand the pattern we have seen as arising
from magnetic interactions with the sawtooth twin
boundary as opposed to the more usual case of core pin-
ning. Far from the upper critical field, a vortex parallel
to a grain boundary can be described by the London
equations. In the present case, the ¢ axes of both grains
are parallel to each other, to the interface, and to the vor-
tices: We choose this direction to be z. The magnetic
field of a vortex situated at a distance xo from the planar
interface at x=0, has only a z component of the field
h(x,y) which is a solution of A+ (4xh?/c)curl,/ij
=6 (x — xo,y) where 4rj/c =curlh, ¢q is the flux quan-
tum, and g is the two-dimensional mass tensor defined
separately in the ab plane of each grain; vector (4j);
=Y uuji i,k =x,y). If the a axis in grain 1 is at an an-
gle 6, with respect to the boundary ((v axis) then
uyy) =ppsin®0+uscos’0  and ) =ppl =(uy —p,)
xsin@;cosf,. Similar formulas apply for grain 2 by re-
placing | — 2. The boundary is symmetric if 8; =6,. For
a symmetric boundary the u,,’s are the same on both
sides while the uy,’s are of opposite sign. The average
penetration depth in the ab plane is given by A =(A,1;) 172
where Aa/As =(ua/up) " =7y4 =1.23+0.03 is the rele-
vant anisotropy parameter.

The equation for h should be solved separately in both
grains, the solutions being subject to the boundary condi-
tions [13,14] of continuity for the field #(0,y) and for the
tangential (y) component of the vector fij. The field on
the vortex side of the boundary can be represented as that
of the unperturbed vortex superimposed with the contri-
bution 4@ (x,y) due to the boundary. The interaction
with the boundary is then given by the expression F
=poh @ (x,0)/87.

The field A(x,y) can be obtained with the help of the
Fourier transform of the London equation in the y direc-
tion. The remaining ordinary, second-order differential
equation for h(k,,x) is satisfied with linear combinations
of simple exponential functions of x. The coefficients of
the combinations are found from the boundary conditions
[13]. The real-space field distribution 4 (x,y) is then ob-
tained as the inverse Fourier integral over k,. As a re-
sult, we have the boundary potential for a vortex at a dis-
tance xo from the interface in grain 1 [13]:

—R3)cos(uxo/L")

06 f"" u(Rl —xy/L"
16722 J0 R\(R+R>) ‘

(1)

E(xg) =
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Here u=4k, and R;,=(u P +u?)"? are dimension-
less. The lengths L' )»u)(,})/y(') and L' "luy')/Rl If
the vortex is situated in grain 2 at x = — x¢,y =0, the in-
teraction energy is obtained by exchanging 1 and 2 in Eq.
(1). The energy in Eq. (1) has been obtained by Grishin
[13] although the method here is somewhat more general
[15].

For a symmetric boundary, )’ =u? (for example, a
straight twin plane) the interaction energy is identically
zero. The profile of the magnetic field of the vortex in the
half space where the vortex is located is the same as if
there were no boundary On the other hand, for an
asymmetric boundary u, ‘);tyy(yz), the energy is positive
(negative) on the side of the boundary for which pu,, is
larger (smaller) and it decays exponentially at distances
[xo|>*. In other words, the vortex is attracted to one
side of the interface and repelled by the other. This
asymmetry is the key to the formation of the vortex pat-
tern as shown in Fig. 1. An example of the interaction
potential [Eq. (1)] is shown in Fig. 2 [16].

Shown in Fig. 3 is our model for the sawtooth vortex
chain state. In that figure, B is the opening angle of the
sawtooth twin, 6; and 6, are the angles the a directions
make with respect to the average twin line which is shown
as the dashed line in the figure. The vortices are shown
as the solid dots and the average penetration depth A is
also indicated. We cannot treat the sawtooth geometry of
Fig. 3 exactly. However, a qualitative explanation for the
observed pattern can be given. Assume for simplicity
that 8, =0, so that the dashed line is a symmetric bound-
ary. It is then clear that a line normal to the dashed line
is a symmetric boundary as well. Therefore, the sawtooth
legs obtained from a symmetric boundary by rotations
through = B/2 are asymmetric boundaries. One can then
see that all legs will have a potential well on a certain side
(the right-hand side in Fig. 3) and a barrier on the oppo-
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FIG. 2. The interaction energy for a vortex line near an
asymmetric twin boundary as a function of distance from the
boundary. Note that for the asymmetric case, 6;76,, the ener-
gy is negative for x <0 and positive for x > 0.
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FIG. 3. Our model for the formation of the novel vortex
structure near a sawtooth twin. The angles 6, and 6, are the
angles that the a directions form with respect to the average
twin boundary which is shown as the dashed line. B is the open-
ing angle of the sawtooth twin and A is the average penetration
depth. The sawtooth twin is shown as the heavy, solid line and
the solid circles are the vortices. The shaded regions represent
schematically the interaction potentials as described in the text.

site side. Furthermore, a linear superposition of the po-
tentials calculated for infinite, straight boundaries will at
least capture the essence of the physics correctly. In Fig.
3 we show qualitatively what happens by drawing in the
linear superposition of the potentials for three horizontal
lines through the sawtooth pattern. Near the center line
of the s_awtooth, the legs of the sawtooth are well separat-
ed, >A, and the potentials do not significantly overlap.
However, as one moves towards the ends of the sawtooth,
the two legs become closer together and the potentials
then begin to overlap significantly with the maximum on
one side canceling the minimum on the other. It is then
clear why the vortices, which prefer to sit in the potential
minimums, form the reduced-symmetry structure both
found in our experiments and sketched schematically
in Fig. 3. For the model we have described above to be
valid, one must have satisfied the relation |8, —6,| < 8.
The crystallography outlined previously indicates that
|6, — 03] ~2.2° and B~5.1°, thereby satisfying the in-
equality. This inequality also explains why we do not see
this vortex structure in the region of the sawtooth twin
with a smaller spacing.

The key point of our experiment is that it can only be
explained by considering the magnetic interactions. Core
pinning is not enough to give the result we find. The for-
tuitous occurrence of these sawtooth boundaries provides
a near ideal geometry to observe this effect. It is hard to
imagine another geometry where this effect would have

such a prominent effect on the vortex lattice structure.

In conclusion, we have reported the observation of a
novel vortex structure which is driven by magnetic in-
teractions near a sawtooth twin boundary in YBa,Cus-
O7-s5. When the pitch of the sawtooth twin is compara-
ble to both penetration depth and the intervortex spacing,
we find a vortex structure with a reduced symmetry rela-
tive to the sawtooth itself. We have shown how this
structure can be explained as arising from the magnetic
interactions which occur near an asymmetric twin bound-
ary. It is to our knowledge the first suggestion that, in
addition to the more familiar core pinning, magnetic pin-
ning may play a role in the oxide superconductors.
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FIG. 1. Shown are three views of a sawtooth twin in single-
crystal YBa;Cu3O7-5 and the novel vortex structure which
forms there. (a) A Nomarski micrograph where the different
twin domains show up as orange and blue. The sawtooth twin is
easily visible in this micrograph while the vortices show up as
the small bumps. (b) An SEM micrograph of the vortex struc-
ture near the twin. The vortices show up as the black dots while
the twin domains cannot be seen with this type of imaging. (c)
A drawing which combines the information found in the upper
two images. The vortices which decorate the sawtooth twin are
shown as the solid dots in the central panel. Note the reduced
symmetry of the vortex structure relative to the sawtooth twin
itself. The upper diagrams show the basis vectors for the flux
lattice well away from the sawtooth twin and at the bottom of
the figure are shown the a directions of the crystal as deter-
mined by using flux lattice crystallography as described in the
text.



FIG. 3. Our model for the formation of the novel vortex
structure near a sawtooth twin. The angles 6; and 6, are the
angles that the a directions form with respect to the average
twin boundary which is shown as the dashed line. g is the open-
ing angle of the sawtooth twin and A is the average penetration
depth. The sawtooth twin is shown as the heavy, solid line and
the solid circles are the vortices. The shaded regions represent
schematically the interaction potentials as described in the text.



