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Reducing vortex motion in YBa,Cu;0, crystals with splay in columnar defects
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A strategy to boost the current-carrying capacity of cuprate superconductors beyond the levels attain-
able with parallel columnar defects was recently proposed. It consists of the enforcement of vortex en-

tanglement by controlled splay of columns.

We demonstrate the validity of this suggestion in

YBa,Cu;0, single crystals using the difference in splay naturally occurring in irradiations with two ions
differing in mass and energy. The terminal dispersion of the columns produced by 0.58-GeV ''°Sn**" is
about 10°, as compared with 1° for 1.08-GeV *’Au®**. At high temperatures, this large splay results in a
persistent current density one order of magnitude larger and a creep rate one order of magnitude small-

€r.

Recently we have shown that aligned columns of dam-
aged material in high-temperature semiconductors, in-
stalled by the irradiation with swift (~GeV) heavy ions
such as Sn, pin magnetic vortices much more effectively
than point defects.! Generating such disorder is clearly
technologically relevant, for it enhances the critical
current density J, by orders of magnitude and consider-
ably expands the useful irreversible regime. =4 Hwa and
co-workers® just proposed that a small splay (i.e., a
dispersion in the orientation of the columns) will force
vortex entanglement, leading to even larger J, and a
smaller vortex creep rate. Here we establish such an
effect in YBa,;Cu;0, (YBCO) single crystals using the
difference in splay naturally occurring in irradiations
with two ions differing in mass and in energy, 0.58-GeV
16§30+ and 1.08-GeV 7Au?**. At high temperatures,
the larger splay of the tracks produced by Sn irradia-
tion( ~ 10°) results in a persistent current density one or-
der of magnitude larger and a creep rate one order of
magnitude smaller as compared with Au irradiation with
splay ~1°. We conclude that a considerable further im-
provement of the current carrying capacity of high-
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temperature superconductors can still be obtained.

The trivial reason for the strong and highly directional
pinning of magnetic vortices in a type-II superconductor
with long columnar defects, comes from the topology of
the vortex; it is a linear object which can now be captured
over a considerable portion of its length. Strong pinning
is, of course, technologically essential, since electrical
resistance comes from the dissipation associated with
vortex motion. Such a motion is driven by the Lorentz
force F=J X B, which acts over the entire length of the
vortex, and must be reduced by the pinning force which
acts only over the fraction of the vortex length that is
pinned. In the case of aligned columnar defects, the frac-
tion can approach unity. This should be contrasted with
core pinning by point defects, where only a small fraction
of the vortex is pinned.® Moreover, pinning by random
point defects involves an extra cost in elastic energy aris-
ing from the meandering of the vortex core between pin-
ning centers,’ which is absent in the case of columnar de-
fects aligned with the applied magnetic field.

The nontrivial consequence of the aligned disorder is
the formation of the thermodynamic state of the vortex
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matter: a Bose glass® in which vortices are localized on
columnar pins, in analogy to a system of two-dimensional
bosons. Thermal fluctuations will allow segments of vor-
tices to “peel off”” their tracks,® a process that will be fur-
ther stimulated at high temperatures by the reduction of
the pinning energy due to entropic effects. The reduction
of the persistent current due to relaxation will take place
via three processes:® (i) the formation of the half-loop ex-
citations, which grow; (ii) the double-kink formation in
the vortex line, allowing it to reside on two tracks; and
(iii) the spread of the double kinks, which is entirely
unimpeded for parallel tracks at high temperatures.®

FIG. 1. Bright field TEM images of columnar defect tracks
viewed nearly end on for 1.08-GeV Au (top) and 0.58-GeV Sn
(bottom) irradiations of single crystals of YBCO. The irradiated
crystals were thinned to a depth of 23 um in the Au case and to
a depth of 19 um in the Sn case. The crystals have been tilted
in the electron microscope such that the tracks are inclined by
approximately 10° relative to the electron beam direction. In
recording these images, weak diffracting conditions were estab-
lished using 400 (top) and 440 (bottom) scattering reflections to
minimize strain effects surrounding the defects. The resulting
perspective views of the defects exhibit significant directional
misalignment from the approximate median direction indicated
by the double ended arrows. The radial angular distribution of
the track directions around the median has been measured from
similar images at different depths and is shown in Fig. 2 along
with computed values. Insets show the respective cross sections
for the two irradiations at 21 um depth for Au and 8 um for Sn.
The splay in the track directions is visible in both.
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Hwa and co-workers® suggested that a splay in the
orientation of the columns will lead to an “entangled”
state of the vortex matter, a “splayed glass,” in which the
“phase space” for the hopping and spreading processes is
substantially reduced; it may be of energetic advantage
for a vortex segment to hop to the nearest defect, but it
may be prohibitive by the geometry—the price to be paid
is the increase in the elastic energy. The implied conse-
quence of such disorder is a larger critical current density
J. than for the parallel (unsplayed) columns of damage
and a greatly diminished flux creep.’

To test the suggestion of Hwa et al., we inspect the
damage produced in single crystals of YBCO by the irra-
diation with 0.58-GeV '"®Sn*** and 1.08-GeV 7Au®*.°
The incident ions transfer their energy primarily to the
electronic system, with rates exceeding 2 KeV/A for Sn
and 4 keV/A for Au. The damage consists of nearly
aligned columns of amorphized material, 50-70 A in di-
ameter, randomly distributed in the plane normal to the
beam.!® The cross sectional transmission electron mi-
croscopy (TEM) images for both irradiations shown in
the insets of Fig. 1 confirm that while the tracks are
predominantly parallel, there are a few wayward tracks
which stray. The splay in the paths of damage is due to
Rutherford scattering caused by the rare events of almost
frontal collisions with a nucleus in the target, and should
be more pronounced for the less massive Sn ions. This
expectation is confirmed by the bright field nearly end-on
TEM images at a 23 pum depth for Au (Fig. 1, top) and a
19 pm depth for Sn (Fig. 1, bottom) which clearly show
that at comparable depths, the Sn irradiation is more
splayed. The analysis of the angular distributions of
tracks, such as those shown in Fig. 1, was carried out on
the images at different depths and compared with the
TRIM Monte Carlo calculations.!! The result is shown
in Fig. 2, where the splay is defined as the median angu-
lar dispersion of the tracks, relative to the incident beam
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FIG. 2. The median angular divergence of columnar tracks,
relative to the irradiation direction, vs depth in YBCO crystals,
produced by 0.58-GeV Sn and 1.08-GeV Au. The Monte Carlo
calculation is shown by the connected open symbols. The solid
symbols are the values obtained from TEM micrographs, such
as shown in Fig. 1. Arrows indicate the thicknesses of the mag-
netically examined crystals; Au-1 and Sn-1 with a large
difference in splay (see Figs. 3 and 4) and Au-2 with Sn-2 with
similar splay (inset of Fig. 4).
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direction. Note that the Monte Carlo calculation agrees
remarkably well with the amount of splay deduced from
TEM images. This figure unambiguously demonstrates
that the growth of the splay as the ions penetrate the crys-
tal is much larger for Sn than for Au. The splay
difference becomes dramatic as we approach the project-
ed ranges of both ions in YBCO, which are about 27 um
for Sn and 32 um for Au.'®

Thus, if we compare a 11.5-um thick crystal irradiated
with Au and a 27-um thick crystal irradiated with Sn, the
splay difference will be about 10°, quite large, and, if
Hwa’s suggestion is correct, at a comparable dose we
should see large differences in persistent currents J. Fig-
ures 3 and 4 show the variation of the persistent currents
with temperature for such two YBCO single crystals irra-
diated at nearly the same doses; Bg, =4.7 T for Au and
B4 =5 T for Sn. The matching field B, is a convenient
way to express the density of columnar defects; it is the
field at which the density of vortices and defects are
equal.'> The current density J was obtained from the
measurements of irreversible magnetization M (H,T) via
the critical state model, !* which relates J and M through
a geometrical (shape) factor. M (H,T) and its time decay
was measured in a commercial SQUID (superconducting
quantum interference device) magnetometer with the
magnetic field applied 2° off the c axis, the direction of the
incident beam.!* Figure 3(a) shows J normalized to
J(5K)vs Tfor H=1T. The J(5 K) of the two crystals
are nearly identical; J5%(5 K)~1.1J4%5 K) with about
20% uncertainty due to the geometrical factor. The tem-
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FIG. 3. (a) The persistent current density J normalized to its
value at 5 K, plotted vs temperature, in a 1 T magnetic field
aligned with the mean track direction. At T=5 K,
J=9.45X10%° A/cm? for the crystal irradiated with Sn ions
(solid squares) to a dose equivalent to a matching field By, =5.0
T. J=8.4X10° A/cm? for the crystal irradiated with Au (dots)
to a dose 4.7 T. (b) The normalized logarithmic flux creep rate
S for the same two crystals. The current density is higher for
the more splayed Sn-irradiated crystal and the creep rate is
lower.
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FIG. 4. (a) The normalized current density and (b) creep rate,
as in Fig. 3, measured in a 4-T field, where the densities of vor-
tices and columnar defects are comparable. At T=5 K,
J=5.34X10° A/cm? for the Sn-irradiated crystal (solid
squares) and J =3.2X 10° A/cm? for the crystal irradiated with
Au (dots). The inset shows j(T)/J(5 K) (top) and S(T) (bot-
tom) for the two crystals irradiated with Sn [B,=3 T, J(5
K)=4.3X10° A/cm? and with Au [Bs=24 T, J(5
K)=2.57X10° A/cm?] that have similar splay. The tempera-
ture dependences are identical.

perature dependences, however, are remarkably different;
JAUT) decreases more rapidly with increasing tempera-
ture than JS(T). Indeed, in the temperature range be-
tween 70-80 K, the difference in J between the two irra-
diations is, quite remarkably, about an order of magni-
tude. Since the critical current densities J, ~J (5 K) are
similar, the larger high-temperature J(7) in the Sn-
irradiated YBaCuO crystal should be linked to a slower
relaxation of vortices there. And, if this is so, we argue
that the relaxation, or creep, is reduced to a considerable
degree by a splay of ~10° in the orientation of the
columns of damage. We confirm this by the data in Fig.
3(b), showing the normalized relaxation rates
S =d In(J)/d In(t) for the above two crystals for the
same field as a function of temperature. S was measured
by sweeping H to a —5.5 T (to ensure complete field
penetration), increasing it to the target field (here +1 T),
and recording M (¢)xJ(t) for approximation 2 hours
(during this short time window the time dependence of S
due to the nonlogarithmicity of the decay is undetect-
able). At low temperatures the relaxation rates are simi-
lar. Since at low temperatures S ~kT /U, where U is the
activation energy for vortex jumps, we estimate from the
initial slope the effective single track pinning energy’
U, ~400-600 K for both. This is not surprising, since
the reduction of U, by the loss of elastic energy due to a
small splay’ is small. As the temperature is increased, so
is S, which reaches a flat maximum around 30-40 K.



50 REDUCING VORTEX MOTION IN YBa,Cu;0, CRYSTALS...

Here, the ratio SA"/S5"~2. This ratio is maintained un-
til ~65 K, although S for both crystals has declined by a
factor of about 2 as well. Above 65 K, S increases
dramatically for Au, but less for Sn the ratio at 80 K is 5,
entirely consistent with large differences in J.

The nonmonotonic temperature dependence of S, i.e., a
flat maximum around 40 K, is clearly due to the colum-
nar tracks; we have never observed this effect either in
virgin or in the proton-irradiated crystals.!> It possibly
reflects crossing of different collective pinning regimes® as
we traverse the H-T phase diagram from 5 K up to T,.
At low fields the pinning is expected to be strong (single-
vortex pinning) over a significant range of temperatures, ®
and becomes weak (collective) due to vortex-vortex in-
teractions only in the vicinity of 7T,. At high fields, the
pinning will be always collective.® Thus, we expect S(T)
to reflect the crossover at low fields (below ~0.5B),'®
but not at high fields. The data of Fig. 4 confirm this.
Figure 4(b) shows normalized S’s of our crystals at H =4
T. Indeed, S(T) is monotonic in temperature; the max-
imum has disappeared. The ratio of SA%T)/S5%(T) at 80
K is ~3.5, slightly smaller than for H =1 T, consistent
with the differences in U [see Fig. 4(a)].

In addition to the differences in splay, the defects pro-
duced by Sn and Au irradiations differ slightly in diame-
ter and continuity.'® To be sure that the observed
differences in J(T') and S are due to splay, and not to oth-
er factors, we have also studied two other YBCO crystals
irradiated with Sn and Au, whose thicknesses were select-
ed to produce a similar splay. We compared a 15.6-um
thick crystal irradiated with Sn and a 24.7-um thick crys-
tal irradiated with Au, to doses B, =3 T and B;,=2.4 T,
respectively. From Fig. 2, we estimate splays to be com-
parable; ~1.8° and ~3°, respectively. We expect then
the differences in J and S to be small and this is indeed
seen in the insets of Fig. 4; the temperature dependences
of J are nearly identical for the two crystals, with the
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creep rates corresponding closely as well.

Thus, our results show that the splay in the orientation
of the columnar defects has a significant effect on the dy-
namics of vortices. We note that large differences in
splay angles occur only near the end of the ion ranges;
i.e., in a small fraction of the sample thickness. Close to
the top surface, splay angles for Sn and Au are small and
nearly identical. Hence, there is an induced inhomo-
geneity along the crystal thickness, which makes it
difficult to quantify the effect, and it is obvious that the
resulting pinning enhancement is not optimized here.
Nevertheless, it can inhibit the motion of vortices and
enhance persistent currents at least by an order of magni-
tude. Clearly, with the optimization of splay’ this may
lead to significant advances in technology. Although the
theory of Hwa et al.’® considers only the low field regime,
we show that the splay plays a significant role at high
fields as well. The actual divergence of the effective pin-
ning barriers at low currents remains to be determined
from the decay of the persistent currents over very long
periods of time.
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FIG. 1. Bright field TEM images of columnar defect tracks
viewed nearly end on for 1.08-GeV Au (top) and 0.58-GeV Sn
(bottom) irradiations of single crystals of YBCO. The irradiated
crystals were thinned to a depth of 23 um in the Au case and to
a depth of 19 um in the Sn case. The crystals have been tilted
in the electron microscope such that the tracks are inclined by
approximately 10° relative to the electron beam direction. In
recording these images, weak diffracting conditions were estab-
lished using 400 (top) and 440 (bottom) scattering reflections to
minimize strain effects surrounding the defects. The resulting
perspective views of the defects exhibit significant directional
misalignment from the approximate median direction indicated
by the double ended arrows. The radial angular distribution of
the track directions around the median has been measured from
similar images at different depths and is shown in Fig. 2 along
with computed values. Insets show the respective cross sections
for the two irradiations at 21 um depth for Au and 8 um for Sn.
The splay in the track directions is visible in both.



