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Anisotropic Rescaling of a Splayed Pinning Landscape in Hg Cuprates:
Strong Vortex Pinning and Recovery of Variable Range Hopping
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Strong vortex pinning by fission-induced uniformly splayed columnar tracks in anisotropic mercury
cuprates is demonstrated to result from (re)scaling of the pinning landscape by a large superconducting
anisotropy. The effective “narrowing” of the splay distribution restores variable range vortex hopping
(VRH) motion expected for nearly parallel pins. VRH emerges as a distinctive peak in the vortex
creep rate{12% at low fields atI'/T. ~ 0.5) of the most anisotropic HgB&aCw; 04, 5, a peak well
described by a glassy dynamics with the characteristic expgoent1 /3. [S0031-9007(98)07526-7]

PACS numbers: 67.40.Vs

An outcome of an extensive effort [1] to counteract easy(Hg-1212) [14], are not well understood in the context
vortex wandering in high temperature superconductoref entanglement [7,10,11]. This invites a basic question
[2] is the realization that a random array of parallelabout the interplay between strong correlated disorder,
crystallographic columnar defects localizes vortices besanisotropy, and structural (polycrystalline) disorder.
over largest regions of the-T space [3,4]. However, for Here we demonstrate that the complexity of randomly
such an array, thermally activated vortex motion (creep)—eriented columnar defects in a polycrystalline material is
via nucleation and subsequent spreading of the doubleslegantly removed by a large superconducting anisotropy,
kink vortex excitations [3]—takes advantage of the vastrestoring the generic physics and the relative simplicity
available phase space for hopping processes. Indeed,oh crystals with parallel pins. We show that strong vor-
variable-range vortex hopping (VRH) [5] (analogous totex pinning by a uniform (larg®) splay in anisotropic
the variable range motion in doped semiconductors [6]Hg cuprates (largd,. enhancements and a shift of the ir-
to the energetically equivalent (parallel) tracks can beeversibility line to7’ s > 110 K) is a consequence of
surprisingly fast [4,5]. To inhibit the fast VRH channel, anisotropic rescaling of the pinning landscapds a re-
Hwa et al.[7] came up with an ingenuous theoretical sult, a rescaled—"focused”—distribution of splay angles
idea relying on strong localizing action of columnar pins,effectively leads to the recoupling of the vortex segments
namely forcing topological vortex entanglement [8] by[11,15] and to a recovery of variable range vortex hopping
splaying the track directions, i.e., giving them an angulathrough such splay with increasing anisotropy—motion
spread. This would pin vortex kink pairs, and reduceexpected only for an array of nearly aligned pins [3,7].
hopping by reducing the number of parallel pinning sites. We use a nuclear fission process [16] of Hg as a tool

Recent tests of these ideas [9—12] demonstrate large install uniformly splayed pinning tracks [14] in mercury
supercurrent {.) enhancements and suppressed vortexuprates HgB&Ca,-1Cu,0,,4+2+5 Withn = 1, 2, or 3 ad-
dynamics by splayed columnar pins in a 3D (threejacent CuO layers (Hg-1201, -1212, or —1223) [17]. The
dimensional, albeit anisotropic) YBa@wO;-s (YBCO) three polycrystalline Hg cuprates, with closely alike start-
[9,10]. There, the pinning is optimal only for suffi- ing morphology [18], were exposed to a 0.8 GeV proton
ciently small splay angles [9§ = 10°, consistent with beam from the WNR branch of LAMPF at Los Alamos
topologically entangled vortices [11,12]. However, National Laboratory. The corresponding superconducting
the consequence of a largesplay in a 3D system is anisotropy parameters [3] estimated at- 20, ~ 50, and
severe—by destroying vortex coherence along the field-60 [19], span the range between YBCO and BSCCO.
direction [11] itreduceghe pinning action to that of point The virgin materials, prepared following Ref. [18], have
defects [9,11]. On the other handrge boostof super-  sharp resistivg.’s: ~95 K for Hg-1201,~120 K for Hg-
currents, and especially large shifts of the irreversibility1212, and~127 K for Hg-1223. Thep™ fluences in the
line by a large-angle (or uniform) splay in quasi-2D range1.3-3.0 X 107 p™ cm?’ were determined te-2%
Bi,SnLCaCuOg (BSCCO) [10,13], and by uniformly from proton-induced*Na activation of thin Al foils facing
splayed tracks in highly anisotropic HgB2aCuyO¢+s  each sample during its irradiation. The cross-sectional and
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FIG. 2. (a) The persistent current densityT’) for Hg-1223
sample before and after irradiation witts X 10'7 /cn? proton
fluence By ~ 1.2 T), for three values of{. J was obtained
from magnetizationV, as in Ref. [9], using TEM determined
grain size 20 um). (b) Resistance? (normalized) before
and after irradiation withBy ~ 2.4 T. For H # 0 (i) the
onset of linear dissipation is shifted to higher temperatures, and
(i) R (at any fixedT) is much lower after thep™ exposure.
At this Bg, T. is reduced by~3 K. Inset: Irreversibility
lines obtained from the nonlinedrV characteristics using a
1 uV/cm criterion.

FIG. 1(color). (a) Transmission electron micrograph (TEM)

of a Hg-1223 sample exposed to @' fluence of 1.2 X

107 /c?.  Circular enclosure highlights uniform large splay.

Inset (left): A bubblelike track typical of morphology near Hg cuprates before irradiation and with the safg ~

the ends of the ion ranges [1]. The track density in thej 2 T \We note two significant points. First, the creep rate
TEM is =3.4 X 10'°/cn?. With fission cross sectiopry, = is suppressed by " irradiation in Hg-1223 and Hg-1212,

100 mbarns and Hg densitgy, =~ 4.3 X 10?!/cn?, the den- . ) 2
sity of fission events i$.2 X 10" fiss/cm® and an estimated butnotin Hg-1201 [14]. And second, after irradiation we

mean track length is-6.6 wm for two fission fragments. Inset Witness anew dynamical featureyamely a large peak in
(right): High resolution lattice TEM image (0f100 A thick S at ~60 K ~ 0.57.—emerging for Hg-1212 and fully
sample) illustrates the variatios{9 nm) of amorphous track developing for Hg-1223—a peak strikingly similar to the
diameters. one observed in YBCO witparallel tracks [5]. In what
follows we point out that both effects are connected to
the different anisotropies of these cuprates. In the least
lattice transmission electron microscopy (TEM) images inanisotropic Hg-1201, vortex dynamics énhancedby a
Fig. 1 highlight the prominent features of thé -launched large splay, as also observed in YBCO with lagysplay
fission-track landscape: a random large-splay-angle distrgistributions [9]. Indeed, both experiments and numerical
bution, and the variation in track diameters. simulations in YBCO show that largg-defect crossings
The effect on current conduction in the most anisotropidor close encounters) can promote kink nucleation, and
Hg-1223 is large. Figure 2a shows the persistent currertence stimulate creep [9]. But the emergence df-aif-
density J vs temperature before irradiation and after.YBCO-like” peak in the creep rate of the most anisotropic
Here, the defect density corresponds to a matching fieltHg-1223 with fission tracks is enigmatic at first glance.
(1 vortex per 1 defectBgy = 1.2 T. In the virgin sample Below we use the anisotropic scaling approach [20] to
the high-fieldJ drops fast—atu,H = 2 T the current show that a key to this is in the collusion of random
is essentially null for temperatures beyoreb0 K (as  columnar-pin landscape and large anisotropy.
in Hg-1212 [14]). The current boost due to the Consider an individual grain in a ceramic material sub-
exposure is over 2 orders of magnitude at 1 T andect to an external magnetic fielH. The grain con-
~60 K. A substantial expansion of the irreversible tains irradiation tracks homogeneously distributed over all
regime is illustrated in Fig. 2b—the vanishing of linear angles. Now we ask when such a grain will strongly pin by
resistivity (onset of/.) for By = 2.4 T is up-shifted by trapping vortices on the tracks. The result will depend on
~40KtoT = 110 Kata 4 T field (see inset). the track pinning efficiency; [4,5], the anisotropyy, the
The effect on the thermal time relaxation.bfs shown  pin density (controlled by * fluence), the magnitude of
in Fig. 3, which compares th@ormalized creep rates theinduction, and onthe anglg between the field and the
(recorded as in Ref. [5]y = —dInJ/dInt for the three ¢ axis of the grain. We follow the path outlined in Ref. [2]
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s Hg-1223
0.00% T m <0 30 100 of all the 'tracks. Since the tracl_<s_have diameters larger
. — than 2¢ (i.e., the vortex cores fit into the tracks at all
012k (® : o | angles), we will have strong pinning tracks at all angles
2 -t 56@96@ in the isotropized systeng, = neg, Wheregy is the line
= Oos_vi%in Py 5° | energy,é, is the track pinning energy, angl = 0.2 (an
E‘ ’ 7 agﬁ B =19 estimate for Hg-1223 can be obtained frgm~ nJ, [17],
= ; ! 5 e wherelJ, is the depairing current; see also Refs. [4,5]).
J Qb g2 ngﬁg #H=05T] (ili) The vortices are strongly pinned by tracks pointing
o5 30 Hg-1212 along @z within atrapping coneof width 8, = a+/2¢/5,
000+ 20 20 %0 20 [2]. Here,a <1 is a trapping parameter set by, e.g.,
. . v a restricted trapping length or vortex-vortex interactions,
OI4F re) - o] and the isotropized line tensidh =~ gy. For the strong
o 0.12¢ B = 1 pinning tracks of (i) we then obtain a trapping cone (TC) of
g 0-10F 5.8 1 width ~\/2n« [21]. The relevant parameter is set by the
= 0.08f ' 1 overlapof the focused-track and the trapping cones. We
T 0.06} first concentrate on the strong-pinnjtt@rge-anisotropy
o 0.04} regime when the TC encloses the FTC, characterized by
0.02} the condition\/2nay > 1. The fractionp(8,) of tracks
available for strong pinning gives an upper estimate for the
T(K) effective matching field of the ceramic
FIG. 3. Relaxation rate§(T) at H = 0.5 T for (a) Hg-1223, cer b ~ I
(b) Hg-1212, and (c) Hg-1201 before irradiation and afsdt, Bo' = p(6:)Bo 1 T+ 2na2y? e ()

with By ~ 1.2 T. Only theintragrain pinning is relevant. A
12% peak is well articulated for the most anisotropic Hg-1223. | the effective pinning parametey2nay falls below
In the iradiated Hg-1201 creep eshanced unity (e.g., due to a smaller anisotropy) the FTC
broadens beyond the TC and only a fractioma?y?
R o of the tracks in the FTC participates in strong pinning, in

and map the grain with its tracks and magnetic field to ahgreement with the rapid decreaseBdf' in (3).
isotrppic system. We prpcged .in three steps: (i) rescale™pp, independent estimate ~ 0.1 for the trapping pa-
the field, (i) rescale the distribution of splay anglB$0),  rameter is obtained from2 = 2na?y? by using YBCO
(i) derive a strong pinning condition for the ceramic. parametersyy ~ 5 and 6, = 10° [9]. This places the

(i) The first step immediately gives [20] (in the grain jeast anisotropic Hg-1201 45 T in the weak pinning
cgordmate system} = y,,B/y, whereyj, = si? 05 +  regime (3) [aboveBS]. The strongly anisotropic Hg-
y?cos 0. In the |sotrop|z_(=1d system, the vortices arej223 withy = 60 resides well within the strong pinning
aligned alongp = arctan(y ' tanfp); after rescaling, in region, consistent with the experiment.
most grains the field is pointing in the direction of the So now rescaling in the most anisotropic Hg-1223
axis with an angular spread1/y. brings us back to almost parallel defects. A prominent
_ (if) The rescaled splay-angle distribution follows from correspondence of the large2@s) creep peaks in YBCO
P(6)sin6d6 = P(#)sinfdo (the planar anglep is not  ith || pins where the peak is due to VRH (see [5]),
modified under the scaling transformation) and@a®  and in Hg-1223 with fission-induced tracks is consistent
Yy~ tand. The original dlstrlb_ut|on is isotropic in gng_le, with rescaling to forward. Both occur well belowr,
i.e.,P(#) = 1/2. Upon rescaling, the angular distribution ¢t —0 57, and only at fields belowBe. The dispersion

of tracks is strongly forward peaked, in track energies evident from Fig. 1 will give rise to the
. ¥2/2 VRH vortex motion in the glassy solid [3,6].
PO) = (Co3 5 + 2SI ap/’ 1) To search for the VRH motion we probe the glassy

dynamics in Hg-1223 via the current dependence of the
defining afocused-track condFTC) of width ~1/y  effective activation energy for vortex hopping(J) [3,5].
directed along thé axis (e.g., half of the tracks end up U(J) obtained using Maley's scheme [22] is plotted
in the angular regimé < +/3/y). In general, within an in Fig. 4 for uoH = 0.5 T. In a glassy phase [2] the

3950



VOLUME 81, NUMBER 18 PHYSICAL REV

IEW LETTERS 2 MVEMBER 1998

10000 -
1.0T5>
‘:-)’ 1000 - i?ﬁ 0.22? \I _
b [B,=12T 3 L :
;g !?';[ 0.13; u:l:
S : ]
I #ﬁé osT| £ ]
0. b
| 0 20 40 60 80 100
...... LS P R I
0.01 0.1 1 10
J(10° Afem®)

FIG. 4. Effective activation energy/(J) for Hg-1223 with
By =12T. At ugH = 0.5 T—as in a single-crystal YBCO
with || pins [5]—U(J) shows a large regime with the slope
m ~ 1/3 (solid line is a fit tou = 0.27 * 0.02 between 30
and 70 K), characteristic of the variable range motion (VRH) in
the region of the creep peak. Dashed line is a fit/{g)) near

J. [2] with u = 1, indicative of half-loop regime [3]. Inset:
The creep peak disappears fosH > Bo.

activation barriersU(J) at small currents behave as
U(J,T) « (J./J)*. Figure 4 shows that as decreases,

U(J) gradually crosses to an extended current regime

[J = (0.05 — 1) X 10° A/cn?], where large segments
of INnU(J) vs InJ are linear. The slope provides an
estimate ofu = 0.27 = 0.02, to be compared with the
predicted value ofl/3 in the VRH regime [3] in the
temperature vicinity of the creep peak [5]. And, as
in YBCO [5], at high fields the peak ir§ disappears
(inset Fig. 4). An estimatethaximumthermal creep rate
at the peakS™* ~ [wIn(t/tegr)] ™!, with w = 0.27 and
In(#/te¢r) = 26 (see note in [23]), iI$™* ~ 0.12, in good
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