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Forced Entanglement vs Anisotropic Dissipation in a Vortex Line Liquid
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We present evidence fdorced topological entanglemeuwi line-like vortices in the liquid regime
of YBa,Cw;O;_5 with columnar defects. By splaying the defects within a fixed plane (in-fan) we
create a¢-axis phase coherent vortex (string) structure which correlates with anisotropic dissipation.
The high-field vortex motion is “easy” in fan and “hard” across fan in crystals—a signature of forced
entanglement by a small angle splay. The high-field anisotropy is surprisingly reversed in thin films,
where forced entanglement is absent. [S0031-9007(97)04606-1]

PACS numbers: 74.60.Ge, 74.72.Bk

The idea of entangled vortex matter [1] in type Il su-splay. Moreover, the anisotropy disappears at low mag-
perconductors is central to understanding the behavior of aetic fields (below a fraction of the matching fiekl,
vortex liquid [2] and possibly a disordered vortex solid [3]. at which the number of vortices equals the number of pins
There are two kinds of entanglement. Thermal entanglef7]), indicating a change in the character of pinning related
ment is connected tmeltingof the vortex array. Current to occupation of columnar tracks. In thin films, in the ab-
debate centers on melting accompanied by a loss of theence of entanglement, the obserhégh-field anisotropy
transverse [4] and, less trivially, of theaxis long range is reversedi.e., the motion across fan becomes favored),
superconducting coherence [5]. The latter manifests itselivhile the dissipation below-0.5B¢ is still isotropic.
as a loss ofvortex coherencei.e., a loss of the identity Several twinned YBCO crystals ef1 mm size and 11
of individual vortex lines, which split intalecoupledseg-  to 15 um thick along thet axis [11] and¢-axis oriented
ments of finite length. Recent reports suggest that twirepitaxial films grown by laser ablation [14] were irradiated
boundaries [5] or technologically important columnar de-with 1.08 GeV ' Au?** at the TASCC facility at Chalk
fects [6,7]recouplevortex segments and maintain the line- River Laboratories in Canada [7]. To install planar splay,
like structure of vortices far into the liquid regime [8]. On the ion beam was tilted off thé(z) axis by rocking the
the other hand, as discussed in theory by Haval. [9], samples about an axisZ by £ ranging from O to
the localizing action of columnar pins [10] can be used45° [a cross-sectional transmission electron micrograph
to forcetopological vortex entanglemehy manipulating (TEM) of crossing tracks [11] is an inset of Fig. 1]. The
(splaying) the defect configurations [11]. Suohnceden-  films were patterned (on the same chip) prior to irradiation
tanglement occurs only with line-like vortices, for which in a bridge geometry, allowing control of the relative
the vortex coherencés preserved. Thus, splayed colum- orientation between the driving current and splay planes.
nar pins provide a unigue controllable tool to probe theResistivities were measured using a standard four-probe
¢-axis coherence in the entire mixed state. technique. In crystals the contacts pads were placed as to

In this Letter, we explore the consequences ofétlaxis ~ assure a uniform current flow [5].
coherence to the dissipation in the vortex liquid. We Figure 1(a) shows the temperature variation of the in-
present evidence for forced topological entanglement oplane dissipation foH || ¢ of a twinned=12 um thick
line-like vortices in YBaCwO;_s5 (YBCO) with the sim-  YBCO crystal with a planar splay configuration with
plest splayedcolumnar defect configuration [9], namely, a criss-cross angl® = *+10° and a total pin density
two parallel pin families crossing each other in a (splay)corresponding toBe = 3 T. The vortices are forced
plane at a fixed angl® [see inset in Fig. 1(a)]. Our to move either “across fan” [Lorentz forcdB, = (J X
key result is that in crystals with not too large [11], B) L SP] or “in fan” [Fy, || SP] in the samecrystal by
the vortex motion is “easy” parallel to the plane of splayappropriately directing the measuring current. The zero-
(SP) and “hard” across this plane everywhere where théield resistive transition af. = 90 K is independent of
linear resistance(Ry;,, = lim;—y %) [12] along the field the current geometry—it is shafa 7, =~ 400 mK), and
(¢-)direction vanishes, indicating a presence of coherer@nly slightly (~1%) lower than in the same virgin sample.
vortex lines across the sample. Anisotropy disappear$he data show that the two current geometries produce
when the splay angles are either large or zero (parallépotropicdissipation at low fields.
defects)—the former is in accordance with our expecta- At high fields thelinear (Ohmic) resistance is distinctly
tions that for large® the é-axis coherence cannot be main- anisotropic below a characteristic temperatufg(H)
tained, since vortex cutting becomes easy [13]. The lattelFi9. 1(a)]—it is easier for the vortices to move parallel
ensures that anisotropy is indeed related to the effect db the splay plane than acrossamely,R;;, > Rﬂh. The

4258 0031-900797/79(21)/4258(4)$10.00  © 1997 The American Physical Society



VOLUME 79, NUMBER 21

PHYSICAL REVIEW LETTERS

24 NVEMBER 1997

80
25t I o 10
- 60 | E
20 F r 41
40 + 3
a 15F 2 E 0.1
g L ]
~ 10k 0 0.01
a |——F, LSP(R},)
|——F Il SP(RY) 7 | T
I, -
0 b e, o, @ % 16F a7 f
80 82 84 90 92 = 2F ecuo =
> 8 T ~—
— L m T T T T 4
1.0} 1 0 1
[ wH=3T 1%
08F E
HU '_ ’3‘. 0=20 1
o 06F oo . J
S
o4l ¥ % - g 90 pH=4T 0.1
02 Vi . 0.01
S A
L NS AT ®)
0.0 N > 1 1 1 " 1
086 088 09 092 094 096 098 1.00 T ( K )
T/T, FIG. 2. Temperature dependences of the in-plane &agis

Ohmic dissipation in YBCO crystals with (a) parallel pins,

FIG. 1. Temperature dependences of the in-plane dissipatiof) =10° splay, and (c)+45° splay in a zero and 3 T applied
for F, L SP (across fan) andl, || SP (in fan) in a twinned field. The applied current is 1 mA.
YBCO crystal with columnar tracks with densit®e =3 T

and splay anglé® = *10° (a) in several fieldd| ¢ axis and . .
(b) in a 4 T field before and after irradiation with Au. Thick (rasts thet axis and the in-plane voltages for the two cur-

arrow points to the onset of pinning by columnar pins. Dottedrent geometries in three YBCO crystals willy, = 3 T:
arrows indicate the onset of anisotropy. Dashed line markga) with parallel pins, (b) with small=10°), and (c) large
twin boundary shoulder &f7;. The appliedl =1 mA. Top  (+45°) angle splay. For parallel pi® = 0°) the ¢-axis

inset: cross-sectional TEM image of YBCO crystal thinned 10 jissipation becomes non-Ohmibove the temperature
=1000 A, showing two families of parallel tracks criss-crossed P P

at =10° in the splay plane. A double-kink and zigzag vortex Where theub-plane dissipation goes to zero. The in-plane
excitations are sketched (see text). Bottom inset: comparison dfotion here is isotropic as vortices move via double-kink
the crystal of (a) with a similar crystal with defects(®@ = 0).  spreading [10] for any current direction. This is illustrated
Similar kink dynamics is suggested by a comparable dissipatiofn Fig. 2(a) for an~11 um thick crystal. A small splay
for Fr L SP and for® = 0 (see text). (® = =10°) shifts the onset of coherence down—now
the longitudinal voltage vanishes Bi(H) [see Fig. 2(b)],
resistanceR(T,,) at which the anisotropy becomes evidenti.e., the onset of thé-axis phase coherence coincides with
is field independent~0.3Ry) and near the value at the the onset of anisotropic vortex motion. In others words,
shoulder in the resistance of the virgin crystal [Fig. 1(b)].only line vorticescan distinguish between the two current
The shoulder af'r3(H), associated with the onset of twin geometries.
boundary (TB) pinning [15], is well beloW, (H)—which To test this further we examine a crystal of the same
leads us to conclude that the observed anisotropy is ndhickness(~11 um) and Bg but with a much larger
due to twin boundaries [16]. The data also show tha® = +45°. Large angle splay will not support the
columnar tracks slow the vortex motion down (reduceé¢-axis coherence in the liquidltogether as vortices will
R) well above the onset of anisotropic dissipation; lineamot easily accommodate to columnar pins [10] and the
resistivities for the virgin and irradiated crystal part atdynamics should be as with random point disorder. Datain
~0.97T. > T, ~ 0.95T. [see Fig. 1(b)]. Fig. 2(c) demonstrate that in this case all resistances vanish
Now we ask what vortex structure might be associatedogether; the response in the liquid along thegfield)
with the anisotropic dissipation in the liquid. One mea-direction isalways linear—thus there is no evidence for
sure of this structure is resistance along the field direceither a line liquid or anisotropy.
tion, which, if zero, will indicate vortex coherence on at The anisotropy translates onto theT phase diagram
least the scale of sample dimension [5]. Figure 2 conas two distinct lines, shown in Fig. 3. At high fields, the
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o T longer in the vicinity of the columnar tracks and can
St R /Ta(H) . maintain the structure resembling the structure in the solid
' ] on this time scale. Experimental support for similar vortex

B,=3T | structures in the liquid and in the solid comes from a very
©=410" | similar dissipation forFy, 1. SP and for the parallel pins
with the sameBy, [inset of Fig. 1(b)]—in both cases the
dynamics in the solid regime is controlled by motion of the
double kinks.

To gain insight into the splay induced anisotropy and the
role of forced entanglement let us consider a correciipn
to thelinear flux-flow resistivityp = ps/(1 + 6p/p)due
to splayed disorder following [2], p. 1252:
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FIG. 3. H-T phase diagram for the YBCO crystal of Fig. 1. . .
The two lines above a crossovera§H.. ~ 1 T correspond to yvhere the splay des‘_?“bEd by _the _faCtOV expkir) is _
Rin — 0 and the onset of nonlineak-V’s for F;, L SP and in X — Z plane andC is a combination of shear and tilt

Fp [l SP. The anisotropy in the in-plane resistance appearglastic moduli [20]. In Eq. (1) is the disorder parameter

belowTa(H) along which the coherence in tideaxis direction [2], v is vortex velocity, and e)(pfk2<u )) is the Debye-

is restored. Inset: the in-plane critical currents malntaan ler fact lting f th ITfI tuati f th

anisotropy at all fields. aller factor resulting from thermal fluctuations of the
vortex lines ¢ is the transverse thermal displacement).
The factor exp—1/t,;) accounts for a (viscous) state of

in-plane linear resistivityRL'b for the across-fan motion t_he_entqngleq I|qU|d—forceo_I e_ntanglement will increase
liquid viscosity and thus will increase,;. The term

vanishes at higher temperatures th@y), for the in-fan in the square brackef -] = [(sinkvt/v1)k] describes

motion—the difference is quite large abo®a, (2 K at . . B
moH = 5 T), and it increases with field. The anisotropy tAhe in-fan motion whenk = k, and across-fan (along

disappears entirely belowoH.. ~ 1 T, where both in- y) motion whenk = k,. Thus, th? anisotropy in this
plane resistivities as well a&, vanish simultaneously estimate is controlled by the relative importance of the
Above B., the lines for both current geometries look linear VOrt€X structure term expt/tp). If 1, is very small,

L . Jhptis
in reduced temperature= T /T,, while below they are the ant”bu?on %omej frr(])mdszall tlmet,:,terrg C’é)ff
upwardly curved, i.e.x (1 — £)® with o ~ 2 [17]. can be neglected and the dilference betwdeand y

o . motion disappears. In the limit,; — oo, the integration
The vanishing ofR;, and Rﬂh is followed by the ap- of Eq. (1) Ieggs 10 anisotronic m;(;ltlon \Tnﬂrp” N _g and
pearance of critical current$” and J!!, shown in the 9 . /T b

inset of Fig. 3. J. (obtained from the onset of non- 8p~* ~ of ~w_- Theabove estimate backs OurtWO key
linearities in thel-V curves with the usuat1 wV/cm observations: (i) the motion in the liquid is harder across
threshold) is anisotropic al fields, namely, the hard di- fan than in fan, and (ii) the anisotropic motion requires
rectionJ!! (F, L SP grows more than twice as fast with entangled vortex lines retaining their identity (langg).
decreasing temperature as the easy direction In other Finally, we should not observe the effect of forced entan-
words, unlike the anisotropy in the liquid phase, the glement in thin(~1500 A) YBCO films with thicknesses
anisotropy (i.e.dJ!/dT > dJ /dT)is present also below comparable to the entanglement length{1]. A rough
the crossover aB.,. However, it appears that (within our estimate gives, = ale;/T = 2a, near melting tempera-
resolution) aboveB,, the twoJ,’s vanish at different tem- ture 7,,. Here,e; = [®/47AT* is the line energy and
peratures suggesting two transitions related to two distinctA ~ 1400 A is the magnetic penetration length [2]. For
vortex structures at high fields [18]. Two different vortex our films, the estimate gives = 1000 A for B ~ 1 T.
structures are implicit in recent experiments and numerifurthermore, in contrast to crystals, in films willy =
cal simulations [11]. The motion across fan is primarily 5 T the tracks rarely cross [21]. Thus in films a zigzag
governed by spreading of the double kinks [9,10] [insetrelated anisotropy is not expected.
of Fig. 1(b)], while the in-fan motion will be controlled  The results in films are summarized in tHeT diagram
by the “zigzag” kinks [11] [inset of Fig. 1(a)], resulting in shown in Fig. 4. As before, at low fields the motion is
critical current anisotropy [19] with a reduced in-fén isotropic. However, in contrast to crystals, thigh-field
The situation in the vortex liquid is more subtle andanisotropy aboves., is reversedi.e., the in-fan motion is
the above arguments cannot be simply projected onto theow hard. This is clearly seen in the inset, where we plot
linear regime. The vortex motion is diffusive and vortex p vs temperature foFy, L SP andFy, || SP on a log scale.
structure can only be maintained over a finite tirpe[2]. A crossover aB., ~ 0.5B¢ (as for the parallel pins [7])
Crudely speaking, large,; implies that vortices linger is consistent with the absence of zigzagging.
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anisotropy at low fields points to a deciding role of the oc-
cupancy of the columnar tracks even in the liquid phase.
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