PHYSICAL REVIEW B VOLUME 53, NUMBER 21 1 JUNE 1996-I

Influence of columnar defects on vortex dynamics in BiSr,CaCu,Og4 from out-of-plane
and flux transformer transport measurements
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The c-axis resistivity, p.(B, T, #), where 6 is the angle between the axis and the dc field, has been
measured for BSL,CaCyOg single crystals before and after the introduction of columnar defects by heavy ion
irradiation. The effects of different columnar track density and angle with respect to the basal plane are also
investigated. Uniaxial enhancement of the irreversibility line for fields below the matching field and parallel to
the columnar defects is observed in out-of-plane transport measurements. Measurements in the flux transformer
geometry confirm that the vortices are connected lines in the irradiated crystal. We have also attempted to
reconcile c-axis data with the predictions of the Bose-glass theory for correlated disor880.63-
182996)01621-9

INTRODUCTION independent of the current directiérf
On the other hand, there is much experimental

Layered high-temperature superconduci®t$S) are an-  evidencé *?to support the fact that pancake vortices pinned
isotropic, and BiSrL,CaCyOg (BSCCO in particular, has a by columnar tracks in heavy-ion irradiated BSCCO crystals
resistive anisotropyp./pap,, of 10°. When a magnetic field is behave as well-coupled vortex lines at fields up to the match-
applied along thec axis, this material is expected to form ing field, B4 . The pinning is strongest when the magnetic
two-dimensional2D) Abrikosov pancake vortices in the su- field is aligned or close to alignment with the columnar
perconducting layers, coupled by Josephson strings in theacks. Kleinet al® first reported evidence suggesting that
interlayers, instead of the usual vortex lines formed in 3Dvortices in BSCCO crystals, irradiated with heavy ions at 45°
superconductors. Because of the weak Josephson couplifigm thec axis, display signatures indicating that the vorti-
between the planes, only small energies are required to dees behave as well correlated lines. The magnetization of
couple the 2D pancake vortices in adjacent layers from eactihese crystals at temperatures above 50 K showed uniaxial
other. This means that the vortex “lines” are extremely sen-enhancement of the magnetization curves when the magnetic
sitive to thermal fluctuations. In the case of weak randonfield was applied parallel to the columnar tracks. In contrast
disorder(the usual as-produced state for these systémads  to point disorder which promotes vortex line wandering and
vidual pancakes, which are not themselves strongly pinnedntanglement, correlated disorder caused by heavy ion irra-
may easily be driven off pins since there is little restoringdiation (HIl) inhibits wandering and promotes localization of
force from pancakes more strongly pinned in adjacent layerthe vortex lines. This implies that the low lying irreversibil-
due to the small tilt modulusz,,. This process results in flux ity line in highly anisotropic materials is not intrinsically
cutting and dissipation, and has the effect of lowering thdimited by the low dimensionality, but may also be consid-
temperature dependent irreversibility field below which theerably altered by careful engineering of the disorder. It also
superconductor is technologically useful to well belBy. raises the question of the relative contributions of Lorentz-

In as produced BSCCO crystals Busethal! have shown force driven and other sources of dissipatioelated to the
convincing evidence using transport measurements in thiew dimensionality in as-produced and irradiation damaged
flux transformer geometry that vortices always have a longimaterials, a central issue addressed in this paper. In particu-
tudinal correlatior(cutting length much smaller than typical lar, the HIl is expected to change the electromagnetic or
crystal thicknesses. Thus the vortices can be regarded as a desephson coupling between the copper oxide bilagairs
of independent pancakes rather than a continuous line witmensionality, and enhance the apparent tilt modul@s,, in
finite line tension over macroscopic distances. Further evithe mixed state of BSCCO.
dence for the quasi-2D nature of BSCCO in the mixed state The framework of the Bose-glass theory developed by
is related to observations that dissipation is determined onljlelson and Vinokuf*'°has become a common technique to
by the component of the field parallel to tleeaxis and is  study the effects of correlated disorder in HTS crystals and
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films. By accounting for vortex pinning and cre¥p? the  liquids. This instability leads to a linear resistivity, just as for
theory is able to predict current-voltage characterisfithe  currents perpendicular to the vortex lines. Brahdtas
existence of a transition temperature into the Bose-glasshown that a nonzero shear modulus in a weakly pinned
phasé1016-20and the frequency dependence of the vortexAbrikosov lattice resists this instability, suggesting tiuB
dynamics*?! Its predictions have been shown to have ex-IS an exgcellent geometry in which to study vortex
tensive validity in YBaCu,0, ;1822 and have also been dynamics’ _

used to extract various parameters in BSC@@fs. 7, 9-12, In this paper, we report og-axis and flux transformer
16) and ThBa,CaCyOy thin films!” However, as recenty 9Jeometlry transport measurements on as-produced and
pointed out by Zectet al,” the complex shape of the irre- N€avy-ion irradiated BBr,CaCyOg (BSCCO crystals with
versibility line in BSCCO after heavy ion irradiation cannot different doses and directions of irradiation. Extracted irre-
be derived by Bose-glass theory, indicating that it may neeﬁfers.'b'“t.y temperaturesTir,(B,a), show that there N indeed
extension in the very anisotropic systems. Further, there af@CKIng in of vortex lines with large accommodation angles,

no explicit predictions, nor have there been any experimentala’ after |rrad|_at|on. Anls_otr(_)plc_enhancement'[q;fr(B, 0).,
investigations, of the Bose glass in theaxis behavior of Wwhen the applied magnetic field is aligne nearly aligneyl

HTS crystals’:3'24 Thus an investigation of possible Bose- to the columnar tracks is observed. The flux transformer ge-

glass-like features in the out of plane behavior of BSCCO i .me'try measurements shqw th'at'the pancake vort!ces .show
attempted in this work. inelike features only after irradiation when the applied field

All of the existing work on heavy ion irradiated BSCCO ﬁaﬁ?”rils?gnz?@ Cfdg\gga;;ﬁ%?ghli%e?ﬁgagﬁge?gérﬁzJ(c)tri?g
. . 5-27
crystals including both general phenomenologici,"as state in addition tdT;,(B,#) has been carried out. We find,

well as Bose-glass analys€¥1?%have been carried out : ) . o OuR Ve T,
g y [ agreement with many studies, that the dissipation in pris-

using magnetic measurements. This is at least partly due . . .
the difficulty of obtaining low resistance contacts, andﬂtlne Sampl_e_s IS not deter_mlnec_J simply by the_Lorentz for_ce.
The conditions of applied field angle which result in

achieving reasonable electric field sensitivity in the IinearA henius-like behavior for th istivit lored. B
regime, without incurring the considerable local heating rreénius-like behavior for the resistivity are explored. be-

which is known to occur in BSCCO crystaﬁ%;even using fore irradiation, Arrhenius-like behavior is found for all

moderate currents. Transport measurements have been Cﬁlp-gles ercept W:f?n the ge|? IS \fri[} C|QS€ |tok angnhme.nt Wlth
ried out on thin films of BSCCO (Ref. 9 and e ab planes. er Irraaiation Arrnenius-like benavior Is

TI,Ba,CaCuyOs (Ref. 17 but it remains important to per- observed for all angles and fields except for the case where

form transport measurements on single crystals which co the field is below the matching field and parallel to the de-

tain far less random quenched disorder when compared wit ctts. :—Phen a power—llaw—hkedbtlah?wolz_lrssan?r:entbremlnls—f
thin film systems. This is a further important motivation for cent of the various glass models for - In the absence o
this study. any detailed theory we naively apply the predictions of Bose-

Determination of the out-of-plane behavior of single Crys_glass theory directly to the out-of-plane behavior of irradi-

tals of the very anisotropic HTS systems is well known to beated crystals. The qualitative features are in surprising agree-

a powerful means of investigating the normal state electronid"eNt with expectations. Thus we are able to extract the

behavior?® and also the properties in the mixed sthwhen combined critical exponentsnfv’(z' —2)] (Ref. 15 and

both the magnetic field and transport current are applied paF—he Bose-glass transition temperatufge(B, 6), from our

allel to each other, the Lorentz force disappears and OnEesistivity data. Remarkably, these values agree reasonably

obtains a force free configuration. Then rotation of one ofWe!I with prevn_)u_sly published datd” and appear to con-
either the field or currerfusually the magnetic fiedallows sollqate the validity of the Bose-glass predictions even when
a direct investigation of the effects of Lorentz force driven applied to out-of-plane data for BSCCO.

contributions to dissipation. There has been considerable
speculation about the dissipation processes in HTS crystals,
due to the apparent lack of Lorentz force dependence men-
tioned above. Various models including fluctuation Boules of BSCCO were grown separately by two different
effects*39-32flux cutting and curved flux line¥ series stack groups using the travelling floating-zone technique in
of Josephson tunnel junctioRsand thermally activated double-ellipsoidal infrared furnaces. Optically smooth rect-
phase slippag’ are some of the models proposed to explainangular crystals from the two different batches were cleaved
this apparent lack of Lorentz force dependence. These hawand cut from larger mosaics. Batch(drystals K1 and K2
either only been shown to fit moderately anisotropic materi-has a transition temperaturg,, determined using the inflec-
als like Lg_,Sr,CuQ, and YBaCu;0,_; or have had lim- tion point of the resistive transition of the crystals in the
ited ranges of applicability. On the other hand, there is alssemnant field of our magngabout 5 m7, of 87 K while
some evidence to suggest that thermally activated flux flovbatch 2(crystals W1, W2, and W3has aT value of 89 K.
(TAFF) induced dissipation also occurs in BSCCO fifi&®>  The crystal dimensions were all close to 0.25 mm in width
and crystal$®*’even in the Lorentz force-free configuration. and 0.8 mm in length except for crystal K2 which was close
Moreover the possible effects of columnar disorder on thigo 0.25<0.30 mnf. The thicknesses of the crystals are all
apparent Lorentz force-free dissipation have never been sybetween 15—-2@m. Four 25um gold wires were attached to
tematically investigated despite being an obvious critical tesboth the top and bottom faces of the crystals using Du Pont
for such models. The force-free configuration is generally6838 silver epoxy and were then mounted onto a quartz sub-
attractive in its own right since a finit#|B tends to produce strate. They were then annealed at 475 °C for 5 min in flow-
helical instabilities in vortex arrajsand in entangled flux ing O, to attach the contacts. The resulting contact resistance

EXPERIMENTAL DETAILS
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(of a pair of contacts including lead resistapce typically = given applied field, is defined where thleaxis resistivity
less than 4 ohms. The out-of-plane room temperature resiseaches a criterion of 210 * ). Recently, there has been
tivity was p,=1.6 ) cm. A measurement current of 10\  much debate about the physical significance of the IL defined
(approx. 0.05 A/crf) was used for samples W1, W2, W3, using various criteria, in different regimes of field and tem-
and K1, and 1QuA (approx. 0.013 A/cr) for crystal K2, at  perature in BSCCO crystals. Majer, Zeldov, and
a frequency of 77 Hz to maximize the sensitivity of our Konczykowskf® have explicitly shown that the magnetic
measurements without encountering heating or inducingysteresis and hence the onset of magnetic reversibility, in
nonllr_]ear effe.cts. Thesg current densities\aléo4 to Sorder oy fields and at temperatures above about 76 K, is entirely
drop in magnituddrelative to the normal state value at 120 5, seq by geometrical barriers. However, at applied fields
K) in resistance ,beIOVTC.tO be mgasured. Comparison of much larger than the penetration field, the temperature where
voltages from pairs at different distances from the curreny,q ¢ axis resistivity vanishes approaching the superconduct-
injection electrodes shows close agreement and confirms thﬁ\{g state has been shown to correspond closely to the tem-
the current density is satisfactorily unifor(due to the large perature where the-axis critical current density obtained
anis_otropy when injected along the axis. This is true for .0 v measurements becomes firfifeAlthough a finite
all fields and temperatures. All measurements were made @literion has to be imposed on the determination of the IL,
fields greater than or equal to 0.1 T. Thus they are unaffecteg,o temperature and field dependencies of the resistivity
by the well known and pronounced effects of surfdand components are anyway important in their own right. The IL
geometrical barrief$ which affect the irreversible behavior in irradiated samples can moreover be correlated with disor-
of these anisotropic systems in the transverse geometry ifir induced pinning over a wider range of fields and tem-
fields of order of the lower critical f.'eld’_!ﬂ' peratures than for pristine crystals, since it is shifted well
Crystals W1, W2, and K1 were irradiated at GSI Darms-peyqng the penetration field even at high temperatures ap-
tadt, with 2.25 GeV Au ions. A matching fieldy , is de- — hoachingT, . As pointed out by Radzihovsky, the IL in
fined where the vortex spacinge~(®/B)™, equals the . ajiated crystals can be interpreted as the locus where the
average defect spacing determined by the radiation dosgq ey |attice freezes into a superconducting Bose glass of
Crystals W1 and W2 were irradiated to a matching fiélg,  \ortices localized on columnar defects and this is determined

of 0'5,T ar_1d crystal K1 WitrB@:? T. Crystals W2, and K1 by the matching field rather than the fields associated with
were irradiated with the beam directed perpendicular to thg oy penetration at high temperatures.

al_) planes of the crystals while crystal W1 was irradiated Figure 1a) shows theB— T, (B,6) phase diagram for
with the beam 45° off th«f: axis of the crystal. Crystal_s K2 several angless, for a pristine samplécrystal K2. We de-
and W3 were measured in the qs—produced state. legn thate g as the angle between the applied field anddtlais so
the threshold energy for creating columnar tracks is 1&nat g—0 corresponds tdlic. The irreversibility lines are
keV/nm in BSCCO* it is certain that columnar tracks are shown for angles 0B=0°, 45°, 60°, 75°, and 90° only for

produced along the entire thickness of the crystal, since thg,e sake of clarity. The IL moves toward higher temperatures
crystals are not more than 2m thick. After irradiation, the 5 e rotate the field away from ticeaxis. In the force-free

normal sta;tec—a?(is resistances were increased by approXi¢qnfiguration[the lowest curve in Fig. (8] the field is ap-
mately 15% while theT. values were reduced by approxi- pjieq parallel to the current and theaxis of the crystal. As
mately 2.5 K for the 0.5 T matching field dr8 K for the 2 e field is rotated away from the axis [moving toward

T maiching field doses, respectively. The crystals werigher curves in Fig. (8)] one would expect that, in an iso-
mounted on a cryogenic goniometer assembly that allowegqic material, the increasing Lorentz force would act in-

the crystals to be rotated with respect to the applied fielgyeagingly strongly on the vortices. Then the resistance of the
with a resolution of~0.1°. Alignment of the crystals is made q5mpje should increase as expected if the dissipation is de-

with respect to the minimum in resistivity when the app“edtermined by thermally activated flux flo@rAFF) under the
field is aligned parallel to thab planes. The columnar tracks ,tion of an increasing Lorentz force as the field is rotated
are estimated to be within 2—3° of the intended angles with,\ oy from thec axis of the crystal. This is contrary to what
respect to the basal planes since the crystals are mechanicady,pserved and suggests that the relevant parameters for dis-
stabilized on the substrates only by the measurement lead§yation are not the relative angle between the current and
which prevents careful alignment with respect to the Subsie|q (Lorentz force but only the field direction with respect
strates without incurring damage in the crystal. Since severgy, the crystallographic axes. What is less clear is whether this
crystals are |rrad|a_ted_ at once, it is very difficult to align eaChdiscrepancy arises simply from the intrinsic anisotropy of the
one better than aligning all of the substrates. material or from a non-Lorentz force determin@dctuation
related dissipation mechanism. It is important in this respect
RESULTS AND DISCUSSION to note that the IL for the as-produced crystal, at differ@nt
are very similar in form. Blatter, Geshkenbein, and Larkin
(BGL) (Ref. 46 have derived simple general scaling func-
We begin with a discussion of the angular dependence dions for the IL for isotropic uncorrelated disorder in very
the irreversibility line(IL), which is defined here as a line of anisotropic HTS materials. That work predicts that
constantc-axis resistivity,p., close to where this vanishes Bj(T,8) =B (T,6=0°)/e(6) where e’=cos6+1/ysirfo
below our sensitivity. This behavior, for both cases of beforeand y?=mZ/m}, is the effective mass anisotropy. For large
(Bl) and after irradiation(Al) with the case of columnar anisotropy and for angles not too close to &teplanes, this
defects introduced parallel to theaxis, are compared and collapses toB;,(T,6)=B;,(T,0=0°)/cog6). Zech et al’
discussed. The irreversibility temperatuig,(B,6), for a  have recently claimed experimental verification of these pre-

A. Irreversibility line
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FIG. 2. The irreversibility temperaturd,;, (B, 6), plotted as a
function of 6, whereé, is the accommodation angle, for crystal W2

B = 2T ¢ (By=0.5 T, irradiation parallel t@ axig). Lines are guides for the
| e ... eye.
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are four main results(i) that the IL’'s lie almost on top of
each other over a wide range of “accommodation” angles,
defined as the angular range over which the irreversibility
line is angle independent due to vortices being “locked”
onto the columnar defects, f@<45°; (ii) the IL again de-
velops clear angular dependence Bx By, ; (iii) for B>B,,
the IL converges toward that of the pristine sample as also
shown in Refs. 7,26; an(v) that the IL after irradiation and
for fields below the matching field assume a slapB, /AT
gvery similar to the case fdBllab of the pristine sample.

B(T)

e

I & 107

0.f bl
02 0.3

(b) t

FIG. 1. (a) The field dependence of the resistively determine

irreversibility temperatureT,, (B, 6), for the pristine crystafcrys- The behavior of crystalW2) which was irradiated with a
tal K2) at various angle0°, 45°, 60°, 75°, and 90%f applied field ~ Smaller dose corresponding 8,=0.5 T is qualitatively
relative to thec axis. 0° corresponds tBlic axis andt=T,/T,.  identical. However the accommodation angtg, appears

Lines are guides for the eye. The inset shows the angular depeglightly larger than for crystal K1, witl#,~60—75°. This is
dence ofB;,(T,6) at T=40 and 50 K for crystal K2. Solid lines are apparent from the data in Fig. 2, where we have plotted
fits to the functionB;(T,#=0°)/cog#). (b) As for (a) but for the  T;,(B,60) as a function oféd for four different fields. For
irradiated crystal K1Bg=2T). Blicll HIl indicates that the applied B<Bg, T;,(B, ) remains almost unaffected when the field
magnetic field is parallel to the axis of the crystal and the heavy is rotated away from alignment with the defects. This holds
ion irradiation columnar defects. Lines are guides for eye. The insetintil approximately 60°(indicated by the arroyv where
shows Arrhenius plots for the same crystal #5¢0°, 45°, and 60° T, (B, ) starts to increase. Close inspection of the data in
atB=05T. Fig. 1(b) indicates that an estimation f@y, of 60° atB=1.0
T is not unreasonable. The data at 75° or Biab is how-

dictions for all angles except wheis very close to th@b  ever considerably shifted relative to smaller angles below the
planes(within about 59 using magnetization data on similar matching field. On the other hand, above the matching field
BSCCO crystals to those studied here. They show good scalvhereB>Bg,, T;,(B,#) regains a pronounced angular de-
ing for all fields and temperatures for applied field angles ugendence. The values fé, which are determined here are
to 45° from alignment with the axis. A similar construction ~consistent with those obtained by van der Beekl!* using
to theirs is shown in the inset to Fig(al where the angular transmittivity techniques on BSCCO single crystals as well
behavior without irradiation at 40 and 50 K as well as the fitas those measured in Ref. 17 from the angular dependence of
to the BLG prediction above is presented. There is satisfacthe resistivity of T}Ba,CaCyOg thin films. These values
tory agreement up to at least 45° from theaxis. In the also compare favorably with that of,=30° obtained for
measurements here the Lorentz force increases sinusoidaBa,Cu,0;_ s single crystalg® The important point is not so
as the field is rotated away from tiseaxis (and the current ~ much the precise values variously obtained for the accom-
Nevertheless this result is in good agreement with vectomodation angle but that these are consistently very large.
magnetization data on similar crystals and a detailed discusFhis is an artifact of the large anisotropy of the materég|.
sion will be presented in Ref. 47. can be recalculated taking into account this large anisotropy,

Figure 1b) shows the IL of an irradiated crystérystal  thereby yielding a corrected value which would be measured
K1), with B, =2 T where the irradiation and damage is par-if the crystal was to be “stretched” along itsdirection by
allel to thec axis. After irradiation by heavy ions, the IL’s a factor of the resistivity anisotropy. This isotropic-
are clearly and strongly enhanced for all fields measured hemeguivalent geometrical correction yields a “squeezed” angle
and this is most pronounced below the matching field. Theref 0.4° for crystal W2 and 0.2° for crystal K1. These are
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10 v B = 20T/ c the direction of the columns with respect to the basal plane
o= (at least for the angles studied her€his is also strong evi-
¢ By=05T/c dence that the columnar defects control the dissipation and
4 B,=05Tat45° pinning to fields well abov@®, . However, as shown by the
‘ data here and that from other souréé8 at fields much
o 0.94F larger thanB, , the IL eventually converges to the IL of the
P LE oo} pristine samples when the vortex spacing becomes much
- ool smaller than the column spacing so that vortex-vortex inter-
o.ssl actions begin to dominate over the correlated disorder.
) Direction of
0.86F Irradiation oy
. : . . . B. Uniaxial enhancement of the IL
-80  -40 0 40 80
0.1 i i & . . . and flux transformer measurements
02 03 04 05 06 07 08 09 1

The inset of Fig. 3 shows the anisotropic enhancement of
Ti+(B, 6) as a function of for crystal W1(B;=0.5T at 45°
to c axis at B=0.4 T. It occurs, as expected, whénis

FIG. 3. Scaled irreversibility temperatures as a function of re-aligned with the columnar tracks. It supports conclusions
duced field B/By, , for all three irradiated crystals. Crystals W2 and from magnetic measuremeﬁfsw‘lzsuggesting that vortices
K1 are irradiated parallel to the axis with doses equivalent to jp heavy ion irradiated crystals of BSCCO are well coupled
By=0.5and 2 T respectively. Crystal WL1lis irradiated at an anglegther than consisting of independent pancakes when
of 45° to thec axis to a matching field3, =0.5 T. The inset shows  gnhlied parallel to the correlated disorder. The peak of the
the uniaxial enhancement, i‘or an applied field of 0.4 TT (B, 6) enhancement i, (B, 6) does not appear to correspond ex-
for crystal W1. Again, the lines are guides for the eye. actly to the direction of irradiation. This may be understood

by consideration of the decreasiiig, (B, #) with increasing

slightly smaller than the “squeezed” angle for 6. Superposition of the decreasing,(B,6) with the en-
YBa,Cu,0,_5 of 4.3°1° The inset in Fig. lb) shows the hancement off;, (B, #=45°) (direction of irradiation leads
resistive curves for crystal K1 in an Arrhenius plot for to the peak of the enhancement being slightly shifted to
B=0.5 T and6=0°, 45°, and 60°. It clearly indicates that, lower 6, rather than occurring exactly #=45°. It is also
despite the fact that th€&;,(B,#) values are very close for possible that there could be some contribution to this shift
0<#<45°, the flux flow state shows significantly different from a slight misalignmen{2—3°) of the crystal with respect
curvature at different angles. The data only becomeso the direction of irradiation. In either case the directional
Arrhenius-like(linear on this constructiorfor angles larger enhancement is clear and must arise from the columnar de-
than the estimated accommodation angle of 60°. This is disfects.
cussed in more detail below. In order to further elucidate the linelike nature of the vor-

Above the matching field, foB>Bg,, the behavior be- tices, measurements using the flux transformer geometry
comes more complicated as there are now more vortices thdrave been made on the same crystal. This geometry is a
the number of columnar tracks and therefore the “extra” sensitive test of the longitudinal correlation of moving vor-
vortices sit on interstitial sites between the columnartices. It involves injecting current into one of the largebj
tracks? It is important to determine the extent to which faces of the crystal, while simultaneously but separately
vortex-vortex interactions with vortices which are pinned onmeasuring the voltage drop across that féop voltage and
the columns determines the behavior of interstitial vorticesthe opposite facébottom voltage For magnetic fields with
Vortices pinned on the columns are immobile, but in addi-a component normal tab plane, these voltages are deter-
tion have considerably enhanced apparent tilt modulus. Thimined by the velocity of vortices crossing the electrodes.
may affect both the shear and tilt responses of interstitialhe large anisotropy of the crystals means that the current
vortices subjected to both Lorentz forces and thermal flucdistribution is highly nonuniform, so vortices only feel a sig-
tuations. The shape of the IL after irradiation bears a signifinificant Lorentz force at the side of the crystal where the
cant resemblance to the IL whéhis applied parallel to the current is injected. If the vortices have a large line tension
ab planes for the as-produced crystal. This is not surprisindcorrelation length larger than the crystal thicknetisen
since theab planes may themselves be regarded as a kind ahey maintain their coherence through the thickness of the
correlated disorder, due to the strong modulation of the ordegrystal and have identical velocities along their lengths de-
parameter along the axis. In both cases of intrinsic pinning spite the nonuniform force. On the other hand, if the vortices
by the planes, and pinning by columnar defects, lock-in othave a small or vanishing tilt modulugorrelation length
accommodation angles can be defined, and the mechanissmaller than the crystal thickngsshen flux cutting and re-
for dissipation is likely to be nucleation and growth of kinks arrangement takes place through the thickness of the crystal
in the pinned vortices off the linear defects, rather than actiso that the bottom voltage is smaller than the top voltage.
vation off pointlike defects which dominates when there is aMeasurement of the temperature dependence of the voltages
finite angle between the field and the linear defect. allows one to investigate how this correlation length changes

Figure 3 shows that the IL for three irradiated crystals carand whether it ever matches the crystal thickness. In pristine
be scaled on top of each other, despite different doses arBISCCO, reported datandicates that this longitudinal corre-
directions of irradiation. This shows the universality of our lation length is much smaller than typical crystal thicknesses
conclusions for each crystal. Further, it implies that the vorfor all temperatures but there are, to our knowledge, no ex-
tex interaction with the columnar defects is not sensitive tasting studies of heavy ion irradiated crystals using this tech-

t=TAT,
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nique. Figure 4 thus presents, from flux transformer mealustrated schematically in the figures. It is clear that the bot-
surements, the effect of heavy ion irradiation damage on théom voltages in Figs. @ and 4c) converge to the same
longitudinal correlation of vortices in BSCCO. For clarity, value as the top voltages before disappearing below our ex-
the figure shows the “apparent resistivities” rather than theperimental sensitivity while this does not occur when the
voltages. These ‘“resistivities” are calculated from the mea-field is antiparallel to the defects in Figgb#and 4d). Since
sured top and bottom voltages when current is injected in thenatched voltages mean that the flux line velocity at the top
top face, assuming uniform current distribution across theand bottom faces are the same, this strongly suggests well
thickness of the crystalp, is the “resistivity” calculated correlated vortex line motion which implies that vortices in
using the top voltage pair whilg, is the “resistivity” from BSCCO display “linelike” features after heavy ion irradia-
the bottom voltage pair. The real resistivities, which take intation, as previously observed by magnetic measurenfents.
account the highly nonuniform current distribution which re- The “hump” in the bottom voltage appears in a rather nar-
sults from the large anisotropy, were also calculated from theow temperature windowabout 5 K before this voltage
top and bottom voltages using Busch’s modified Montgom-merges with the top voltage just prior to both disappearing
ery analysis=*® The calculatedt-axis resistivities yield good below the available sensitivity. This may be explained by a
agreement with the-axis resistivities measured directly. temperature dependent increase in the correlation length of
Crystal W1 is most instructive for this investigation sincethe vortices at temperatures just above the second order
it was irradiated at 45° to the axis to a matching field of 0.5 phase transition from an entangled vortex liquid into the
T. This allows direct comparison of the behavior wHgns  Bose-glass phase. Figurébf also shows a small maximum
parallel and antiparallel to the defects, but always at the samia@ the bottom or secondary resistivity close to where this
angle with respect to the basal planes. In Figa) 4nd 4c),  vanishes. Such a peak was also observed by Beseth!
B is aligned parallel to the columnar defects whereas FigsThe c-axis resistivity,p.(T), increases through a peak while
4(b) and 4d) show the results when the field is applied 90° the in-plane resistivityp,,(T), decreases monotonically and
away from the columnar tracks. These configurations are iltherefore the anistropy(T)/p.,(T) goes through a maxi-
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mum. This causes a minimum in the effective penetration 10 — ’
depth of the current, and hence a minimum in the bottom f
voltage at slightly higher temperatures than the hump. It can- 1003
not however cause the two voltages to become equal unless
the vortices are well correlated and th@xis resistivity van- =
ishes. In YBaCu;O,_,5 which is considerably less aniso- é 107¢
tropic (y~6 rather than about 250 in BSCCQ@ has been = i
shown elsewhef& 2 that the primary and secondary volt- & 107}
ages in the flux transformer geometry become equal well « f
above the irreversibility temperature. Recently, however, Lo- 1031
pez et al>® have shown that this only occurs in twinned i
samples. In twin free YB&£uwO,_; crystals, the voltages 10
meet at the same temperature where they disappear discon- 10

tinuously at a supposed first order melting transition. Thus
the observation of matched vortex velocities at the top and (@)
bottom faces of anisotropic crystals when current is injected T —

on the top face appears to be universally associated with the
presence of correlated disorder. This is an important obser- oL
vation. Further theoretical work is needed to explain exactly 10
how the correlated disorder is able to have such a remarkable ~. i
effect in the flux flow state where the vortices sense the § 10"k
disorder dynamically. = i
& 107
Q
C. Resistivity ,
Figure 5a) shows an Arrhenius plot of the resistivity of 10
crystal W1 both for the case whéhis applied parallel to, as "
well as 90° away from, the columnar trackehich lie at 45° 1075
to theab planes. It is clearly seen that foB parallel to the b)

columnar tracks, the behavior is nonlinear, but for the case

V_Vhere_’B_'S not a_“gned with the columr_lar t,raCks’ the resis- FIG. 5. (a) Arrhenius plot showing the behavior of theaxis
tivity is indeed linear and thus Arrhenius-like below about egistivity when magnetic fields of 0.3 and 0.5 T are applied at
1% of the normal state resistivity. This is also the case fory—45° (parallel to the columnar trackand ¢=—45° (perpendicu-
crystals W2 and K1, i.e., dose and damage angle indepenyr to columnar tracksfor crystal W1(B,=0.5 T irradiated at 45°
dent. We note, however, that the behavior returns to a linegfom c axis). Symbols are used for the data fé=45°, while the
Arrhenius-like dependence onTlfor B>Bg, in all cases. In data forg=—45° is shown by the thin linegb) Arrhenius plot for
comparison, Arrhenius plots for the unirradiated crystalSrradiated crystal K1(symbol$ and pristine crystal KZthin lines
show linearity for all angles except fd parallel to the at #=90° (parallel to theab planes at B=2 and 7 T. The foot
planes(within 2—3°. The curvature in the Arrhenius plots structure is clearly indicated in the figure and is discussed in the
(which is only present when the magnetic field is appliedtext.

parallel to the columnar defegtés consistent with Bose-

glass theorywhich predicts a power law behavigs~(T  inconsistent with the data in this paper. Their values are mea-
—Tge)? @ =21 for in-plane resistivity and this is discussed sured at low temperatures and well below the irreversibility
below. Finally, it is noted that the-axis activation energies line, a regime we cannot access from transport measure-
U(T=0 K, B) extracted from the pristine crystals wih  ments. Further, the irreversibility field is already very large
applied parallel to the axis give a similar field dependence at 10 K so that it may not be surprising that only small
[U(0,B)~B %29 (Ref. 37 and magnitudé50—80 meV to  enhancements i may be achieved by increased disorder at
previous report§ so that we expect that our conclusions arethis temperature. Miet al® have also recently reported only
general. After irradiation, the apparent activation energies small enhancemefatt=T/T.=0.9 in U in BSCCO thin

are increased by about an order of magnitiggardless of films after heavy ion irradiation. Our data is equally well
). This results from the increased pinning in the irradiatedreconciled with theirs taking into account the increased en-
samples. It must however be emphasized that the curvatuteancement ird which they predict for lower temperatures.

in the Arrhenius plots when the field is applied parallel to the Another interesting and related question concerns the out-
columnar tracks makes the usual linear fit to exttdctery  of-plane transport behavior of the very anisotropic layered
difficult and criterion dependent. Nevertheless, it is not un-HTS materials when the magnetic field is applied parallel to
reasonable to expect a large enhancement of the activatidhe ab planes. This is the obvious configuration for investi-
energy,U, given the striking upward shift of the resistively gation of JosephsofFraunhofer behavior if thec axis is
determined irreversibility line. Gerhauset al?® obtained a  really Josephson coupled in the superconducting state in
much smaller enhancement of about a factor of 2 from magBSCCO since the field is then applied parallel to the layers
netic relaxation measurements at 10 K and ascribed this tohile the current is injected across them. Although the crys-
the small tilt modulus in BSCCO. This observation is nottals in this study are in théextreme large junction limit,
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being much larger than the axis or Josephson penetration

1

depth, it is still instructive to investigate this geometry. Fig- 10 - ;5

ure 5b) shows the Arrhenius representation of the resistivity of -
whenB is applied parallel to thab planes both for a pristine 10 ES0F . o] 14 -
(crystal K2 and an irradiated cryst#trystal K. The foot- F S fe * 1 ~
like structure, indicated by the arrow in the figure, has beer 10" st 3 B
observed before and is always observed in sufficiently hight i _ |
quality crystals. Lock-in transitions of vortices aligned with o 102} 0763670505 1727476/ 5 e
the superconducting planémtrinsic pinning or correlated 3 § B ' 1 -
disorder have been discussed in detail by Blateal,?® 10°L z
Zavaritsky>® on the other hand, has suggested that this sud- < 1!

den drop in resistivity might be due to a dimensio(2D to 104L ]

3D) transition of the vortices. In the configuration in Ref. 54 6(5) —— 7 ] 1o

and in Fig. 8%b), J is parallel to thec axis andB is almost

aligned with the planes. This is the maximum Lorentz force T(K)

configuration but should not sense intrinsic pinning since the

force is directed parallel rather than normal to the Ia)?érs. FIG. 6. Plot ofp(dp/dT) ! and p/p(120 K) versus temperature
Consequently the vortices are driven along the planes béor 0.7 T applied parallel to the axis and the columnar defects for
tween the interlayers. There is no large restoring fdpie- crystal K1, wherep is the c-axis resistivity. The linear regime of
ning) acting against this at high temperatures and this exp(dp/dT) ! is clearly seen below 75 K and is shown by the ex-
plains the long activated tail. At lower temperatures, thetrapolated line. The inset shows the Bose-glass exponent
resistance vanishes rapidly at the irreversibility temperaturen=v’(z' —2) extracted from the resistivity data.

One possibility is that thermal fluctuations are sufficiently

reduced so that the average displacement of any vortex segpparent suggesting the onset of a regime where the glass
ment becomes smaller than the layer spacing and the vorticgediction holds. It is important to note that this is precisely
finally lock-in between the planes. Another is that there is &he regime where Arrhenius-like behavior was observed be-
field induced transition in the Josephson coupling of ¢he fore jrradiation. We found that a free three parameter fit to
axis. There has been rather little attention paid to this geompe resistive tail in order to evaluate glassy behavior in pris-
etry, mostly due to the difficulty of aligning crystals suffi- tine and irradiated samples is extremely unsatisfactory. The
ciently accurately with the field. More work is thus required fie|d dependence of the values for the exponent,
to resolve this issue. However, careful checks indicate thag[ = '(z’ —2)], areplotted in the inset of Fig. 6. The aver-
the columnar defects in the irradiated samples suppress @ge value is1~8.5. Figure 7 shows the field dependence of
damp this rapid transition and hence the sudden drOp in YETBG(B,QZ O°) extracted from the linear regime p|0tmT)/
sistivity is not observed. The thermally activated tail is still (4,/dT) againstT and theT;,(B,6=0°) extracted with a
present above this due to the maximum Lorentz forceinite criterion for crystal K1. These are compared to the IL
though. Finite pinning of vortex pancakes with moments nor-f the same crystal before irradiation. There is remarkable

m.aI to the planes cannot however 'be precluded a'nd thesgmilarity between this plot offgo(B,6=0°) and that ex-
will always prevent very accurate alignment of the internal

field with theab planes in such measurements.

D. Bose-glass analysis

Finally, the applicability of the Bose-glass theory to the 6
c-axis data presented above is considered. Within the frame- sk
work of the Bose-glass model, tliim-plane resistivity p(T) . g
should vanish as the temperatufeapproaches the Bose- i
glass transition temperaturelgg(B,6), from above as 3F
p(T)~(T—Tga)’ @ 2.5 Thus a plot of p(T)/(dp/dT) 5
againstT should give a linear plot®>” Because of the ap-
parent absence of Lorentz force dependence, and the similar i
absence of explicit predictions for behavior in the Bose-glass ok
phase forc-axis transport, we have attempted to apply the
theory for the in-plane resistivity directly and without cor- Temperature (K)
rection to thec-axis resistivity. This will be seen to be rea-
sonably justified in what follows. It is now also clear thatthe £ 7. Resistively determined IL for crystal K1 befaigosed
first order transitions close to the IL in YBAu;O;_; (Ref.  giamonds and after irradiation(open diamonds Also shown are
53) and BSCCQOREef. 58 intimately associate loss of coher- the Bose-glass temperaturéspen triangles extracted using the
ence in the in- and out-of-plane directions. Figure 6 presentgonstruction in Fig. 6. The magnetic fields are applied parallel to
a plot of p(T)/(dp/dT) and p(T) on separate axes as a the c axis of the crystal.Tgg(B,6=0°) is only presented for
function of T for crystal K1 atB=0.7 T parallel to the axis  B<B,, for reasons discussed in the text. Lines are guides for the
of the crystal. Reasonably linear behavior beldw 75 Kis  eye.
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tracted by Zectet al” who measured the in-plane behavior T )
from their magnetization data. There is a clear crossover field ]
at about 0.B4, as observed elsewhere in both Y,BayO;_s &
(Ref. 20 and BSCCQ(Refs. 7,9,1Band this has been quite B
extensively discussed in Ref. 20.

We return briefly to the value for the exponent. It must be
emphasized that there is considerable scatter in reported val-
ues for the glass exponent, both for vortex and Bose-glass
phases. Budhani, Holstein, and SuerfAgdtainedn values
of (3.6—4.5+0.3 for TLBa,CaCyOg thin films irradiated at i
Bo=3.1 T, whereas Mitet al® reported an average value i |
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of 9, for B<Bg at Bg=1 T from in-plane transport mea- 6ol YT
surements of BSCCO thin films. On the other hand, Gam- 0 1 2 3 4
mel, Schneemeyer, and Bistiletermined a vortex glass Bperp (M

exponentv (z—1)=6.5x1.5 for YBaCu0O,_; single crys-

: 57 ~
tals, while Safaret al. . have reported (z— 1)77i 1 _for FIG. 8. Angular dependence @f,(B, 6) of the irradiated crys-
BSCCO crystalgfrom in-plane transport dataSimulations 5 w2 and the unirradiated crystal W3 for fix&g parallel to thec
using a simplified model of lattice bosdfsjield estimates axis when the field component parallel to thb planes By, is
of 3.5-4.5 for then value. Clearly, the vortex glass and increased.(Closed diamonds: crystal WB,=0.5 T; open dia-

Bose-glass phases are npt easily distinguishable using theg@nds: crystal W3B,=1.5 T) Lines are guides for the eye.
exponents. Nelson and Vinokur have suggested that the best

way to distinguish the two phases are by use of data obtaineﬁl :

by tilting the magnetic field away from the axis. In the and, shows the upward parabolic curvature expected from a

experimental geometry here, increasingly Arrhenius-like beYOrtex-glass phase. It is difficult to say that this is strong

havior is found when the magnetic field is tilted away from SUPPOrt for the existence of either vortex- or Bose-glass

thec axis belowB,, or indeed forB=B,, for any alignment. Phases, since the critical parameters are unable to be ex-

This results in a quadratic dependence of the dependent vaffacted except for the Bose glass #ifc andB<Bg, . Nev-

able,p/(dp/dT), onT in the construction of Fig. 6 so that a ertheless the remarkable similarity between the construction

linear fit to the tail to extract th&g(B, 6) or critical expo-  in Fig. 8 and that in Ref. 15, in addition to the agreement

nent becomes very sensitive to the chosen rangefof the  between the measuretg(B,6=0°) in Fig. 7 and those

fit. This means, strictly speaking, that Bose-glass paramete@btained in Ref. 7 for in-plane behavior, should be useful for

can only clearly be identified when the field is below the development of theoretical predictions for the behavior of

matching field and applied very close to alignment with thethe out-of-plane transport behavior.

defects, even though this may correspond to the force free

configuration. The rapid disappearance of this behavior for

small tilting angles of the field is in good agreement with CONCLUSIONS

expected helical instability in this configuration, but in ap-

parent contradiction with the large accommodation angles

presented in Fig. 2 and discussed above. What this means is In conclusion, significant enhancement in the irreversibil-

that the temperature dependence of the resistivity is a morigy lines of heavy ion irradiated Bsr,CaCyOg crystals is

sensitive probe of vortex behavior thag,(B,d) itself. We  shown fromc-axis transport measurements, and even in the

are unable to say whether the Bose glass phase is suppressette free geometry. Uniaxial enhancement of the IL for

by Lorentz force or whether it really exists in a large range offields below the matching field and parallel to the columnar

accommodation angles but that evaluation thereof is maSKQ(ﬂacks is observed from transport measurements on this sys-

by the details of our measurement. This is an interestingem. Flux transformer geometry measurements confirm the

question for future experiments. linelike behavior of the vortices in the irradiated crystals
Nevertheless, the angular dependence may be evaluatGghen the applied field is aligned to the columnar tracks. The

by mapping the angular dependenceTof(B, ) for pristine  (qqjstivities become non-Arrhenius-like for fields below the

and irradiated crystals. Figure 8 presents experimental daﬁatch'n field applied parallel to the columnar tracks. The
in the form suggested by Nelson and Vinokuior discrimi- 'ng 1l ppied p " '

. . ._data show several signatures predicted by Bose-glass theor
nating between vortex- and Bose-glass behavior. It requir g P y g y

e . . C e .
fixing the field component parallel to the axis while in- When we apply this to the-axis resistivity. This should as-

creasing the in-plane component of the field and simultaSiSt in extension of such theories to explain thaxis behav-

neously measuring the glass temperature. Here the irever$Y’ of very anisotropic HTS systems.

ibility temperaturesT;,(B, ), are used rather than the glass

temperatures both for pristine and irradiated crystals. Figure

8 shows this construction for crystal W2 where the field ACKNOWLEDGMENTS

component parallel to the axis is fixed at 0.5 T. There is a
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