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We investigate the effect of heavy ion irradiatidn4-GeV Pb) on the vortex matter in Ba{b£0 0g)2AS, Single
crystals by SQUID magnetometry. The defects crebhyetthe irradiation are discontinuous amorphousksaresulting
in an effective track density smaller than 25%ha& hominal doses. We observe large increases iaritieal current
density (), ranging from a factor of ~ 3 at low magnetiddigeto a factor of ~ 10 at fields close to 1 T afteadiation
with a nominal fluence of B= 3.5 T. From the normalized flux creep rat8sgnd the Maley analysis, we determine
that theJ. increase can be mainly attributed to a large mer& in the pinning energy, from < 50 K#%b00 K, while
the glassy exponeptchanges from ~ 1.5 to < 1. Although the enhancemieh is substantial in the entire temperature
range andS is strongly suppressed, the artificial pinningdscape induced by the irradiation does not modify

significantly the crossover to fast creephe field-temperatureortex phase diagram.



1. Introduction

The discovery of iron based superconductor2008 has allowed the study of vortex pinning a@ynamics in a
large and disparate new group of materidifie response of a type Il superconductor to atiegpmagnetic field
depend$on the characteristic length scales penetratiquihd@) and coherence lengtR)( the superconducting
critical temperatureT(), and the angular dependence of the energy gagidnmA(k). The effective range of the
pinning force must be of the order &fto adequately pin a vortex. Therefore, materiaith v shortg are
particularly susceptible to pinning because thetevorcan interact with small imperfections of the/stalline
structure. The effectiveness of the pinning centigends on their geometry and density, and orinthiasic
thermal fluctuations of the vortex matter in the tem@l. The strength of the thermal fluctuations in
superconductors is quantified through the dimenegmnGinzburg numbefs{) which derives from a comparison
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conventional lowT, superconductors (LTSI is ~ 10% which results in very slow vortex dynamics, wtere

is the thermodynamic critical field at zero tengiare ande is the anisotropy parametern

cuprates such as YBauO;.s (YBCO) haveGi =~ 102 The largeGi in cuprates manifests in high flux creep rates,
phase diagrams that include crossover fields depgrmh the pinning landscape, and vortex-liquidggsaat high
temperatured The pnictide superconductors include compounds intermediate and high thermal fluctuatiéis.

According to the collective creep theory, the dyi@nmin a glassy vortex phasis described by an effective

activation energy as a function of current den@l}y

Uesr = UOT(T)[(]TC)# B 1] H

whereU,(T) = U,G(T) is the scale of the pinning enerdy is the collective pinning barrier @0 in the absence
of a driving force G(T) contains the temperatur€)(dependence of the superconducting parameterg,\ &the
regime-dependent glassy exponent determined biguhdle size and vortex lattice elasticity. Basedtmmodel
of the nucleation of vortex loops, for random paiefects in the three-dimensional cgsés 1/7, 3/2 or 5/2, and
7/9 for single vortex, small-bundle and large-bendieep, respectivefyExperimental studies on YBCO show a
gradual evolution oft from small to large bundles a$ is increased (no discreet valuédjrom eq. [1], the

temperature dependence of the creep &tee6ults in
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wheret, is a vortex hopping attempt time. Tibgsr(J) can be determined by the so called “extended Maley

Uerr()
analysis” Considering thad decays following the usual thermally activatecb%tz - (]f) e 1 |, the final

result isUesr(J,T) = =T [ln |%| - C], whereC = In(J./7) is a nominally constant factor. For an overalllgsia

it is necessary to considéxT), which results itU.¢(J,0) = Uqrr(J, T)/G(T).2

Among the families of pnictides, one of the mosidstd is the group of thAFeAs, compounds (122 system),
whereA is an alkaline-earthIn particular, the cobalt-doped compounds Ba(Ee,).As, (0.4 < x < 0.15) present
a wide span of intrinsic superconducting propertiegending orx, allowing a broad study of vortex dynamics in
the same system. The optimally doped compoun@.08) hasT, = 26 K \,,(0) = 260 nni" £,40) = 2.6 nni}?
and depairing current density, (T =0)=cH, /3/61=~57MAcm?(C is the speed of light). Th& dependences of

c
Aao(T) and&,{T) are anomaloddand the upper critical field anisotropy decredses Vrog, = CZ/Hab ~ 2 to
¢ c2

Y10 = 2 HeP ~ 1.

The pinning landscape in 122 materials affectdfievortex phase diagrams in analogous ways as ioupeates.
Pinning sources in as-grown Co-doped BaBgsingle crystals typically include intrinsic pinnifigsmall normal
regionst> chemical inhomogeneiti¢8,and twin boundarie¥. The 122 compounds haw@& ~ 10*, intermediate
between LTS and cupraté¥ however they present high creep rates (consistiéimismallUo) of the same order as
those found in YBCO, and a crossover from elastiplastic creep at H(T) boundary inside the vortex solid
phasé" * Pinning can also be artificially introduced by tpde irradiation'®?®# Proton irradiation generates
random point defects and produces an incremedt afd significant changes in the vortex dynamickwatand
intermediate temperatures, and its influence isitgrein 122 systems with shdf® The increment ird. can be
associated with a reduction H,T) and an enhancement ih.?* Heavy ion irradiation (columnar defects, CD)
also modifies the creep rates even at temperatloes toT..”* The influence of heavy ion irradiation has been
studied also in other 122 systems such asiBaFeAs,, where remarkable retention &fin high-magnetic fields
has been reportéd.The similitudes between the vortex physics in atgs and iron-based superconductors offer
the possibility to investigate systematically tieé&ationship between the artificially designed pigniandscapes on
the resulting properties. Determining the influenéd¢he pinning landscape on theT vortex phase diagram and

on parameters such asU, andp is relevant from both the ba&i@nd technological points of vieil.

In this work we analyze the vortex dynamics and théH,T) in a pristine and heavy ion irradiated
Ba(Fe oL 0y 09-AS; Single crystal. An annealed Bafk# 0 05)2AS, Single crystal was successively irradiated along

the c axis with 1.4-GeV Pb-ions to fluencéscorresponding to dose-matching fieldsBy= 1 and 3.5 TH, =



N®d,, whered, = 2.07 x 18 Tm? is the flux quantum). A previous study by scanniransmission electron
microscopy (STEM) in BaKo 4 &AS; single crystals shows that this irradiation praiisegmented amorphous
tracks with average diameter of 3.7 nm with a dgrdi~ 35% of the nominal dosé$Our results show that thie
values are systematically increased with the iatimtis. The extension of the single vortex pinmiegime and a
peak in theJ(H) dependences at low temperatures indicate thatial®ur case the density of tracks is much
smaller than the nominal doses (< 25%). TH&l) dependences in the pristine sample can be ambbzehe
contribution of two types of pinning centers. Atwdield J.(H) is dominated by a combination of random and
strong pinning centers. Ald increases, localized regions with weaker supenectndty turn normal, becoming
extra pinning centers and causing a second petileimagnetization. The irradiations with heavy ienbancel,
and the vortex dynamics becomes dominated by ftfificiaily generated pinning landscape (no featunéshe
second peak in the magnetization remains). In cosgra with the unirradiated samplé,(H) for the high
irradiation fluence shows an increment~o8 times at lowH and a remarkable retention &fin high magnetic
fields (10 times at 5 K and 1 T). Maley analysesre performed in the pristine and in the irragtiasingle crystal.
The Uy values systematically change from < 50 K=800 K and=500 K after the two successive irradiations,
whereagu changes gradually frors 1.5 to= 0.7. Both extremes are inside of the range ptedliby the collective

theory for small and large bundles in pinning byd@m point defects.

2. Experimental

The Ba(FgsC14),AS, single crystals used in this study were grown g EeAs/CoAs self-flux methdd.
Initially, the magnetic measurements were performea pristine (P-SC) and a post-annealed singhtadr' (AN-
SC). As we discuss below, the thermal annealindywes a slight increment dg and also modifies the extension
of the J.(H) regimes below the elastic to plastic crossovar.dignificant changes are produced by the thermal
annealing inself-field J(5 K, H=0) ~ 0.7 MA cn¥, which are close to reported values in single tatgswith
similar doping®*® Afterwards, AN-SC was successively irradiated & &TLAS facility at Argonne National
Laboratory with 1.4-GeV Pb-ions to fluendesorresponding to dose-matching fieldsBgk 1 T (first time, IRR-

1) and 2.5 T (second time; to®),= 3.5 T, IRR-3.5) along the crystahxis.

The magnetizationM) measurements were performed using a Quantum D&RMS-7 setup equipped with a
superconducting quantum interference device (SQUiBYnetometer. The magnetic field)(was applied parallel
to thec axis of the single crystaH(/c). The critical current densities were estimatedipplying the Bean critical-

state model to the magnetization data obtained/stehesis loops, which is expressedjcasjzoﬂ), where

wl - Wg

AM is the difference in magnetization between theatiogh bottom branches of the hysteresis loopt #0@®5 mm),



w (0.8 mm), and (1.3 mm) are the thickness, width, and lengtthefdamplel (> w), respectively. The flux creep

d(inJ,)
d(int)

correlation factor in the log-log fitting of thi(t) dependence. The initial critical state for eadep measurement

ratesS=- , were recorded over periods of one hour. Theainitme was adjusted considering the best

was generated by applying a fieldkdt 4H+, whereH- is the field for the full-flux penetratiof.

3. Results and discussion

The T, of the single crystals was determined from magagtin vs. temperature, resultingTp= 25 K (P-SC), 26

K (AN-SC), 25.8 K (IRR1) and 25 K (IRR-3.5).The changes in th&. by irradiation are smaller than those
produced by proton irradiation with a similar incrent ofJ(H — 0) at low temperatures (see discussion bef8w).
? Figure 1 shows a comparison betwekfi) at 5 K in P-SC, AN-SC, IRR-1 and IRR-3.5. The reamliated
samples show three clearly different regimes:hg) low-field regime B <B+), which can be associated with single
vortex pinning but can also be affected by self-field effeantsl geometrical barrief8{1l) a power-law regimeJ,
OH™, which can be associated with strong pinning aspitglll) a fishtail or second peak in the magnetiaati
related with magnetic-field induced pinning. As wiscuss below, at high temperatures a fourth reditvig
appears that can be associated with plastic ¢féEpe J.(H — 0) values for both unirradiated samples are theesam
(=0.75 MAcm?). The main differences between P-SC and AN-SC appethe regimes () and (Ill), which
correspond to the ranges where the power law anddabond peak in the magnetization appear. Thisrfdicates
that thermal annealing may produce clustering ofat’ (reducing inhomogeneities) that slightly improvening

at intermediate fields (small change in theexponentf* Thermal annealing reducing the second peak in the
magnetization or fishtail has been also observedYBCO single crystald® The irradiation produces an
enhancement in th&(H - 0) values at 5 K from 0.75 MAchto 1.3 MAcn¥ (IRR-1) and to 2.1 MAcm (IRR-
3.5). Also, there are remarkable differenced {i) dependences between unirradiated and irradigtenles at
intermediate and high magnetic fields. For examiilggt pibH = 1 T in IRR-3.5 is 10 times larger than in the
unirradiated samples. This fact can be attributedorrelated disorder, which produces better rateraf J. (H)
with H//c-axis®®> Another important difference that appears in thadiated sample is the extension of the first
regime discussed above. In samples with correldigarder, the crossover between the regimes | b(B*) is
related to the matching fiefdThe increase iB” for the irradiated samples is larger (by a fatteiween 2 and 3)
than that expected from self-fiéfd” or geometrical barriers by considering the increnied.. This means tha@’
after irradiation really indicates the end of thiegke vortex pinning and that this regime has begtended
according with the expectations for pinning by Gilnwever, theB values (see fig. 1) are in both cases much

smaller than the nomin&,. This fact can be associated with both the lowativenessf the irradiatio’ and the



small diameter of the discontinuous tratksis important to note that a small should&/{) appears in thé,(H)
dependences ai,H < B". These maxima id,(H), which occur at= 0.13 T ands 0.75 T for IRR-1 and IRR-3.5
respectively, may indicate a pseudo matching fggderated by the discontinuous linear tracks. Tdreept of
Mott insulator corresponds to a vortex density ol every columnar defect is occupied by a singlgex line
(B, and half-loop excitations between neighbor tragks avoided.Ideally, B, is the crossover between two
different vortex regimess single vortex regimgugH < B,) with dominant vortex-defects interactions andastic
regime (1LH > B,) with different dynamics for the vortices that erdB,’> However, experimentally the vortex
dynamics ap,H > B,depends on the effectiveness of the pinning byotiefeetween the tracks (random point or
strong), and the temperature (thermal depinrihd). agreement with that, at,H > B" the irradiated samples
present a power law dependence similar to thosseptén the P-SC and AN- S@%0.55). The increment of the

temperature renormalizes the single-vortex pinpioigntial energy by thermal fluctuations.
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Figure 1. Critical current densit} at T = 5 K of P-SC, AN-SC annealed, IRR-1 and IRR-3&{(F& ssC 0y 14)-AS> Single

crystal. Black arrows indicate a small maximumhiaJ. values and the crossover between the regimes Il §B9.

In order to understand the influence of the defadteduced by the heavy ion irradiation, we perfedJ.(H) and
J:(t) studies at different in AN-SC, IRR-1 and IRR-3.5. Figure 2 showéH) at six different temperature$ € 5;

10; 15; 20; 22K and 24 K) in AN-SC. The differeagimes present ii(H) were previously discussed in ref. [18].
The crossover between the regimes and the changbe ipinning potential are manifested as a moiduldh
S(H).**?Here we will analyze in detail the regime Il. Thexponent decreases as function of temperaturesbatw
5 and 10 K, which is opposite to the expectatiomfithermal depinning assuming that pinning is datsd by the
same type of defect8.Usually similarS are observed for the sante and both parameters are affected by
temperature due to an increment in the vortex-xarigeraction®® An opposite behavior indicates a change in the

dominant pinning mechanism that is also manifeated modulation in the BY(see inset 2b).



Figure 2b shows a Maley analysis for AN-SQugii = 0.3 T (at this magnetic field the regime Il iepent between
5 and 20 K). We combined tI®T) data and the Maley method to extractdhéJ, andu values from egs. (1) and
(2). To fit YT) we usedn(t/t)) ~ 30%% and we found that the experimental data in theeManalysis can be

1.5
adjusted by usirfgG (T) = (1 - (Tl)z) and considering two different sets of daas 7.5 K and 9 I < 20 K.

The obtained values for the low temperature regireg = 1.36 (5)Jo= 0.60 (5) MA cnif andUy= 30 (5) K, while

the fit for T > 9 K givesp = 1.505,J,= 0.60 (0.05) MA crif andU,= 35 (10) K. The good agreement between the
experimental data and the prediction of eq. 2 mdis that theS(T) modulation in the second regime can be

explained by a slight increment in thevalues. The estimatqdvalues for both temperature ranges are inside the
limits predicted for creep of small bundles asdedavith random point defects. It is important tention that is

not possible to estimate thg andpu values in the regime Ill by the Maley analysisdese the pinning landscape

depends on botH andT, which modify significantly thé, between successive relaxation curves.

In samples with only random point defects (wealhjig) a collective creep single vortex regime (SW&h =
1/7 is predicted at small magnetic fields below #mssover from SVR to vortex bundles expected at
Bgp = ﬁsbj—c Heps With By =5 2 However this regime, which should produce a platsih very largeS at high
0

temperaturesS ~ (uIn(t/ty))™ ~ 7/30, is typically not observed except undeyvarticular conditiond® This is in
part because the range of magnetic field wheré&tie appears is strongly suppressed by temperatndein part
because there is usually a low density of stromgipg centers that are important at lblwTheu values for the
different vortex regimes in mixed pinning landscaplat include a low density of strong pinning eestand
random point defects have not been predicted,thsitnatural to expect that in this scenaljavill be larger than
the values expected solely for random point defetide the creep rates will be larger than expecelély for
strong pinning centers. This effect should be mmutceable at low temperatures where a large eténsion of
the SVR is expected, in agreement with the grade@iiction ofS with increasingTl usually observed in Ba(ke

«C0).As; single crystals at intermediate magnetic fieldsi@ia of the power law regiméj?
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Figure 2. a)J. vs H dependence withd // c-axis at different temperatures (5, 10, 15, 20, 2d a4 K) in the annealed
Ba(Fe sL 0y 192AS, Single crystal. b) Maley analysis of AN-SC witbH = 0.3T with C = 13. Inset: Temperature dependence
of the creep relaxation raf8(T)) with p,H = 0.3 T. The(T) dependence considering eq. 2 is also included.

Figure 3 a. showd; vsH in IRR-1 and IRR-3.5 at several temperatures (3&K and 20 K). The comparison
between thel(H) dependences of AN-SC and the irradiated samplesssthat the regime Il disappears (or is
masked) in all the range of temperature. On therdtland, the single vortex stajeH < B*) is strongly reduced
between 10 and 20 K and tlkeexponent (related to the regime Il) is not evidean0 K. Both facts can be
associated with a reduction of the pinning produlsgdliscontinuous tracks by thg(T) evolution and thermal
fluctuations. As we mention above, the 1.4-GeV @isiin an isostructural material produce discomtirsutracks
with diameter average of 3.7 rfthA crossover from a strong pinning regime at [6wo weaker pinning at high

_28%(0)

is expected whenV2&(T)=r, (with &T) = £(0)(1-T/T)") at a temperaturd,, defined by Te _;
T, rq

c



According to that, thé&(T) dependence modifies the scales for the pinninignaost of the defects generated by the
irradiation (even the larger ones) are in the liofitveak pinning centers at> 15 K (pinning by reduction of the
order parametef)The Gaussian distribution in the tracks diametekeadt impossible to distinguish between a
crossover associated with tBEr)/r ratio and thermally activated depinnifihe smoothl(H) dependence at 20
K in IRR-3.5 can be associated with the presencbigfdefects generated by the two successive atiadis
(vortices remain inside the discontinuous trackSigure 3b shows Maley analyses at three differe(®.1 T, 0.3
Tand 1 T)in IRR-1. The inset in the figure 3bresponds to th&T) dependences at the sakheTheS(T) values
are smaller than in AN-SC. By combining the Malexlgsis and the S the obtained values ane:= 1.36 (0.05),
Jo= 1.6 (1) MA cnt andUg= 280 (30) K at 0.1 Tt = 1.2 (0.1) J= 1.6 (0.1) MA cnf andU,= 300 (20) K at 0.3 T;
andp = 1.03 (0.05),),= 1.2 (0.1) MA cnif andUy= 320 (20) K at 1 T. For aMi, the irradiation produces a large
increase inJy and a small reduction in theexponent. Figure 3c shows Maley analyses at thie shree fields in
IRR-3.5, and the inset shows the correspon&{iiyy dependences. Repeating the same fitting procedei@btain:

i = 1.00 (5)Jo= 2.6 (0.1) MA crif andU= 440 (40) K for 0.1 T;u = 0.80 (0.07)Jo= 2.6 (0.1) MA crif andUs=
580 (80) K for 0.3 T; angt = 0.72 (0.05),Jo= 2.5 (0.1) MA cnif andUg= 560 (40) K for 1 T. In conclusion, the
increment inJ,(H) produced by the irradiation is due to a strongrément of thelJ, values, whereas the

exponent changes gradually from 1.5 to < 1. Thensary of the obtained parameters is presented la fab

Sample Doses | T.[K] Je Uo[K] u
Bo[T] (GKH=0) 1T 03T 1T 01T ]| 03T 1T
[MA cm?|
AN-SC 0 26.0 (0.1) 0.75 30 (5) 1.36
(0.05)
IRR-1 1T | 25.8(0.1) 1.3 280(30) 300(20) 320(20)  1.3¢ 1.2 1.03
0.05) | (0.1)
(0.05)
IRR-35| 35T | 250(0.1 2.1 440(40) 580(8D) 560(40 1.00 | 0.80 | 0.72
(0.05) | (0.7)
(0.05)

Table 1. Summary of 1.4-GeV Pb irradiations: dasgerconducting critical temperatufg)(obtained from magnetization,

critical current density at self-field and 5 K, legltive pinning barrier () and the glassy exponent)(for several applied
magnetic fields.
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Figure 3)a) J. vs H dependence witld//c axis at different temperatures (5, 10, and 20 KJRR-1 and IRR-3.5.Arrows
indicatesB". b) Maley analyses of IRR-1 witl,H = 0.1 T, 0.3 T and 1 Tc) Maley analyses of IRR-3.5 wifn,H = 0.1T, 0.3
Tand 1 T. The constant C = 13 in both casegiaM). Insets: Temperature dependence of the creexatala rate(S(T)) at

the sameéH values.S(T) dependence considering eg. 2 is also included.
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Figure 4a shows the relative increaseliff) produced by the highest irradiation dosgiRf—35 — JAN=SCy/
AN=SCy[0p]), at severaH. The increment of(H=0) at low temperatures in IRR-3.5 are closehise found in
proton irradiated single crystals with fluence®®r10®cm.*® However, heavy ion irradiation enhandg#) in all
the range ofH and T, the differences being more noticeable closéBtoThe pinning enhancement remains
significant up to temperatures closeTo Figure 4b shows the relative increaselifT) between the first and
second irradiatiory RR=3-> — JIRR=1y /JIRR=1)[04] 5t the same fields. The absolute valued @) are increased in
all the range of magnetic fields, but the largastéments are at hidth. The mixed pinning landscape generated by
both types of irradiations does not modify sigrafitly theJ; values at small field but generate field-independe
critical currents in very high field¥. For comparison, isostructural (Ba,K)As, single crystals present similar
values ofJ; at low temperatures and small fields when theyimaeliated with protorfs and heavy ioné' These
facts indicate that the pinning is not stronglyeaféd at small field (low vortex-vortex interactjdsut on the other
hand the mixed pinning landscape may be very @¥fectt high fields in part due to the high densifyrandom
small defects and in part due to synergistic effedgth the correlated disorder such as suppressidouble-kinks
expansion. Similar behavior has been observed i8@Bingle crystal irradiated with splayed columaefects®
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Figure 4. Percentile comparison between the ewlutif theJ. (T) dependences g@i,H = 0.01 T, 05 T, 1 T and 3 B)
(JRR=35 — JAN=SC) /JAN=SCY[6]; b) (JIRR3S — JIRR1) /JIRR-) 06

We have previously shown in Ref [18] that protamadiation enhance over a wide range of temperatures, but
does not modify the elastic to plastic crossoveheH-T phase diagram of Co-122 single crystals. Figushdws

a comparison betweeH{T) in AN-SC and IRR-3.5T gi,H = 1, 2 and 3 T. Again we find that, the large @ment

in theJ. over the whole temperature range notwithstandhgmodification of the pinning landscape produbgd
the heavy ion irradiation does not alter signifibathe elastic to plastic crossovEf This fact suggests that the
crossover is associated with an intrinsic incrensdérihe thermal fluctuations in the system. The kfficiency of
the irradiation and the presence of a wide distigiouof track diameters preclude the estimatiora afepinning
temperature by thermal fluctuations. A more dethimalysis of the resulting. andU, in samples with large
defects such as nanopartiéfeand nanorodsis necessary to clarify this issue. The incrementd, (see fig. 4a)
are directly related to the reduction of Biealues (see fig. 5) by an order of magnitude inenninU,. Finally, it
important to note that, although thly andu exponents in our crystals after irradiation reach@lues similar to
those observed in YBCOthe J; is significantly lower. Thel, of a superconductor depends on both the pinning
energyU, of the defects and their density. This suggests tte defect density in our crystals is much Igwer
implying that furtherJ. enhancements are still possible in 122 compound®giimization of the pinning

landscape.

4. Conclusions
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In summary, we analyze the influence of the pindemgdscape created by heavy ion irradiation (disnaous
tracks) on the vortex dynamics of a Ba(l€m14-.AS, single crystal. The results can be understood by
considering the collective creep theory. A largeréase ofJ, (from < 50 K to= 500 K) reduces the vortex creep
rates and enhancdsby factors from around 200% at small magnetic fidlol around 1000% at 1 T (at low and
intermediate temperatures). Thexponent progressively changes frefin5 to < 1 by the successive irradiations.
The increment of thé. values is pervasive throughout all tHel range analyzed. It is important to mention that no
appreciable changes were observed in the crostmfast creep (plastic creep), which indicates aaer pinning
centers are necessary to reduce creep rates aehigleratures.

—=—AN-SCpH=1T
0.064 —e—AN-SC WH=19T
—A— ANSCuH=3T
—o—IRR-3.5u H=1T
—o—IRR3.5u H=19T
——IRR-3.5u H=3T

“ .03

/ gl =
L AET o
= e A
é/“’/ [
H // c-axis
0.00 r : T
0.00 0.25 0.50 0.75 1.00
T/ T(-

Figure 5. Temperature dependence of the flux cregsin AN-SC and IRR-3.5T gi,H=1,2and 3 T.
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