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Abstract

Less than two years after the discovery of high temperature superconductivity in oxypnictide
LaFeAs(O,F) several families of superconductors based on Fe layers (1111, 122, 11, 111) are
available. They share several characteristics with cuprate superconductors that compromise easy
applications, such as the layered structure, the small coherence length, and unconventional pairing,
On the other hand the Fe-based superconductors have metallic parent compounds, and their
electronic anisotropy is generally smaller and does not strongly depend on the level of doping, the
supposed order parameter symmetry is s wave, thus in principle not so detrimental to current
transmission across grain boundaries. From the application point of view, the main efforts are still
devoted to investigate the superconducting properties, to distinguish intrinsic from extrinsic
behaviours and to compare the different families in order to identify which one is the fittest for the
guest for better and more practical superconductors. The 1111 family shows the highasger

but also the most anisotropic upper critical field and in-field, fan-shaped resistive transitions
reminiscent of those of cuprates, while the 122 family is much less anisotropic with sharper
resistive transitions as in low temperature superconductors, but with about half ti¢he 1111
compounds. An overview of the main superconducting properties relevant to applications will be
presented. Upper critical field, electronic anisotropy parametgragranular and intergranular
critical current density will be discussed and compared, where possible, across the Fe-based
superconductor families.

1. Introduction

In 2008 the Hosono group in the Tokyo Institute of Technology discovered
superconductivity at 26 K in the oxypnictide LaFeAs(Ofter only one month the critical
temperature, d doubled thanks to substitutions of the La by different rare earth (RE) elements (Sm,
Ce, Nd, Pr and Gd) vielding an increase up to 55 K with®Sithe parent compounds exhibit
antiferromagnetic ordering of the iron moments which is suppressed by doping in favour of
superconductivity. The early awareness that magnetic order, even if in competition with
superconductivity, is a key factor for determining superconductivity, drove the discovery within a
short period of new iron-based superconductor families with different crystal structures such as
(Ba,K)FeAs,? LiFeAs” and FeSé&.A large number of different compounds have now shown that
superconductivity can be induced by carrier doping, both in the Fe-As layer and in the spacing layer,
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and by extern& aswell asby internalpressureFor simplicity in the following we will refer to the
differentfamiliesas 1111(REFeAs(O,F)), 122 ((Ba,K)FeAs,), 11(Fe(SeTe)), 111(LiFeAs).

Thesefour families shareseveralcharateristics with the cupratesupeconductorssuchas
layeredstructure the preeence of competingordes, low carrier density, smal coherencdéength,and
unconventond pairing,all of which potentially hinderpradical applications,especiallydueto their
influencein inciting large thermalfluctuaions anddepressd grain boundarysyperconductivity. On
the more positive side however, the Fe-basedsuperconduors have metallic parentcompounds
their anisotropyis generallysmaller and doesnot stronglydepend on the levd of doping andthar
generallysupposearderparametesymmetry is sswave, which is in principle not so detrimentalto
currenttransportacrosgyrainboundaries.

As in the early timesof the cuprate supercondutors, the man efforts are still devotedto
distinguigh intrinsic from extrindc behaviour The absenceof significant transpot cumrentsin
polycrygalline sanples”’® has raised the question whetherthe low conrecivity is an extinsic
effect dueto low density,spuriousphasescracks or anintrinsic depressiorf the supeconducting
order parametesimilar to that observedn cupraesfor morethanvery smadl ande grainboundary
misorientatons’*.

The availability of differentpnictide familiesallows usto conparethemandsoto identify
trends that might provide a clue for understading the naure of superonductivity in these
compoundsaswell pertapsallowing usto focus on thosemaching the questfor betterand more
practical supe&conductors.The 1111 family, indeed, showslarger T, huge but also anisotropic
uppercritical field andin-field, fan-shapedresistive transiton reminisaent of thoseof cuprates;*?
while the 122 family is less anisotropic and exhibits narrow resistivetransiions like thosein low
temperaturesuperonductors>**

In the following an overview of the principd superconduing propertes relevant to
applicatiors is presentedin thefirst section the uppercritical field, He,, the electronicanisaropy,
the coherencdenghs, the paramagneti¢imit and the effect of therma fluctuationsare discussed
and comparedacress the Fe-basedsupe@conducor families In the secondsection the critical
currentdensites of singlecrystals polycrystds andbicrystalsarereviewed.

2. Upper Critical Fields

The huge uppercritical field valuesof Fe-basad superondictors require investgaion in
high magnetic field laboratores Already the first magnéoresistmce measuements of
polycrysalline La-1111upto 45 T,*® indicateda poHc valuelargerthan60 T which correspondsto
a small cohererte length of the order of few nm. Moreover, He(T) was amomalousand exceeded
the WerthamerHelfandHohenbeg (WHH) formula'®, similar to thatobservedn dirty MgB, *"*8,
suggeding that superconductivityn oxypnicidesresultsfrom at leasttwo bards By replacingLa
with smaller rare earthslike Nd and Sm, T and Hc,(0) both increase!™ Going from the lower (La-
1111) to the higher T, compounds(Nd-1111,Sm-1111) the in-field superconduatg transitions
becomebroader,approachinghe broadmagnetoesistive transitions of the cupratedor the highest
T. compound. The Hc, slopeat T, increasewith increasg T, reachinga slopeof 9.3T/K in Sm-
1111; evenusing WHH extrapolationswhich clearly underestnate mary measurementssuch
dH/dT values yield poHco(0)=0.693THo|dH./dT|.=400T, muchlarger thanthe paramagnetiimit.

The availabiity of singlecrystals first of the 1111 compoundsallowsthe evaluaton of He,
parallel, H’® , and perpendicularH2®, to the ab-plane® The temperaturedepemienceis very
differentin thetwo directions stronglydeparting from the WHH behavour®mainly in the direction
parallel to c. The anisotroly evaluatedas y = y, =HZ®/HZ® , is alo strondy temperature
dependentreminiscentof the two-gapbehaviour seenin MgB,.}"*® Howeve, a different situation

is observed in the 122 family. (BaK)FeAs, single crystak exhibit nearly isotropic poHce with
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valuesof the order of 60 T at zerotempeature andanisotropygoingfrom 2, closeto T, down 1 at
5 K.*3 Similar resuts werereportedn Ba(FeCo)As,.*

These aspects have been investigatedin high magnetc field on three single crystals
belongingto the differentfamilies of the Fe-basedsuperconduors. The main propertiesof these

samples(NdFeAsQ #o3 (Nd-1111in the following), Ba(F&.9C0o1)AS, (Ba122)andFeSgsTeys
(Fe-11)"°,° 2! with critical temmperaturef 47.4,22.0and14.5K respetively defined at 50%of the

normal stateresistvity) aresummarizedn Tablel.

[Nd-1111 |Ba122 [Fe11
T(50%R,) [K] 47.4 220 14.5
UoOH 2 1dT [TIK] 2.1 25 14
HodH 2 1dT [T/K] 10.1 4.9 26
Vi 5 1.915 [1.91.1
Cab [nm] 18 2.4 12
&c [nm] 0.45 1.2 0.35
GinzburgnumberG;  [8x10°  |1.7x10* [1.3x10°

Table 1. Significant superconductingtak propertesof pnictide single crystds.

Magnetetransportmeasurementaere performal in a 16 T Quanum Design PPMS andin
high magneic field in the 35 T resistiveand45 T hybrid magnés at the National High Magneic
Field Laboratay (NHMFL). Figurel showsthe tempeature dependenceof magnetoresitanceof
thethreesingle crystalsamplesof Nd-1111,Ba-122 andFe-11 in magneic field appliedparallelto
c-axis For Nd-1111, the transtions broaden with increasig the magneic field, while for Ba-122
the breadthappearsndependenbf field as in low tempeaturesupeconductos like NbsSn % For
Fe-11 thesitudion is intermediateeventhoughactally this hasalower T, 14.5K, asconparedto
22 K for the 122and47 K for the1111single crystds.

Figure 2 showvs Heo(T) in paralkl andperpendiculafield configurationsdeterminedwith the
90% criterion. The threematerialsdiffer not only in T, and abslute values of H, but importantly
too in their temperaturedependencef He. Nd-1111 has a linear behavior in both directions
whereasBa-122 andFe-11 showanalmostlinea behavor in the perpendtulardirectionbut exhibit
a downwardcurvaure in the paralleldirection. The slopeof Hc, closeto T, significantly varies in

thedifferentfamili es. y,dH 2° /dT nearT, variesfrom 2 T/K in Nd-1111to almog 14 T/K in Fe-11
and g,dH”®/dT from 5 T/K in Ba-122 to the very high value of 25 T/K in Fe-1l. The Hc

anisotropyyy is particularlyaffectedby the differenttemperéure dependences in thetwo directions
While the anisotropyis almostconstantandequd to 5 in the Nd-1111,in the othertwo compounds
it decreaseswith decreasingemperatue. In Fe-11, for instance, the anisotropycloseto T, is about 2
but, dueto the downward curvatureof the parallel direction, yq apprachesl atthelowestmeasued
temperature.

Paramagnetic limit

The de<ription of such upper critical field behavor is beyondthe singleband weak-
coupling WHH model| whereH; is limited by orbital pair breaking,y4 is temperatre independent
and dH¢./dT is proportional to T_(1+A)/vel , whereA is the electronboson couplingconstant ve is

the Fermivelocity andl is the electronmean free pah. On the otherhandthe paramagnetidimit,
where the supercoductivity suppressionis due to the alignment of the spins, is anotherpair-
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breaking mectanism to take into account?® In fac the upper critical field of those maerids
strongdy exceals the BCS paramagnetidimit, H“® which is given by z,H 5°°[T] =1.84T [K] **

as emphasizedn Figure 3 wherethe yyH_, /T as a function of T/T. is reported Thosefactors

sugges a more complexscenarioFirst of all to explain sucha high H¢,, strong couping hasto be
considered The singleband Eliashbeg theory allows the paamagnetic limit to be enhancedup
to 4,Hp» =1.84T,(1+ 1) , strongly exceeding the BCS limit.> The effect of the paramagnetidimit
may explan the different behaviorof the samples consideed here In fact Nd-1111,whoseH(T)
in the experimentdly accessibldield rangeis well bdow the paamagnéc limit, showsa linear
trend; as reportedin Figure 3, while Ba-122 and Fe-11 reach highe vaues of y,H ., /T, which

exceedthe BCS paramagnetidimit. In the caseof Ba-122 paramgnetc suppesson is mainly
evidentin the parallel directionwheredownwardcurvatureis obseved while for Fe-11 both Hc,

orientationsshow dowrward curvature suggestig that both are affected by Pauli pair breaking

Becawseparamagnetidimitation is isotropt, a strongereffect is expededin the paralleldirectionof

higher Hc,, which shoull induce an aniotropy which redues with decrasing tempeature as
observedin Ba-122 and Fe-11. Howeve a tempeature depexdentanisotopy may be explained
alsoby multibandeffects, assuggestedh ref. 26 for S{CoFe)As, epitaxial film. A combinationof

thetwo mechanisracamotbeexcluded.

Fluctuation effects

From the H., slope close T, we may evalatethe in-plane, ¢, , and out of plane,é., coherence

lengths from the GinzburgLandau expressionsé, = |g, / 27, (dH 5 1T,)T, "% and E =& 1y,
as reportedin Tale 1. Interesingly, Fe-11 with the smalest T, presens the smdlest coherence
lengthvalues.More gererdly, the valuesare smdl for all sampes and &_ is comparalie to the
distance between the supercondicting Felayers, as for the CuQ, layers in the cuprate
supercondugtors. It wassuggetedthat thermal fluctuaions may causethe broadeningf thein-field
redstive transition observed in the 1111 family** and a two dimensioral fluctuation regme was
inde=d observe in magnetecondictancemeasurenent of Sm1111 cormmpounds’’ To understad
wheter fluctuation effects play a role alsoin the 122 and 11 families we evalude the Ginzburg
number G;, which quantifes the temperatureegion Gi-T., where fluctuationare significant. It is

expressedby ' G, = (mngTC;JO/ZquJS)z where Ao is the London penetratim depth, kg is the

Boltzmann constait and @, is the flux quantum. Ginzburg numbes, evaluatkd for the three
compoundsasstming for simplicity Ao=200 nm for all the compoung**?®?° are repotedin tale 1.
TheG; value obtainel for Nd-1111(8x107) is the largestand is comparabk with the valueobtained
for YBCO (10). The smallestnumberis obtainedfor Ba-122 (1.7x10%), consstert with the narrow
trangtions in Fig. 1 andthe low temperatue syoerconducor-like behaviour emphasizd in ref. 14.
Thenumbe we obtainfor Fe-11 (1.3x10°°), evenif oneorderof magnituddower thanthat obtained
for high T, sypercondutors,is four ordess of magiitudelarge thanthevalueestmated for alow T,
supercondgtor with the sameT, suchasV3Si. This makesthe 11 family uniquein beng alow T,
supercondgtor with anextremelyshort coheracelength.

In orderto detail theeffectof fluctuations resstivity measurments hawe been performedon
an epitaxial film. The film, grown by pulsedlase deposition by a targe of nominal composition
FeSesTeys has T;=18 K, large than that of the target due to the strain developed during the
growth®. The fluctuation conductivity Ao is evduated as Ao =(p, - p)/ po, where p, is the

normal stae resistivity. In theinset of figure 4, p andp, aslineaty extrapolaedin therangeabove
2T~40K are shown. In the main panelof the same figure, the fluctuaion conductivity is plotted
versuse=In(T/T;). We identify the so called Gausianregime in the range0.01<e<0.1, tha is for
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temperaturs from 0.4K to 2K above T, betweenthe critical regimevery close to T and the high
temperatureregime of vanishirg fluctuaton condudivity. In this Gaussia regime,the behaviourof

Ao is well descibed by the 3D law Ao = €? /BZhEC\/E whereh=h/2rtwith h = Plarck’s constan

(continuoudine in figure 4). This 3D conclusionis consistenwith the fact that 2¢. is of the order
of the interplarar distances=605A. Indeed, the value of &. obtained by fitting fluctuation
conductvity datais of the orderof 1 nm, in agreementwithin a factor 2 with the value of 0.6nm
extractedfrom thecritical field dataof this same film.

3. Critical current behaviour

Early studiesof the critical currentdensiy (J;) of 1111 polycrystallinesamplesemphaized
the strong grandarity of thesecompoundswhich restricted global J. valuesto very low values
67831 A first optimistic claim came from Yamamotoet al.,® who found eviderce for two distinct
scales of currert flow in polycrygaline Sm and Nd iron oxypnicides usng magneto-optical
imaging (MO) ard study of the field depaexden@ of the remanent magnéization. Such granuar
behavour has so far limited the properties of pnictide wires, ** even if wetting grain boundary
phasesand other extrinsic materialinhomogeneites are one of the clear causes of this granuhiity.
Even with substantiablocking by such gran bounday phases the intergranularcurrentdensites
appearto be more than one order of magnitudelarge at 4 K thanfor early resuts on randomly
oriented polycrystaline cuprate®®. But certtainly theseearly resuts make it clea that pnictides
have different properties compared to randomly oriented MgB, polycrysals, ** where grain
boundares canalsopartidly obgructwithout evidence for intrinsic obstrudion of currentflow asin
the cuprater asnow appeas to be the casein the pnictides *

Before discussg the GB propertiesin the next section, we focuson bulk J. propertes
mainly obtainedfrom single crydals and disauss the operatingflux pinning mecharmsms and the
anisotropyof Je.

Jcinsingle crystals

As is usually the case, J. for single crystals must be evaluated by magneization
measuremenand useof the Beanmodd, a procedure almost always possiblefor field H paralkl to
the c-axisbut much lessfrequentlypossiblefor H parallelto ab-plane, whereproblemsof the smal
size of crystals,significant anisotropy and difficulty of aligning crystalsaacuraely with the field
axis make extraction of J. from the measwed magretic momentuncertan. For the 1111 class,
Zhigadloet al. reporteda high in-plane J; of ~2x1F A/cn? at 5 K on a SmFeAsOL.Fx crystal. J. is
amost field-independentup to 7 T at 5 K.*® Many singe crystal resultswere repoted in the 122
system since larger crystals can be easily grown. Yang et al. reportedsignificant fishtail pea
effects and large currert carying cambility up to 5x1¢ Alcn? at 42 K in a K-doped
BaysKoFeAS, single crysal.® Yamamotoet al. deducedd, ~4x10 Alcn? a 4.2 K and also
repored the fishtail peaksin their Co-doped Ba(F& ¢Coo1),AS, single crysal.** Prozorov et al.
showed J; of 2.6x10° Alcn? at5 K for Ba(Fe,0:Cu.07)2AS, single crystalsandalsoshowedfishtail
peaksaswell asvery large magneticrelaxation rate which wereanalyzd usingcollectve pinning
and cre@ modeb.*® As for the 11 system, Taen et al. reported that J. of tellurium doped
FeTe 6156030 Crystalswith T, ~14K exceededlx10° A/cn? at low temperatures.

All these results show that Febasd supeconductors exhibit rather high J. values,
indepadentof the field at low temperaturs similar to the behavior observedn YBCO.* Such
resuts areall corsistentwith the nm-scalecohaencelengthsin Table I, the exceptonaly high Hc,
values and pinning associatedwith atomicscale defeds, resulting from chemcal doping. The
common fishtail observationmay indicate the presence of nanoscalghaseseparatia into regions
of weakersupercoductivity thatareproximity-coupledto the higherT. matrix, pethapsanintrinsic
effect or one cawsedby an inhomogneouddistribution of the Co or K dopingager. Irradiation
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with Au-ions and neutronshas emplasizedthat pinning can be further increasel by introducing
defectswithout affecting T.. Au-ions produce columnar defectstha increase the critical cumrent
density, but lessthan one order of magnituce at low field.** Similar resuts were obtainedwith
neutron irradation which producesa more isotropic defect strudure. * In this respecttoo the
pnictidesappeaiquite similar to the cuprates.

Becauselarge single crystalsof 122 can be grown, it is possilte to studythar ansotropy
magnetically. In a recentstudy single crysils 0.16x093x13 mm® of Ba(Fe d¢Cop1)-AS, With a
sharp T, transitionof 23 K weregrownatthe NHMFL usingthe FeAs flux mehod Magneic fields
of up to 14 T were apgdied both parallel to the c-axis and ab-plane of the crystalin an Oxford
vibrating sample magnetometefV SM). Figures5 (a) and(b) shov magheic hyskeress loops at4.2-
20 K in both orientations All loopsshow negligible baclgroundferromagnetianoment,indicatve
of little free Fe, often presentin suchcrystds. Loops for both configurationsshowlarge hysteresis
and aslightfishtail in M(H), consistentvith strongpinning.

Extraction of the anisotropicJ. dependson assunptions aboutthe anisotropicBeanmodel
and currentscaletha we assumeto bethefull sample size. For H//c, it is reasonale to assumethat
the currentsflow in the ab-plane and the Lorentz force drives vortices perpendcular to the ab-
planes.We call this currentJ. o . If H//a(b) the currentsflow alongb(a) and c; sinceour crystalis a
platdet whaosesizenormal to the ab-planes is smdler thanaong the ab-planes, the main hygeretic
moment comesfrom currerts flowing in the b(a) direction andthe Lorentz force driving vortices
alongthe c-axis.We call this currentJ; .

Thefield deperderce of J. o Wascalculatedon the bags of the Beanmodeland is shownin
Figure 6. The value of J.a is 5.3x10° Alcm? at 4.2 K, which is similar to that reported
previously**®*! The field deperdence of J; is rather mild, especially at low tempeatures,
consistentwith the high He,. In orderto obtain the anisotropyof J., we deducedJ. aong c-axis
(Je ) from hysteresidoop in field parallel to ab-plane using the extended Bean model. It was
assumed that Jg ,, under sdf-field does not chang much regardles of H//ab and H//c. The
estimatedJ;, ¢ at4.2 K underselffield is ~1.3x10° A/cn?. Thetempemture dependenceof J 4 and
Joc are fitted well with an expressiond. = Ji(0) x (1-T/To)" with Jean(0) = 7.5x10° Alen?, n = 1.75
for Jeap and Je(0) = 2.0x10° Alen?, n = 2 and shown in Fig. 7. In the inse of figure 7 the
temperaturalependst ansotropy of Jcis plotted The anisotroy )5 = J. .,/ Je . is ~6 nea T,
decrease with decreasingT and reachs ~4 at low temperdures. The obtainedvalue of )5 is
consistenwith thevalue 5 ~2-3reportel by Tanataret al.*

Analysis of the pinning force curve gives us insight into the underlying vortex pinning
mechanism. It is well known that the pinning force F, = J.xtoH of conwentional metallic
superconductorsscdes as Fp ~ He"hP(1-h)%, where h = H/H;, is the ratio betweenH and the
irrevesibility field Hir. Herewe show that the normalizedpinning force f, = Fe/Fp™ as a function
of redu@dfield h obtainedfrom hysteess loopsin field applied parallelto c-axis (Figure 8 uppe
pane) and ab-plane (Figure 8 lower pane); Hi, has beenestimatel from a Kramer plot.** Hi,
valuesevaluatedin the two directionsdiffer by a factor 2, consistentwith the Hc, anisotropy. As
discussedabove Fy(H//c) andFy(H//ab) are consideredo be mainly determiné by critical currents
flowing in the ab-plane ard vortex motion along planesand aaoss planes,respetively. Pinning
force curves for both parallel and perpendcular field configurations scak well indepencertly of
temperaturdfrom 4.2 to 17.5 K). This suggest that a single dominant vortex pinning mechanism
works at all temperaturesThe pinningforce curvescollapseaacording to thelaw f, 0 hP(1-h) with
p=1.1andq =3 for H//c ard p = 1.25 andq = 2.25for H//ab, respetively, asplottedin dashed
linesin Figures 8. Maximum of fy(h) curves occur at h~0.25 for H//c, h~0.35for H//ab. For a
Bay.eKosFeAS; single crystalthe maximumis found at h=0.33.3" The peakposition may give clues
to the pinning mechanism Asa first approximaion we can assumetha the position of the peak
shifts to higher h valueswith decreasig distane beween pinning centers Thus once the Hc,
anisotropyis takeninto accaunt by scalng the daa with Hiy, still a differencebetweend; o, andJcc
survives We canassumehatfor H//c locdized defeds pin vortices while for H//ab the modulation
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of the order parameteralong the c-axis could play a role. This is compaible with strong bulk
pinning suggested from scaning tunneling spedroscopy.*® Recenly, in single crystals of
Ba(Fe -xCoyx).As, a combinatia of polarizedlight imagingandmagnéic measuremats have show
that the pinning is significantly entancel by orthorhonbic magretic/stuctural domains* This
mechanismss sypposedo beintrinsic to this phaseand moresignificantin the slightly underdoped
compasitions.

Global J. and Grain Boundary effects in polycrystalline materials

Practical use of the pnictides in large scde applications would be gredly erhanced if
polycrystalline forms were not intrinsically electromagnécally granular,as is the case for the
cuprates. That the pnictidesaregranularhas been raised by multiple studies of polycrystak in bulk
forms,>"®in wire forms* and alsoin thin film forms*"*3493 But whereast wasrelatively easyto
get single-phasepolycrystdline forms of the cuprates, it appersto be muchharder in the caseof
the pnictides. We here briefly review recentstudiesof current transportin polycrystlline Sm- and
Nd-111P°%**that were madeby high presure syrthesisat the Instituteof Physics in Beijing (IOP-
CAS). We havebenchmarkedheselOP-CAS sanples of Renet al. againstcareully madeSm
1111 samplesnack atthe NHMFL andin INFM-LAM IA in Genoa,with andwithout benetft of hat
isostaticpressig. We find the intergranular connectivity of the IOP-CAS Sm-1111 sanple to be
the highes of all, even though thereis clear evidence of significant wetting FeAs phag and
unreated RE;Os, impurity phasedound to be commonto all. Thuswe believe tha theseresults
have substantial generalvalidity. Moreover,we find that polycrystalline sanplesof Co-doped122
have50-100 um diametergrains, rather thanthe 5-10 um diamete grains in the 1111 polycrystals.
Magneteopticalimagesshowes®ntially complete decouplingaaossthe grainboundaries but also
substantial FeAs phasethat wets the grain boundariesas shownin Figure 9. Only in the recent
work of Lee et al.*® does the intrinsic behavior of secord-phasefree gran bourdariesappea
Unfortunatelyit appearshat symmetic [001] tilt grain boundaies grown epitaxially on SrTiOs
exhibit substantialepressiomf J, for misoriertations of morethan 3°.

The useof the low temperaturéaser scaming microscopgLTL SM) enable a direct spatial
correlationbetweenthe positionat which an electric field E occursin the supercaductng stateand
the microstuucturewith a precisionof 1-2 um. Figure 10 shaovs ddails of sud correlatonsfor two
typesof regiors, type A andB that show dissipativesupercurrentflow only in self or very weak
field upto ~0.1 T andregionC whereflow remainsdissipativeevenin 5 T afterregions A andB
have switched off. The SEM imagesof Fig. 10 show significant microstructiral differences
betweenregons A and B, and C. Precipitdes of unreadced Sn,O3 are the most benign current
blocking defectsbecaus, althoughinsulating, they havea small suface to volumeratio, and mostly
occurwithin Smllllgrains By contrast, the dak grey FeAs phasewets many grain bourdaies,
thus interrupting grainto-grain supercurrent paths, which are further degradedby extersive
cracking,sonmetimesat grainboundaries(the black-appearig lines) and sometimeswithin grairs.

At switch-off spd A of Fig. 10 (a), a crackF on the uppersideandthe precipitate of Sm,0O3
and a large FeAs phaseG force currentto crossgran boundary(H) contaning a thin FeAs layer,
producingthe dissipationspot seenin the overlay image of Fig. 10 (d). At switch off point B of Fig.
10 (b) and(e), the currert is chanreledby cradks, Fe-As and SmyOs into a narow passagerossing
FeAs regiors too. By contrast,asshown in Fig. 10 (c) and(f), spotC thatremainsdissipative even
in 5T field hasits peakdisgpation within a singlegran at a corstriction providedby two almost
orthogonalsetsof crackswhich squeezethe currentbetwesn the two diagonalcracks. The S-N-S
(supercondung-normatsupercoducting)natue of the connetion acrossthe metalic FeAs phase
is strongly suggestedby thevery strorg (10 fold) fall off of J. in even0.1 T field. Detailedaralysis
by MO imaging and remanentfield analysisof subdividedsamples had earlier shovn that the
intergrnular current was both much smadler (~4000 A/lcm® a 4 K) ard had an SNSlike
temperaturelepenlerce, while the intra-granularcurrent densiy significantly exceeed 10° Alcm?
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(see Figure 11). The reasmable conclusionto draw from thee and many other studies of
polycrystalsis that grandar behavior is quite evident but that one sourceof the grandarity is
uncontolled secand phag, patticularly residual FeAs phase Use of techniquessuch asremanent
magnetization analyss, MO imagingandLTLSM imaging enablea quite detaled understanding of
thee effects® The intragrrular J. valuesare largely consigert with the resultsobtaned from
single crystal studies discused above. All sugget that the pnictides are inherentnanomaerials
becaiseof their short coherencdengthsand thus producehigh densities of pinning defecs. We
may conclude from therapidfall off of J. in Fig. 11(b) howeer thatmanyof theseare point defeds
thatareeasilythermally depinnedat highertemperatues.

Je in Thin Films

Thin films have generally had significantly lower J. valuesthan bulk single crystalsand
indeedhave led to anindepenrlentconclusionthat polycrystdline films exhibit electomagnetically
granularbehavior.

Thin films have not beeneasyto grow, especial of the 1111 compoundsvheredoping is
largely producedby F andby O and where botharevolatile andeffedively uncortrolledin the final
films. Studyof Lal11l by the Dresdengroup hascondudedtha thelargdy polycrystalline forms
producedby ex situ growth produces an electromagreticdly grandar film, even though single
crystal LSAT substratesre used In principle it shouldbe possitbe to dopemore easilyin the Co-
122 systemswhere the doping agert (Co) is not volatile andindeed this alows in situ growth and
greaterdegeesof epitaxy “*°>*%, Howevergrowth of the 122 structureon LSAT doesnot seem to
producegeruine epitaxy andJ. values arelower thanthoseseenin bulk singlecrystls. Only in the
films recerly grown by the Eom group on SrTiO; or on LAO with STO intermedate layersis
genuineepitaxy obtained®>*. In this casel. valuesexceedl0® A/cn? andfil ms appearto be quite
freeof electromagnetiandcrydalline granularity Studies of theangubr dependencef J. in these
films also show signficantly higher J. for H parallelto ¢ thanfor H parallel to ab, a resultthat
contradictsthe H¢, anisotropy of thefilms anddemamstrategha conventionaktrongvortex pinning
effectsare possible in the pnictides™

Epitaxial gronth on STO immediately suggeststhat the classic bicrystal experimen® is
possibleard indeedthis hasnow beenreported by Lee et al.*> Thekey restlt is that J; is reducel
by grainboundarieswith 5-24° [001]tilt. Studyof 3°, 6°, 9° and 24° bicrystalsshows thatthereis a
progressie reductionof J. with increasingmisorientationthatis reminiscentof, but not asstrongas
in cuprate especiallyplanarYBCO grainboundaries

4. Summary

We have summarizedrecent studes of the pnictides from the viewpoint of potential
applicaions. A key pointis thattheyhavepropetiesintermaliate beweenthe LTS mateials like
Nb-Ti and NbsSn andthe cuprateslike YBCO andBi-2212or Bi-2223. On their positive side is
thatthey canhaveT. up to 55K andH¢(0) well over 100 T.

After acomparisan amongthe families 122 comesout the mostsuitablefor application with
rather high T, upper critical field, low anisotropy, reducedthermal fluctuatiors and intrinsic
pinning mechaimsms In particularthe Co-dopeal 122 compourd with T of ~22 K Hc,(0) of >50T,
has amost twice that of NbsSn (30 T) with a T, of 18 K. Although the Nb-basematerialsare
isotropic Co-122 is almast isotropic (y < 2) too, making it potentially compeitive as a low
temperaturesuperconductor. Even the highestT. pnictides,Sm and Nd-1111 have anisotropies
much smallerthan typical cuprates(y ~ 30). However a typicd YBCO hasy ~5, similar to the
1111 A clea drawbackto presentapplicdions of the pnictides is thar extrinsic and perhaps
intrinsic granularity that significantly restrid the critical current density of polycrystaline forms.
However, sinceonly 18 morths havepassedincethe first reportsof T. above20K in the pnictides
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we shouldnot expectthat discoveriesareyet over or thatthe final word on applicaions canyet be
given.
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Figure captions

Figurel.
Magnetetransport measwemerts in high magnéic field applied perpendtularly to the sampés for
three different materials:NdFeAsQ 7Fo3 (Nd-1111) Ba(Fey¢Coo1).AS, (Ba-122)ad FeSgsTeys
(Fe-11).

Figure2.
Temperaturedependencesof H”? (filled symbols), and HZ® (emgy symiols) for the same
samplesof Figure 1. In theinseta magnificaion of theregioncloseto T, for theFe-11 sample

Figure 3.

HoH .,/ T as afunction of T/T, Nd-1111,Ba-1222 and Fe-11 for H//ab (filled symbols)andHab
(empyy symbols).The brokenline represent the BCS paranagneic limit g,H, =1.84T (1+A). In
theinseta magnificationof theregioncloseto T/T =1

Figure4.
Fluctuaton corductivity Ao asafunction of e=In(T/T,) in aLog-Log scalefilled symbolsrepresent
the experimentaldata and cortinuous line represats the 3D AslamazovLarkin behavour

Ao =€?[32né,J¢ . Inset: low temperature resistivity data (open squaresymbok) and linear
extrapolatian of nomal stateresstivity daa (continuoudine).

Figureb.
Magnetichysteesisloops of the Ba(Fe ¢Coo1)2AS, crystalin field parallelto c-axis (a) and ab-
plane(b) at4.2,75,10,12.5 15,17.5and 20K,

Figure®6.
Critical current density for H//c (J.a) as a function of magetic field at 4.2+20 K for the
Ba(Fey.oCoo.1)-AS; crystal

Figure7.

Temperaturadepemlenceof critical current densty along ab-plane (J.,an) and c-axis (Jg,c) for the
Ba(FeoCop1)2AS, crystal The dasled lines show fitting of the experimental daa with J. =
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Je(0)x(1-T/Te)" with J,, (0) = 7.5x10° Alem?, n = 1.75for J; ,, and J; (0) = 2.0x10° Alcn, n = 2.
Inset Tenperaturedependencef ansatropy of thecritical currentdensity)s = Je,an / Jc .-

Figure8.
Normalizedflux pinningforcef, asa function of reducedfield h = H/H;; of the Ba(F& C1)-As,
crystal for field apgdied parallelto c-axis(a) andab-plane(b).

Figure9.
Optical image (left) of a polycrystd Ba(Fe¢Cop1).As, bulk sample and the correspanding
magneto-optical image (right) takenafterzero-field cooledand appliedfield of 100mT at6.4 K.

Figure 10.

(a)(b)(c) High maqification SEM images of a Sm1111polycrystalthatwas polished downto 20
pm thickness and then examinedin a low temperaturelaser scanniig micros@ope in the
superconductingstaté”. About 20 regionsshowing supercurrent disspaions were seenof which
about ¥ switchedoff whenmore than~0.1 T wasapplied. This image setshowsmicrostuctural
detalis of typical switch-off spds A, B, and disspationspd C tha was still pasing supercurrenét
5 T. Therearesecad phagsof Sm,0O; and FeAswith white anddark gray contrastin addition to
platey Sm1111 grains. Crackswith daik line contrastsare aso seen. (d)(e)(f) Dissipaton sposk at
self field superimposedon the SEM imagesof (a)(b)(c), respectively. Deeperred colour represents
theareaswith strongerdissipationwherehighe supecurrentdensty wasfocused

Figurell

(a): Temperatue depenénceof global critical currentdensity J.° - (T) for the polycrystalline
SmFeAsQy g5 and NdFeAsQ o006 bulk samplesobtained from the remanent magretization
analysis(filled), magnetooptical B(x) flux profile analysg®. (b) Tenperatue dependencef critical
current dendty of locally circulating current J,°%(T) for the pdycrystalline SmFeAsQ@gs and
NdFeAsQ g4F0.06 bulk samplesobtainedfrom remanentmagnetizéon analsis. Insé showslog-
scale plotsfor the SmFeAsO, g5 experinentaldatawith anexponentialandlinear fitting.

global
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Figurel.
Magnetetransrt measwemers in high magnéic field applied perpendtularly to the sampés for

threedifferent materials:NdFeAsQ 7Fo3 (Nd-1111), Ba(F&.9Co0o1).AS, (Ba122) ard FeSgsTeys
(Fe11).
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Figure2.

Temperaturedependencesof H”? (filled symbols), and HZ® (emgy symiols) for the same

samplesof Figure 1. In theinseta magnificaion of theregioncloseto T, for theFe-11 sample
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Figure 3.
HoH .,/ T as afunction of T/T. Nd-1111,Ba-1222 and Fe-11 for H//ab (filled symbols)andHab

(emptyy symbols).The brokenline represat the BCS paranagneic limit g,H, =1.84T (1+A). In
theinseta magnificationof theregioncloseto T/T =1
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Figure4.
Fluctuaton corductivity Ao asafunction of e=In(T/T.) in aLog-Log scalefilled symbolsrepresent
the experimentaldata and cortinuous line represats the 3D AslamazovLarkin behavour

Ao =¢e?/ 32hfcx/g . Inset: low temperatureresistivity data (open squaresymbok) and linear
extrapolatiaon of nomal stateresgtivity data (continuoudine).
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Figureb.

Magnetichysteesisloops of the Ba(F&.¢Cop1)2AS;, crystalin field parallelto c-axis (a) and ab-
plane(b) at4.2,7.5,10,12.5 15,17.5and 20 K.
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Fig. 6.
Critical current density for H//c (J.a) as a function of magetic field at 4.2+20 K for the
Ba(Fey.oCoo1)-AS; Crystal
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Fig. 7

Temperaturedepenlenceof critical current densty along ab-plane (J.,an) and c-axis (Jg,c) for the
Ba(Fe)sC1)As, crystal The daslked lines show fitting of the experimental daa with J. =
J(0)x(1-T/Te)" with J,, (0) = 7.5x10° Alem?, n = 1.75for J; ,, and J; (0) = 2.0x10° Alen, n = 2.
Inset Tenperaturedependencef ansatropy of thecritical currentdensity )5 = Je,an / Jc .-
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Fig. 8

Normalizedflux pinningforcef, asa function of reducedfield h = H/H;; of the Ba(F& C1)AS,
crystal for field apgdied parallelto c-axis(a) andab-plane(b).
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Fig. 9 Optical image (left) of a polycrystd Ba(Fe) ¢Coo1)2AS, bulk sample and the correspanding
magneto-optical image (right) takenafterzero-field cooledand appliedfield of 100mT at6.4 K.
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Fig. 10 (a)(b)(c)High magnification SEM imagesof a Sm1111polycrystaltha was polisheddown
to 20 um thicknessand then examinedin a low temperatue lase scanningmicroscopein the
superconductingstaté. About 20 regionsshowing supercurrent disspaions were seenof which
about % switchedoff whenmore than~0.1T wasapplied. This imagesetshowsmicrostuctual
detals of typical switch-off spds A, B, and disspationspd C tha was still pasing supercurrengt
5 T. Therearesecad phagsof Sm,0; and FeAswith white anddark gray contrastin addition to
platey Sm1111 grains. Crackswith daik line contrastsare aso seen. (d)(e)(f) Dissipaton spost at
sdlf field superimposedon the SEM imagesof (a)(b)(c), respectively. Deeperred colour represents
theareaswith strongerdissipationwherehigher supecurrentdensty wasfocused
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Fig. 11 (a): Temperatre dependenceof global critical current densiy J2°°%(T) for the
polycrystalline SmFeAsQ gs and NdFeAsQ o006 bulk sampes obtained from the remanent
magnetization analyss (filled), magneto optical B(X) flux profile anaysis. (b) Temperatue
dependenceof critical currert dersity of locally circulating current J/°°®(T) for the polycrystalline
SmFeAsQy g5 and NdFeAsQy o4F0 .06 bulk samplesobtainedfrom remaneh magnéization analysis.
Insetshowslog-scaleplots for the SmFAsSOy g5 experimental datawith an exponentialand linear
fitting.
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