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2212)single crystals by irradiation
and a timeaveraged photon fl
substrates with electrical ¢
sample.Changes in th@guo
mapping whereaslegd

allow for both XRD and electrieaburements on the same

ructunave been monitored vigpaceresolved nandXRD

opertie have been measured offline at different levels of irradiation
ioninduceshothan increase of the mosaicity spread docalized

essf the crystals This impliesa transient local change ofechanical

release of thenegh?
properties th

properties rr regionmdicates a strong underdoping effect by the nanobeam and an
of the normastate resistivity with the irradiation dose, according to the average

rat; Hsr’>® 575 These results represent an important steyardsthe full

Keywords: synchrotron nandeam, direcivrite patterning, highempeature superconductors, -Bi
2212, oxygen, grain boundary;rdy nanopatterning



1. Introduction

In the field of electronicdased onthe complementary metal oxide semiconductor
(CMOS)technology, during the past few decades the sfféftR NHHS WKH SDFH R
law haveimplied a general trendwards miniaturization ahe transistor component&

A

order to achieve lower power consumption and higher integration density. Ho

apparent that when approaching the length scaleliofstateinteratomic dis®n
issuesare expected tarise.For instancelarger impedances and fluct io\
predicted, and this is the reason why #enm technologicahodehas radual

use ofgermaniurmand IV compoundsnstead opuresiliconfor the tRgnsist@ channels,

because atheir highermobility.t
On the other handydm the point of view of th@atterninQQgchnjggfeshis trend has

naturallypointed towards the use afhorter and shorteQgdiatf®Wavelengths for the
phoblithogramic proceses in order to achieygf hi d higher resolutioRs

according tahe Rayleigh criteriof=k /NA ortgatelythis route las encountered

'@

major problemgoncerning th@ower of the owrs the requirements fanask

to ordinaryoptical photolgographi een testgut the need for a very tighontrol
over the masksubstra atipnmask deformatiomproblems,and sensitivity to
vibrations during procebave prevented it to be adopted for mass
production h angpleis represented by thelectron beam lithography (EBL)

which routine hid®€yery goodresolutionsdue tothe extrenely short De Broglie

Wavele S0 T1ar hasnot been able to overcomehe limits of slow speeds and
Pior 3D fabricatiomhereforenowadayssomplicated multiple patterning
S WRO®WKRJIUDSKLF SURIPS W Fadiatieh O ARE \ddestll W K H
repgesenthe reference technology ftire mass productioof 10-nm chips.
ever, in all of the abovmentioned examples the use of some photosgsistplied
Oand anadditional pattern transfestep is needed aftexxposure and development to
complete the nanofabricatiggmocessvia subsequengtching or depositiomctually, in
recent times the increasing availability of intense radiation sources with nanometric spot
size, in principle, has made it possible to imagine another photeiregistanofabrication
approach based on the eatit interaction between the chip material and the radiation,
becausé¢hecorrespondingery high energy density is able to directly modify the material

propertiesindeed, it has been observed many times that synchrotron radiation is able to



trigger phenonena like photoreductioff photodissociatiofi phase trangbn® or
crystallization®’ which can radically change structure and properties of the irradiated
materials. In this respect, the come into servidé@d" generation synchrotron radiation
source8is expected to pustie energy density aven higher limits wheraew states of
mattershould becomaccessiblemaking these phenomena more and more impioat
opening new possibilities for their exploitation. . Q
In the pastpur group haslsoobservedsome modificationsn high-T¢ super u
oxides likeBi>SrnCaCuOs+/(Bi-2212)andYBa:CusO7.x (YBCO), where W&V\j&;at
x|

irradiation with X-ray nanobeamss able to change the length t ttice
n

parameter the electrical resistivity, and thecritical temperatuy ing this
general idea we have successfully exploited thesec, to}) pattern some
superconducting devices via a diregite X-ray nanoptgnin Ique->1® Thatwas
an impatant development becausea) principle, e ouldoffer interesting

advantages in terms of simplicitggattime monit glevice fabricationbetter

ions.

echanisms amolw they affect the material micrand

ly needed for tfhgrovement of thisX-ray nanogptterning

S nductingpxide, and how these change®rrelate with thecorresponding
mogiificatiors in thenormd-state and superconducting electrigadperties.

2. Experimental setup and procedures

Bi-2212whiskess were grownaccording to thalassy precursor rouf&€?! High purity

commercal oxides Bi»O3, SrCQ, CaCQ and CuOwere thoroughly mixed in the

Bi:Sr:Ca:Cu ratiof 1.5:1:1:2 thenputinto a crucible and melted at 1P&Din air for 30

minutes.Glassy plates were produced by quenching the melt betimeecopper plates

atroom temperaturghen hecrystalgrowth took placéy annealing thegalatesat 850C



for 120h in a constanbxygen flow via a growth mechanism involvinrghape and size
changing, moving anahultiple growth interface$*%3

This processproduces microscopic parallelepiped crystals of Bi-2212 with an
orthorhombicstructureand facets (001), (010) and (100J.he typical lengths of these

microcrystals are very anisotropic (about 500 um alongatheris, 10 um along thb-&
axis and about 1 pm along tleeaxis), consequentlythey can be orienteg si

inspection.
Well-straightand defecfree crystalswere selectect theoptical micro e

magnification)or device falication and mechanically transferredafflassy sMpstrase

which were ¢hosento avoid spurious contributiond the diffracy®® p e c-axis
of the crystak wasalwaysorientednormal to the substrat elgctrical contacts
(2.1 umin thicknes} have been deposited on each ophysical vapar
depositionthrough a metalti shadev mask.In ord ood electrical contact
with the crystals whout changinghear oxygen steghi try samples underwentan
annealingporocedureat 450C in pureoxyge@a revith heating and cooling rate

equal to 5 K mift 24 At least two Pt

G



(b)

Bi-2212
Whisker

4Vy=C Pt. X

X=b Pillar
Z=d
—p

Fig. 1. (a) SEM imageof a typical@Bt2212 Mgrocrystal mounted on a chip for XRDX-ray
irradiation and 4probe electrical mgg remer(b ly the portion of the crystal between the two
voltage electrodes V is showil) representatiaf a sample withwo damage positiors
(D1and D2)ighlighted intheBj \[. Two Pt markers (pillaraye also indicateghot visible

in panel (a)) The reference s OWS the relative orientatittimeedfiboratory frame of reference
(x, y andz) andof the BI- xes( b andc).

Both XRD acquyjgiti ay irradiation sessions were carried atithe 1D13 beamline of the
European Sy@n iation Facility (ESRFBrenoble, Francd his is a longcanted beamline

with the

hich (EH3) placedaboutl00m downstreanof the undulatorTheexperiment
o at the enerBy14.85 leV with atime-averageghoton flux - o= 7.53x16 phs?in
th@a7/8+%illing mode for the storage rinthe szes of the beam spot used for edperimens were
nm, and details about thonochromator and tHecusing optics are reported Ref?2®,
otorized positionergor the samplegorm a stackconsisting from bottom to toppf a rotational
stage (=coordinat§ with its rotation axis perpendicular to the storage rimdnexapod, andthree
dimensionaltranslation(x,y,z-coordinate} piezoelectricstagefor high-resolutionsamplescanning

(see Fig. 2)Samples have been mouthten the piezestage and placedlith their crystallographia-



axiscoincidng with the rotation axis of theetup A microscopewith the optical axis coinciding with

the beanand a fluorescence detect@mve been usddr sample location anpre-alignment

XRD datahave been acquired byeans ofan EIGER X 4M hybrid pixeldetectorfrom DECTRIS

with 75x 75um?pixel size and VG H D.Gh&\tidetdr has been placed at about 360 mm from
the sample and horizontallyranslatedin order to improve angular resolution atal avoid th&

diffraction patters obtained from different positiaof a boron glass capillar§.1 m diargter

impingement of the direct beaigee FigS1 of the Supplementary InformatioRyecise Rosit'

distance with respect to tlheam ando the samplénavebeenevaluatedy using the aver

and filled with standard corundum powder (NIST 676and from the refin€ment orithm

implemented in the FIT2D codé Typical XRD characterizatioprocedure g#®re ted by E
scanningandy,z, Escanning which have beensed to determine samgje engationand twist,
andy,z-scanning atiked rotation angles which hasbeen exploitedggoc e different crystal
domains In order not to induce unwanted damage in S s, during characterization
measurementie exposure time has been kept as shd! S pempoint

Fig. 2. End-station of the experimentaetupin the experimental hutddH3 ofthebeamline ID13t
ESRF The yellow linerepresents the -Xay nanobeam. S indicates the sample, BS the beam stopper,
ST the sample stage, F is the fluorescence detddtitre alignment optical microscope, H indicates
the hexapod, R the rotation stagad E the Eiger X 4M detector.



Off-line electrical characterization of the samples hasn carried out by using the faelectrical
probesdeposied on every chipmeasuringhe voltage drop along th&ystallographica-axis. The
electrical resistand® was measureds a function ofhetemperaturd in a continuousie flow Janis
ST-100 cryostain the temperature range-2905K duringtemperature rangperformedon warmin

ataconstant rat¢0.7 K min). Samples have been fed with a constant current in the ta2QeA

(depending on sample conditiored the voltage drop wasonitored bya Keithley}82' Q
voltmeter
The experimental protoctlas consistedh: i) Rvs T characterization of eaatample& y

irradiation; i) XRD characterization of theamplein pristine conditions; i)i #frolon Xray
irradiation of a selectedegion of the sample; Jwepetition of the XRD raggighition for the
irradiated region and its surroundingg; nepetition ofRvs T characterizggo sgnple irradiatian
Stages from ii) to v) werexpectedo be repeatedt leasfor anothengirra pdion of the same
sample. However, due to constraints related to the avai b me, this repetitlmemas
possiblefor a singlesample(WBLS24), whereas anotheam BL®03)wentonly throughstep

i) to v). Other samples were not able to go beyond th®efore wilbeexcluded fronthe
present paper.

The most interesting samples were also ¢ edal®®E the irradiation process througtomic
force microscopy (AFM) in &ypher Ssyste syMm Researchvailable at théartnership for
Soft Condensed Matter (PSCMH) ES

3. Data treatments, resits al Scgssion

Bi-2212features a com
Bbmb(0 1) and gogg
0.210, 1" Th
sitebetween

i mensurabigdulated, layered structure with superspace group
agonal celld 8b §5.4 A,c §30.7 A) with modulatiorvectorg* = (0,
@Ometric oxygen content due tooxygen atoms hosted in amterstitial
ndWrO laygrstrondy affectsthe transport propertidsy doping the system
with hols ForgnStance, an increase bihduces a decrease of thermal state electrical resistivity
an o} itsritical temperaturd.. The highestc (optimaldoping regime, OPgorresponds
onao apecific/ value, whereas both higher and lowalues induce lower. § Wverdoped regime,
dunderdoped regime, UDespectively.
In the presenpaper,all of the XRD scanning acquisitions have baeibjected tomage treatment
procedures via Rython codalevelopedad hoc(based on NumPy anddtplotlib libraries. Indeed,
the use ofa 2D detector jointly withn-dimensionalscanning(n = 2,3 fory,z or y,z, E scanning
respectively)produce a set of 2A-dimensionatlata matriesthat is very difficult to be represented

on two-dimensional support§wo main procedures have been applied to simplify the analysis: the



formerconsists iperformingapixel-wise maximunprojectionalong one or more axes of the matrix
by selecting for each pixe@lf the detectothe maximum intensity recorded over the whadéta set
originated during the scanning, genera@sg-calledmaximumnintensityprojectionimage The latter
consists in inte@ting the recorded intensity over a sedelchrea of the detector for eveiggle imag
acquired during the scanning, andpintting this integrated intensity as a function of the acqui
coordinates in order to obtairacalization mapof the diffracted intensity. . Q
The samplesiave been praligned at the optical microscope with the whiskexxis pe di

to the electric polarization of the beam and lkexis parallel to the beam. Subse tly, Wis
alignment has been slighttgfined byusingthe Pt pillars deposited on the sufstrét , heir
positions represent a reference point close to the region of interest and g#®ir Isplaloament
thea-axis of the whiskein the fluorescence mapllowsto alignthe surjge e Jubstrate parallel
to the direction of the bearhe full alignment has been carried o@ means of 2 R
diffraction patterns following a procedure based on a seri a ak integrat®it he first
stepconsists ircenteling the beam on therystalvia fluoresce may acquisitions and perfagn
a Fscan of abat 10-20° in steps of 0.2Thisrelatively r randeepshe sample always

illuminated by the beam althougfhs not perfectl heenter of rotationand at the same

era®oOl n) reflections.The series of images

obtained by thisnitial +scanhasbeggmaxim rojected along thetation coordinate obtaining

the typical pictureshown inFig. S2 g uppating Information. This figure allowsto index the

reflections using thd-spacingandto edetectoregion of interesfROI) where the peak of
interest POI) to be select Iskenonitoling falls. After defining the detector RQla

preliminary /angle at | was diffraction condition wasletermined byusing alD

localization magal cO®dinate onlyi(e., actually, docalizationcurveor rocking curve see

Fig. S4. Suc N € precise /values for the POI have been obtainedfinar £scars just
around thepr arposwon found.
As a referenc , wediscuss in detail the XRD results concerning the sample with the most

co te set (WBLS24).
Theygrisihe statef the sample has beeharacterize by ay,z, Escanningwith a spatial sampling

tion of 200 nm for both thyeandz coordinates, and 0.05° for tHecoordinateFig. 3(a) shows
the maximum intesity projection of reflection (006), which has been selectesthe POl for data
analysis. In order to determine the possible crystal twist induced by the sample preparation
procedures, we have calculated the localization map qighle intensity integrated over the detector
area reported in Fig.3(a), with the additional step of sumopral the integrated intensities obtained

at any fixed ¢, B coordinate pair but corresponding to differgnalues. In other words$p increase



the statisticswe have integrated along the short direction of the crgstg) whoselength is about
650 nm, as determined from SEM observatiwhich corresponds just to about 3 data sampling in
this direction. The corresponding (doulniéegrated)ocalization map is reported in Fig. 3(lif)can

be noticedthat the optimal/angle for this reflection changes linearly along the-axis of th

whisker, suggesting a constant twisith avalue of 0.038° pm?, corresponding to the crystal hab

spacing othereflections(0060), (0080), (00100), (00120), (00140), and

has been obtained evaluating the centpaisition on the curves resulti ial integration

of a maximum projection of a 1B0° /scan witha fine step. The $glue Ined for the stal in

this pristine conditions ¢ = 30.536(5) A, which comsponds t D regirffe?®

The crystal position selected for the first damggocesg(laflled D1) has been located in the
center of the explored region. A rocking cunferefle was measuredith anangular
resolution of 0.01° at this positisavealinga FWH Ich testifiesavery good crystallinity

of this samplehatis comparable to thee-gtfin Bi-®212crystals analyzed by our group in a

previousexperiment®
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position D1 is indicated and corr, P ) Wecalization map for the same peak

obtained with the same integrgiiorggchgifue around dapegigon D2after the iradiation. The

damagepositionis indicated responds ta = 85 P. (d) Geometrical sketch of the crystal
g

twistedalongthe a-axis&

In order to comple @gharacterizatmfithe regionprior to damagingay,zscanning has been

m the measurement in pristine condit{onsto scale)

dete in Mig. 3(agince a close inspection reveals a peak structure consisting of tvpeakd,
wdlhave gplit the peak area into two regions Al ada@dresponding to each spkak, as shown in
> The corresponding localization maps are reported in Fig. 4(b). It is possibéetee that
oth’subpeaks haveriginated from the same regiomtered around position Dz P hig
was somehow expected from the fact ttrag crystal is twisted andhe y,zscanninghas been
performed at fixed Bvaluecorresponding to the maximum of the rocking curve at positioariDj,
nevertheless the spatial coincidence of the twopmdks tesfies that it is not really possible to

describe this situation in terms of different crystal domains.
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Fig. 4.(a) Maximum intensityprojectionof th
D1 before irradiationThedefinition ggthetwo
boxes (b) Localization maps in real of the

Al and A2

eak region®\1 and A2is indicatedby the red
iffraction intensities correspondimg$abpeaks

Irradiation | Irradi me per point F CF D CD
position “t(S) (1CBJm?) | (1CBJm?) | (10°Gy) | (10°Gy)

D1 10 3.44 3.44 1.91 1.91

100 34.4 37.8 19.1 21.0

1000 344 382 191 212

1000 344 344 191 191

ntime at each point= andD represent the fluence and the dosdivered at each step,
espectively.CF and CD represent theumulativefluence and dose delivered after each step,
respectively.

Thecrystaldamage was performed foling a singleline pattern along thg direction, witha step
V L] 200 nmbetween adjacent irradiation poinfthereforethe irradiated region corresponds to

a cros-section of the crystdying in thecrystallographidc-plane.Eachpoint has been irradied for



atime "t, as specified in Tde 1. In order to explore several orders of magnitude rfagliationat
position D1 has beesplit into three step§'t = 10, 100, and 1000fsr steps .a, D1.b and D1.c,
respectively, with intermediatey,zscandor damagecharacterization.

(a)
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£ 1290 110000
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1305 0
1830 1837 1844 1851 1858
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(b)
B3

eflection (0061) after irradiationD1.c, i.e. after a

cumulative dos€D =2.12 x1 mulative fluenc€F =3.82x13°Jm?2. The cfinition of

thesubpeaks B1, B2,

K .
the diffraction intensiti% ding to all of the-pebks.(c) Geometrical sketcbf the shape
of the cystal indicati gfter irradiationD1.c (not to scale).

No signifi ggp weledetected afteD1.a and D1.brradiation stepsn comparison with the
pristine@ns. On the contragfter irradiation D1.c thenaximum projection ofeflection(006
g

1)#tron ngates and at le&stir different sukpeaks can be defined in different areas of the
de ee Fig. 5(a)yhe corresponding localization maps are shown in Fig. 5(b): it is possible to
e thatvith moving from the sulpeak B1 to the supe& B4, the maximum of thdiffracted
intensity progressively shifts from lowetvalues towards the irradiatigrosition(z P 7KLV
behavior indicates aupplementary twisbf the habitus of therystal as featuresh Fig. 5(c):with
increasing theumulativefluenceCF (or the cumulative dos€D), its shape tends to bend around

the crystallographib-axis, i.e. around the-Xay beam direction.



The same sample underwent a second damage procedunwgledrpositionlabelled adD2 (z = 85

P that was locatedbout 1 P DSDUW IURP SRVLWLRQ ' LH IDU HQF
supposedn pristine conditions at this position. An offline electrical characterization has taken place
between the two irradiation sessions tasll be discussethter on. After centemg the samplatthe
maximum of the rocking curvéhe preliminary characterization of the region around position I&

slightly changedbecause of theample unmounting amdmounting procedures nece
the intermediate electrical characterization. Twogeak regions Al and A2 carffoe id
case, as highlighted by the red boxes in Fig. 6(a). The corresponding [179%g aps ack reporte
in Fig.6(b):it is possible to nate that the integrated intensggmehow 1go OowWgrds higher values
of thez-coordinate when passing from thégeak Al to the subggk A oducing a situation

a

very similar to the one already observed in Fig. 5(b). This osition D2 the crystal

is already bent before irradiatidike the shape shown in FigNg(c), an angular distanivecea

the centroids of the two steaks equab 0.34°,as calcffla the beam cenWe do not have
enough dat#éo say whether thisurvaturewas alre
D1.

The irradiation procedure at positppn D2As

en before the irradiation at position

the same spatial pattern already used for
position D1, whereas from theipt e of the timgpatternonly a single irradiation step D2.a

has been performed wittt = 1000 nin Table I.
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M ectionof reflection (0061) measured at position D2 before
) 0 sulpeak regions Al and A2 is highlighted by the red boxes.

: || space of the diffraction intensities corresporudihg subpeaks.

The po dk@haractenzatlon has been performed via angtjzescan, whose maximum
|on is reported in Fig. 7(alhe presence of two separated -palaksis clearly

h anangular distance between their centroids equal to 1.37°, as calculated from the beam
is increase in the spreadhef crystamosaicity by about 115 comparabléo what already
observed by our grouim a previous papeeven ifin that caséhe CF andCD valueswere & least
twentyfold larger® However this observation testifies the appearance of two misaligned crystal

domains connected by{@10]-tilted grain boundary.



intensity projection ofreflection (0061) measuredat position D2after

cumulative dos€D = 1.91 x10* Gy anda cumulative fluenceCF = 3.44x 10

ion of the subpeaks B1 and B2 is highlighted ltlye red boxes(b) Localization

mgos of ge diffraction intensities corresponding to the twepsatks(c) Geometrical sketchf the

sh erystal after irradiation indicating itivision at position DZz Pinto two straight
jrs (not to scale).

The localization maps corresponding to the two-gedaks of Fig.7(a) are reported in Fig.7(b). The
results are very apparent: each-palak is completely localized @nsinglesideof the damaged line
D2(z P showingthat two straight crystallitelsave emerged from the irradiatiohthe bent
pristinecrystal and that their grain boundary coinesdvith the irradiated region. This means that



the irradiation has allowed releasing tbeal mechanical stress present in the crystal, which in turn
implies a transient localhangeof the mechanical properties of theterialto have occurred in the
irradiated region only. T origin of this change could possibly be representethéynalfatigue

effects induced by the numeroudN & H10%) heating/coolingcycles with "T=10-30 K localy
induced by the Xay nanobeam during the irradiation tinie which imply corresponding therr&
dilation/contraction cycle® or, alternatively by transient locakoftenng of theche@cal

taking place in during theriadiationpulses and inducing nethermal melting in the sy

As a final XRD characterization stepy,z, Escan has been performed around the

the irradiation. Following the same procedure already used for Fig.3(bff a

localization map has been obtained and reported in Fig/dtohugh the d omehow
limited because otime constrairg, neverthelesssome observation mgde Firstly, the
mosaicity spreadh this region after the irradiatios much greategQan e observed around
position D1 in pristine conditions, with a correspondiyH t king curve at fixed
coordinate that can be estimated as abdft Oe. one order agWudarger. This factimplies
that tre irradiation also induces the formati@f nancdoffia crystalorrespondingo [100]-

tilted grain boundariesAgain, this is the same n already obsdyyenlr groupin a

ar, which generatd a mosaicity spread

the mosaicity increase takes place at a higher

to the experimental conditiomns Re
to afactorof 3 overestimatio to thexperimental findingsTherefore the comparison
betweenthese two exp& sts thathe relationship betweethe angular spread dhe
mosaicityandCD (o h

CD and CF values.

diffracted int

benortlinear, with a lower mosaicity increase induced by higher

ond observation, it can be noticed thiat3(c) shows some loss of
jt the irradiation positio®2, which could be interpreted asrystallinity
loss oc g points where ftthieect interaction between the-Kay beam and the material
tak Thi fact represents andicationof a rearrangeent of the atomic positions according
to@R morg disordered patteafter irradation, whoseorigins could be the abovmentionedhermal
r northermal melting.
inally, it should benoted that the value of the-axis lattice parameter obtained from this post
irradiation scan i€ = 30.69(1)A, which testifiesan UD regime for the crystahat, in spite of the

twentyfold lower irradiation dose, is even deeper than the one obtained in our previous exgériment
29



3.1 Electrical measurements

Complementary to the structural measuremeaits) electrical measurements have been performed
to characterize the changes in the functional properties of the crystals. For simplicity, only the
measurementsorresponding to reother sample (WBLS03) will be discussed, whereas dhe
corresponding tohe samplehat has beethoroughly discussed from the point of view of X
measurements (WBLS24) can be found in the Supplementary Informa’dirhsl.sgmp
undergone a single damage procedure consistiaq inradiation according @vo-line r r

with Oy=250 nm and(z=250 nm so that a square mesh was obtaiieedheimpinging 'rme
beam on the crystalyith an irradiation time per pointt=500 s.Because off this etrical
arrangement, the irradiated portion of the crysaa beconsidered as a sin lo ogeneous
material with modified electrical ppertiesthatis electrically equivalengto Sigmacedin series
with arother one representing the nomadiatedregionsof the crysgal wiRLh€Ir pristine electrical

properties Analogous electrical models have already bee in the past to interpret the

photoconductivity effects and the phase instabilitie2212 als-32

ater than the one of the pristine material

ition (see ofsEig.8 reveals that the zero

resistance critical temperatufeo ha creased from 71.61 K down to 70.05 K after irradiation,

whereas theneanfield critical temp efined as arresponihg to the peak of the first order

derivative has decreased fr 2

of a longer tail for the s& ng transifimich has already been ascribed in the patteo
ar

generation of spwiall

76.08Ke overall result of these shifts is the appearance

nandomainswith lower local values forT. and higher values of

m the pristine materi&t: 2° These changes ific andin resistivity are

caNu the oxygen nosstoichiometric content induced by the beasd

resistivity in comga

related toalodh §



Fig. 8. ResisanceR vs temperatur& behavio sentative sample (WBLSO03). The black line
represents the sample in pristine ditions, Qe red one refers to the sampleaditgionwith
cumulative dos€D = 1.01 x10' Gy mulative fluend8F = 1.72x 10'°Jm2. The inset zooms

in the transition region.

Due to the irseries eIe& igratiarf the pristineand irradiated portions of the crystal, it is

possible to determi rical resistivity specific to each irradiation state of the material by

implementing Sigadl trical considerations. Indeed, for the pristinple4 L e—lrS where!lis

theresistivit e fateWul in pristine conditior$sis the crosssection area of the sampbndl is
the len@hof tQe Crystalas sensedby the 4probe configuration. On the other hand, after the

irrgffiationw®total resistance of the samglgsgan be described a&; 5 4 éﬁYE éy é—?,'where

&) 3 resistivity of the irradiated material aifdlsis the length of the irradiated portion of the

Yy
€y 3gan be obtained from the followingwation:

I. Since! can bedetermined fronthe preliminaryR vs T and gometrical characterizations

] 5 _ HrHas
euaé_ 4U51€)!:T .S, a
aa aa

provided that the length of the irradiated regignis known



Fig.9 shows the comparison between the's T behaviors ofboth the pristine materials aride
irradiated material as deduced from Eq.(Ihe curve of thepristine material corresponds to the
typical OD behavior, with its linear behavior in the higher temperature red@ioi%0 K) and a room
temperature resistivity value of abouti20® : m. Thisis in agreement witthe preious observati
stemming from the valuef thec saxis about the general OD nature of pristine crys@itsthe oth
hand,the curve corresponding te resistivity &; safter irradiation with cumulative do;ED 2 %
x10'" Gy (andcumulative fluenc€F = 1.72x 10'° Jnm?) shows the typical features thie &
out

with the downwards curvature fdr>150 K and a room temperature resistivity o

: m.2 This finding confirms what we have alreadysebved’rom the point of vie@ of thge®ngation
of the crystallographicc-axis about the abity of X-ray nanebeams to igfiuc asef the
oxygen non VWRLFKLRPHW EPlakd compamehe Wisct by Qstanlishglor quantitative
relationship betweethe CD (or the CF) and the material resisti\@ the precision and the
application limits of the method used for the resistivity datoan®s| e deduced by means
of a close inspection of thé 3¥s T curve in the region gourM@ As It can be noticeth the inset

of Fig.9,a noisy behavior can be detected for the dal g the tempeaaigegd K OF 080

K, which clearly corresponds to an experimen he reason can be easily understood by

considering that in the transition regjdar a f lue,Small changes dheT. {iMduce dramatic

changs in the values of the resis

equivalensampleesistivityregime LS generating the artifact. These consideratiopy that
this method can bsafelyapplie
before and after irradiation), be determed on a casby-case basis only.

S



Fig. 9. Resisivity vs temperaturbehaviorof ial Corresponding to the sample showfitn
8. The black line represents the resigtivity prifgae c®nditionghe red line represents the resistivity
éy aafter theirradiationwith cumulatiydos€D =®.01x10' Gy and cumulative fluend@F = 1.72

x 1019 Jm?2. The inset zooms in the jon region.

r all of the curvesdue toits very large distance in temperature

However, hevalue of t al gsistivigt room temperatureT€295K) certainly falls within
the reliability range Qigige I

from the transitio . The corresponding values are ploitédg.10 as a function of the

cumulative d NWT the cumulative fluendeF for all of the samplethat have completeatt

least on f thgf experimental steps from i) to v) list&kation 21t is possible to observe that

both sa@nw the exponential lawOL Q 1 Y, where Q represents thmaterialresistivityin

prigtine ¢ lonsx can be identified astherCD or CF, and Uis the inceaseate of the resistivity
it ation.If CDis chosen as the independent varigbée Fig.10(a)then the averagecrease
QL :s&zGrat; Hsr’5%) U can be determined from both sangplén the other hand, if

CF is selected as the independent variable (see Fig.10@W)UL :z& Gra; Hsr?55 ?5] 6,



S
L
O

Fig. 10. Resislivity of the Bi-2212 material o0 mperatureTE295 K) as a function of the
cumulative doséCD (a) and of the ulativ enéeF (b). Red and blackolorsrefer to two
different samples (WBLS03 and 24, respectivepshed lines represent the fit ta a

exponential lawior each samplésed @

This observation of a&l increadethe resistivity withirradiation deserves some
I

comments Indeed, i wn thata variationof the normal state resistivityalong with

corresponding nd in the length of the-axis, is a clear indication of ahangein the

doping statug erature superconductoidoreover, it is clear thathe possibility of
obtaini eaigloping levels ranging from OD to UD regimes is cruciéilp explorethe
physs %ies of these materials and to clarify the uidgnnechanisms responsible for their
sugercor@luctivitylFor instance, in the case of YBC&very reliablemethod has been developed to
igkpurity single crystals that have been extensively usedetasure quantum oscillations
oth in the Hall and ithe magnetaesistancé® This achievemenhas been possibkso thanks
to the availability of a weltefined procedure tgroduce detwinned single crystals ita
homogeneous oxygen content corresponding to the UD rédime.
However, thesituation is quite different in the case ofZ212. This materiatan be growiy means

of the Travelling Solvent Floating Zone (TSFZ) technique highly reproducible wayn the form



of OD and optimally doped (OPT) single crystdisit the thermodynamic conditions necessary to
obtainthe UD regimelay very close to the materidiecomposition lin€3 Indee, crystals produced
by directly applying a low oxygen partial pressumarimum L: ;; L wH s r’®mbaj during the
TSFZ processhow a minimunTe N/76 K, butwith significant segregation of secondary phaseg like
CuQ, Bi203 and (Sr,Ca)CuQ; that indicatea partialdecompositiorof Bi-221238 More often,UD

crystalshave been obtaindry means of a postnnealing stageith very Iowoxygenparti‘al prgl

(or vacuuny. Typically, these proceduressult inonly moderately UDsamples with&;
33, 39This is the reason whye partial substitution oB+ valenceatoms for 2 cations

Sr?*, or Y** for C&*) has been triedeveral times to induce arbitrary small doffing r
means ofthis techniqueit has been possible to systematically explo leOggg# range of
Bi2SrCai.yYyCuwOgfrom OD to UD all the way dowto theinsulati dgtectingdimetal

I

ng b@Qawer,
insulator transition ay = 0.45%2 In this context, the minimurii. qbse as been N85 K,
correponding toy = 0.42 ando a roomtemperature resistivit 3

. Similar results
(Tc b0 K andON urHsr’ 31 atroom temperaturdjaye ob®ined by a parallel systematic
study?! Although we have not performexlsystematiofst nction oD andCF so far a
preliminary comparisonbetweenthe Bi2212 pr S erging frowur heaviest irradiation

conditions {.e. Tc N48 K and ON x vH s r* e amo Fig. S5 in the Supporting Information

and the ones obtained by meansa§on subsMgtion shows that thi® statusinducedin our case

substantiallypreserveshe same val

factorof 2. This observatioseems

even if the normal state resistivity is largerdiyleasta
@ at given the same level of normal state resistiv@ty
the B+2212 underdopingroc igadiationpreserve the superconducting propertiesre than
cation substitutiont is al u ¢ values as low ak N29 K andT. N22 K have been reported
for low L: ;; an oMflixed cation substitution plus lowL: ; annealing® method,
respectively, bigath es the absence of normal state resigaw#ynd the presence craall
Meissner fra@ve rom makima propeccomparisorwith our results. On the other haruy,
compaig our rement® the onegarried out on whiskelike singlecrystals similar to ouré
it i observe that the same value-ais lattice parametec € 30.69(1)A) in our case
cOgespopds to & value that isat least20 K less that what can be obtained by means of ordinary
aling processes. This seems to indicate thray Xrradiation has a much stronger effect on the
UD status of single crysalcompared to ordinary lopressure annealingrocedure Thereforgour
X-ray irradiation methodets between the cation substitution and thellow; ;annealingorocedures
in terms ofpowerto modify the B-2212 propertiesConsequentlyit is worth furthernvestigaton,
since it couldoffer a unique opportunity to access highly UD superconducting regimes with peculiar

features that are not availalgtherwise.



Finally, it should be noted thdtpm the point of view of the Xay nanopatterning, #exponential
dependence of the resisty on the irradiationrepresents the phenomenological basis that has
allowed us to produce Josephson devfcemd that setsthe framework for botHimits and
opportunities in terms of possible resigi contrast to be achievedtine future developments of this

method.

*

4. Conclusions \

We have carefullgharacterized superconductingZ112 crystals by means of A neb&dm
and of scanning metho@sxploiting shortexposure times. We hawatsoirradiatedqgelec ortions
of the crysta up to cumulative doses of the ordefl 0 Gy and cumulativ e the order of
10'°Jm2 by means of long exposuieies.lt has turned out that these #yganized gfadiations can bend

the crystals or, if some bending is already present, can induce streQarelease via the appearance c
grain boundaries and spatially separated crystal domains. serveddiagtdrragions

undergo a decrease in their degree of crystallinity anggea aniincrease in their nemaady

Thanks to the weltlefined geometry of the crystals owaeahip configuration, we

have also been able to determine the tiggis v,

rature curves corresponding to any
irradiation stage of the material by means ractfon method. This has allowed us to observe for

the first time an exponential depenggnce of resistivity on the irradiation dose or fhge,

which opens the way toward®ry i ingopportunities to access highly UD superconducting
regimes for this material. We_th hese results represent an important step towards the
development and the reliabi ray nanopatterning technique.
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