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Abstract

We have investigated the modifications induced in the high-T. superconductor Bi>Sr.CaCu20g-s (Bi-
2212) by X-ray nanopatterning, which is an innovative, photoresist-free, direct-writing approach
recently used to fabricate proof-of-concept electrical devices [Truccato et al., Nano Lett. 2016, 16,
1669]. By means of combined synchrotron microdiffraction and electrical transport measurements
carried out on the same Bi-2212 microcrystal, we show that hard X-ray irradiation with fluences of
the order of 10'?J/m?, corresponding to doses of the order of 103 Gy, induces crystal fragmentation
into multiple subdomains and decreases the carrier density of the system. We ascertain that the
synergistic action of grain boundaries and of oxygen removal from the material dramatically changes
the properties of Bi-2212 both in the normal and in the superconducting state. This special feature of
X-ray nanopatterning introduces an opportunity that could be exploited to finely tune material
structural defects according to the desired properties.

Keywords: synchrotron, nanobeam, direct-write patterning, high-temperature superconductors, Bi-
2212, oxygen, grain boundary, X-ray nanopatterning



Introduction

Lithographic methods lie at the heart of modern-day nanotechnology. Their development in the
reduction of pattern motif in functional materials has enabled the fabrication of high-performing and
cost-effective integrated circuits, storage devices, displays, biosensors, DNA microarrays and
advanced materials . The main improvements in the past few decades were mainly based on the
decrease of the radiation wavelength, which has enabled a corresponding decrease of the minimum
feature size, so that nowadays 193 nm ArF lasers represent the standard for high volume production.
However, further decrease towards shorter wavelengths at the moment is limited only to research and
development activities, mainly due to the lack of suitable laser sources or photoresists compliant with
industrial standards. For instance, this is still the case for Extreme UltraViolet (EUV) lithography
exploiting A = 13.5 nm, which is considered a good candidate for the sub-20 nm technological nodes
and indeed has already shown the capability to produce patterns with resolutions down to 8 nm half-

pitch in its interference version 2.

A very different approach could be represented by the use of intense, highly-focused, hard X-ray
beams to tailor the material growth and properties at the nanoscale. Indeed, X-rays produced by
synchrotrons and free electron lasers have already proved to be able to stimulate the organized growth
of nanostructures 2, to manipulate defects * and to modify the properties of materials °. From this
point of view, the viability of an approach based on maskless X-ray nanopatterning has been recently
demonstrated by Truccato et al. by fabricating a proof-of-concept electrical device out of the
superconducting oxide Bi,Sr.CaCu20s.5 (Bi-2212) °. This patterning method represents a conceptual
novelty because it does not imply any material removal from the substrate and is just based on the
spatial modulation of the lattice electrical properties, with great potential advantages in terms of heat

dissipation, chemical contamination and mechanical stability of the devices.

However, the full development of this patterning technique requires a good understanding of the
underlying chemical-physical mechanisms that connect the X-ray exposure with the changes in the
electric properties, in order to finely tune the desired modifications. The processes involved are
expected to depend on the material absorption properties and on dis-excitation mechanisms, that in
turns depend on the material composition and structure, the X-ray wavelength, irradiation dose and
possibly from the X-ray flux and exposure time. Indeed, several mechanisms have been evoked so
far in literature for material modifications induced by X-rays, including for instance sample heating,
formation of electronic defects or excited states, photoreduction of metallic ions due to photoelectron
generation, production of highly reactive species from solutions as a consequence of radiolysis, and

modifications of the liquid surface tension due to surface charge accumulation’. On the other hand,



in the specific case of Bi-2212, the creation of oxygen vacancies and the increase of crystallographic
mosaicity have been considered as possibly responsible for the increase of the superconducting

critical temperature after irradiation °.

However, a detailed study of these modifications has not been performed yet, to the best of our
knowledge. The present paper is devoted to fill this gap by studying the effect of successive X-ray
exposures on Bi-2212 in order to obtain more insight on the structural phenomena underlying X-ray

nanopatterning.

Experimental

The experimental strategy we have followed consists in repetitively exposing high-quality Bi-2212
microcrystals to X-rays, and in monitoring step by step the corresponding effects on their crystal
structure by means of X-ray micro-diffraction, whereas changes in the superconducting and normal
state properties have been monitored by means of electrical measurements. Due to time and
experimental constrains at the synchrotron, a parallel sample strategy has been adopted where the
samples have been produced with very similar initial features and underwent the same irradiation
procedure. However, only one specifically prepared sample also underwent electrical measurements,

which required the X-ray diffraction acquisition procedure to be adapted to its special features.

Sample preparation. A set of straight whisker-like Bi-2212 microcrystals showing mirror surfaces
and regular shapes has been selected under an optical microscope (100x magnification) from a batch
produced following the procedure described elsewhere 8. From this set two similar whisker crystals
have been selected, the first one was used to study the irradiation effect in the absence of any physical
constrain (the so-called freestanding crystal, i.e. with just one of its extremities fixed on a glass rod
by glue), while the second one was integrated in an electric chip. More precisely, the second whisker
was mounted onto a sapphire substrate with its c-axis normal to the substrate plane and then four
electrical contacts have been fabricated via Ag physical vapour deposition. A picture of this sample

is shown in Figure 1.



Figure 1: Micrograph of the mounted-on-chip sample (WBLPO04). The Bi-2212 crystal is the thin horizontal
line at the centre of the image. The four Ag strips vertically crossing the crystal represent the electrical contacts

and are labelled according to their connection to the measurement circuit.

The so-obtained chip has undergone an annealing at 450°C for 5 minutes (heating and cooling rates
equal to 5 K/min) in 1 bar pure oxygen atmosphere in order to secure good electrical contacts
minimizing possible changes in the crystal oxygen content. Indeed, the total oxygen diffusion length
in the ab-plane during this thermal cycle is 1.7 pm °, which in principle could induce some variations
in the oxygen content, but the fact that superconducting critical temperature T for this crystal in
pristine conditions is T¢ =78.3 K testifies that these changes, if any, are small enough to keep the
crystal in its native overdoping regime 1% 1! (see the following for more details). Finally, in order to
create a reference point for the irradiation procedure, two Pt pillars about 1 um high were deposited
on the sapphire substrate in close proximity of the crystal by Focused lon Beam (FIB)-assisted vapor
deposition (FEI Quanta™ 3D FIB, with Ga-ion current of 10 pA). Scanning electron microscope
(SEM) analysis has determined the sizes of the region of this crystal between the voltage contacts as
168.7x4.69%0.33 um? (along the a-, b-, and c-axis directions, respectively), whereas the thickness of
Ag contacts is about 2.1 um. Figure S1 of the Supplementary Information displays the appearance of

the central region of the sample at the end of the preparation procedures.

Electrical measurements. The sample was electrically characterized along its ab crystallographic
plane by the standard four-probe method. Measurements of the electrical resistance R were performed

in a continuous flow Janis ST-100 helium cryostat in the temperature range 40 K <T <290 K. The R



vs T behaviors were acquired on warming by means of temperature ramps at the constant rate of 0.5
K/min and with a current value of 1 pA. The sample was stabilized at low temperature for at least
one hour before every measurement. The substrate was accurately cleaned from any residuals and a
thin layer of cryogenic high vacuum grease was applied to provide good thermal contact to the sample
holder. T¢ has been calculated as the inflection point of the R vs T curves, however, in order to analyze
the presence of secondary superconducting phases, also a zero-resistance superconducting

temperature Tco has been defined as the first non-zero resistance point above noise level.

X-ray set-up. The X-ray irradiation and characterization was performed at the microdiffraction D13
beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The
microbeam generated by an 18 mm period in-vacuum undulator was monochromatised to E, =13.0
keV and focused to a spotsize Sp = 2x2.5 um? (horizontal x vertical). The beam flux ®o was estimated
in 4x10™ ph/s and fully used for crystal irradiation, whereas during the characterization the flux has
been lowered by 2 orders of magnitude by an opportune absorber in order to prevent further
significant exposure. The experimental station was equipped with a Frelon CCD camera *? placed
about 50 mm away from the sample. Tilt and distance of the camera were aligned using a LaBs
standard in a rotating capillary, finer adjustment has been done during data analysis.

The chip and the freestanding whisker-like crystal were alternately mounted on a motor stage
composed by a three dimensional piezo translation stage (x,y,z) installed over a rotation stage (o)
with the rotation axis perpendicular to the storage ring plane, and intersecting the beam in the focus
point, with the crystallographic a-axis indicatively parallel to the ¢-axis. However, due to the sphere
of confusion of the setup, the small size of the whisker and the limited allowed range of rotation for
the mounted crystal, the alignment of the center of rotation, the whisker and the beam was not precise
enough to keep the beam on the crystal along all the precession. For this reason, a horizontal
translation motor perpendicular to the beam was scanned during irradiation or diffraction
measurements with a step equal to the half width half maximum (HWHM) of the beam over a range
greater than the alignment error estimated during sample alignment. This approach has allowed to
deliver a constant energy profile to the crystal during the irradiation and to obtain the most significant

sampling during diffraction.

Diffraction patterns have been acquired as a function of ¢ position every 0.2°. Due to the fact that the
sapphire substrate is not transparent to the X-rays, the diffraction acquisition of the mounted-on-chip
sample was limited to a ¢ range of 20° from the position with the b axis aligned with the beam,

whereas the freestanding sample has been investigated over the maximum allowed range of 270°.



The region of interest of the mounted-on-chip sample was located by taking as a reference the

diffraction of the two Pt pillars.

X-ray data treatment. As previously mentioned, for each angular position ¢ a set of frames (from 8
to 10, depending on sample alignment) has been collected, but due to the strong anisotropy and small
sizes of the crystal along both the b- and the c-axis, only in one or two images the beam was actually
on the sample. For this reason, a software has been developed to select the most significant frame for
each angular position. For the freestanding sample the algorithm is very simple and selects for each
set only the frame with the higher average pixel value, since when the sample is out of the beam only
the small signal coming from air scattering is detected, whereas, when the sample is within the beam
the signal generated by Bi-2212 is much stronger. For the mounted-on-chip sample the algorithm
cannot use this scattering contrast anymore, because the average pixel intensity is dominated by the
scattering of the substrate. In order to select the correct frames, we have taken advantage of the
alignment of the BSCCO a-axis with the ¢-axis: in this case all of the (00Im) reflections fall in a
small region along the detector equatorial axis, so that the average of the pixel values has been
calculated in this region only. Moreover, in order to avoid selection errors induced by streaks due to
strongly saturated substrate peaks, the translation position of the selected frames has been fitted by a
polynomial and the outlier positions have been revised manually. The subset of images obtained in
this way has been analysed either by the CrysAlis software made available from Rigaku or subjected
to an image treatment software developed ad hoc. The latter software allows performing pixel-wise
maximum projections over a set of data (implementing a maximum intensity filter to reduce the
contribution to the images stemming from saturating substrate reflections), and mosaic figures

showing a small range of the detector along the ¢ rotation.

The evaluation of the c-axis length has been performed over the radially integrated average image by
using the Le Bail fit algorithm?® implemented on the FullProf code!®. Radial integration has been
performed with the help of the Fit2D code®® with calibration parameters refined from LaBs and
corundum standards. Before integration, the averaged images were totally masked, with the exception
of a stripe corresponding to the (00Im) reflections. This preliminary operation was mandatory in order
to avoid the interference from the substrate reflections that are several orders of magnitude higher. It
is worth noticing that the fits used to calibrate the Frelon camera were highly unstable due to the
spottiness of the images collected for the standards, for this reason the sample-detector distance has
been recalibrated by about 2% in order to obtain the expected value of the c-axis for the pristine

sample.



Irradiation sessions and XRD analysis

The aim of the present paper is to monitor the changes induced in Bi-2212 by multiple and prolonged
X-ray irradiation sessions via both scanning X-ray diffraction and electrical measurements. The
irradiation procedure was performed by scanning during each session the same region, which was
placed 20 um above the Pt reference and extended over 7.5 um along the a-axis and over the whole
crystal thickness (0.33 um) along the c-axis. The experiment followed a multistage procedure,
performing in-series: i) a preliminary p-XRD analysis, ii) an irradiation session, iii) a post-irradiation
p-XRD analysis, and iv) an off-line electrical characterization, and then repeating the sequence. The
electrical measurement was carried out only for the mounted-on-chip sample. In order to assess the
optimum irradiation time per point, the first irradiation session was performed in three stages of 480
s per point, at the end of which the first electrical measurement was performed. Subsequently, all of

the three successive irradiations were carried out using 1440 s per point.

Irradiation # | At (s/point) | F (10**)/m?) | CF (10%%J/m?) | D (10*Gy) | CD (10%?Gy)
a 480 2.559 2.559 1.303 1.303
1 b 480 2.559 5.118 1.303 2.606
.C 480 2.559 7.677 1.303 3.909
2 1440 1.677 15.354 3.907 7.816
3 1440 1.677 23.031 3.907 11.723
4 1440 7.677 30.708 3.907 15.630

Table 1: Irradiation time At per point of the rastered mesh, fluence F, cumulative fluence CF delivered to the

exposed surface, dose D and cumulative dose CD estimated for the irradiated volume of the Bi-2212 samples.

Table 1 reports the irradiation details with the delivered fluence F and the absorbed dose D for each
single irradiation, along with the corresponding cumulative values. The absorbed dose D is calculated

from the Beer—Lambert law as:

t
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where the At is the irradiation time per point and me the mass of the irradiated volume, which

corresponds to the product between the crystal density p and the sample volume Vo struck by the

beam. The factor n = 1—exp(—t/Aa) takes into account the decaying absorption of the incident radiation



within a crystal with length t and attenuation length Aa. Given E, =13.0 keV, As for Bi-2212 is equal
t0 26.91 um? .

Results and discussion

Bi2Sr,CaCu,0s+5 was discovered as a high-T¢ superconductor by Maeda et al.}” and features a
complex, incommensurably modulated, layered structure composed of perovskite and rock salt sub-
units with superspace group Bbmb (0B1) and a pseudo-tetragonal cell (a=b ~ 5.4 A, ¢ ~30.7 A) with
modulation vector g*=[0, 0.210, 1]. Its transport properties are strongly dependent on the non-
stoichiometric oxygen content 8, which refers to the amount of oxygen atoms hosted in the interstitial
sites between the BiO and SrO layers and determines the amount of hole-doping of the material.
Indeed, it is well-known that 6 modulates the normal state electrical resistivity p (i.e. p decreases with
increasing d) and also affects Tc, even if in a non-monotonic way, because a single & value exists
corresponding to the highest T¢ (the so-called optimal doping regime, OP), with lower T. values
corresponding both to lower & values (the so-called underdoped regime, UD) and to higher 6 values
(the so-called overdoped regime, OD). Moreover, 6 directly affects also the c-axis length, with higher
o values corresponding to shorter c-axis lengths.
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Figure 2: Maximum projection maps of the micro-diffraction patterns collected during a 20° scanning

around the a-axis (¢-axis). The panels refer to the following irradiation conditions of the sample: pristine



(a), after a cumulative dose CD=3.909 x 102 Gy and cumulative fluence CF =7.677 x 10! J/m? (b), and
after a cumulative dose CD=15.630 x 10* Gy and a cumulative fluence CF=30.708 x 10 J/m?(c). Indexing
of the reflections is reported in panel (a).

Figure 2 shows the maximum projections of a 20° ¢-scan of the contacted whisker, with the a-axis
aligned along the rotation axis itself in the vertical direction. This figure compares the sample in the
pristine state (a), after a cumulative fluence CF= 7.677 x 10! J/m? (b), and after CF=30.708 x 10*
JIm? (c, see Table 1). Inspection of the pattern of the pristine state (Figure 2(a)) confirms that the
sample remains crystalline after the electrical contact process, and that the frame is composed of three
different features: i) a few isolated very strong peaks, due to reflections of the sapphire substrate, ii)
four continuous rings ascribed to the (111), (200), (220), and (311) reflections of Ag used for contact
deposition, that are present only at lower angles, and finally iii) seven rows of peaks that can be
ascribed to BSSCO reflections. In agreement with our experimental setup in which the exploration of
the reciprocal space is strongly limited by the Ewald sphere curvature and by a rotation limit of 20°,
the series of peaks can be identified with the (00Im), (10Im), (2011), and (31Im) reflection series of
Bi-2212, from the equatorial axis of the detector to the top, and with the corresponding series featuring
opposite values for the h index in the lower part of the detector, with a small intensity asymmetry
between the two regions of the detector due to the misalignment between the a and ¢ axes. It is
possible to notice that the Ag contribution disappears after the irradiation cycles, probably because
of the interaction between the Ag particles and the beam. Also a few changes in the substrate
reflections are visible, probably due to a different alignment between the sapphire substrate and the
crystal, which could have been originated from the thermal contractions and dilations induced by the
cryogenic electrical measurements taken between the diffraction measurements; however, a non-
constant efficiency of the algorithm used to reduce the contribution of the substrate reflections to the
image cannot be excluded. From Figure 2 it is also visible that the main effect of the radiation damage
is on the Bi-2212 crystal mosaicity: indeed, the sample remains a single crystal but the reflections
that look like circular spots in the pristine sample decrease in intensity and assume an elongated shape

with increasing the cumulated fluence.
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Figure 3: Mosaic image of the (0 0 14) reflection as a function of the ¢ rotation in steps of 0.2°, selected from
the maximum projections of Figure 2. Panel (a) corresponds to the pristine sample, panel (b) to cumulative
dose CD=3.909 x 10* Gy and cumulative fluence CF =7.677 x 10™ J/m? (irradiation #1.c) and panel (c) to
CD=15.630 x 10 Gy and CF=30.708 x 10 J/m? (irradiation #4, see Table 1).

More detailed information can be obtained from Figure 3, which focuses on the (0 0 14) reflection
and shows the evolution of the shape of the peak as a function of the fluence and of the ¢ position. In
the pristine sample the peak can be considered as gaussian along the two directions of the detector
axes and also along the ¢ rotation. Upon irradiation, the peak deforms irregularly in the vertical
direction forming a small arc and spreads over a wider range in the ¢ rotation. The fact that the 20
direction is less affected and the irregular nature of the other deformations indicate that such behavior
should be ascribed to an increase of the crystal mosaicity and not to an increase of internal strain of
the whisker. Indeed, the deformation of the gaussian spots of the pristine material into arc-like
features with increasing the cumulative fluence is compatible with the interpretation that the irradiated
portion of the crystal is fragmented in multiple nano-domains slightly misaligned and connected to
each other by [010]-tilted grain boundaries. Moreover, the increase of the amplitude of the ¢ range
where the reflection can be observed from about 2° for the pristine material up to about 4.4° for
CF=30.708 x 10! J/m?seems to indicate that the irradiation also promotes the appearance of [100]-

tilted grain boundaries. We cannot exclude that this fragmentation process could be somehow affected



also by individual features of the crystals, including for instance the release of some strain imposed
to the whisker during the procedure of chip fabrication. Indeed, Figure 3(a) shows for the mounted-
on-chip pristine sample a significant intensity of the (0 0 14) peak for about 2° during the ¢-rotation,
therefore revealing a more broadened rocking curve compared to the one of the free-standing sample,
which, under the same instrumental conditions, shows the presence of this peak only in a single

diffraction image, with a corresponding rocking curve width of about 0.2° during the o-rotation.

CF (10" J/m?)

0 5 10 20 25 30
3070_ I L T T T T L L |
] .
30.65 n .
@ 4 4

0

e M ]
© 30.60- .
. 1 -
| o = = ]
30.55 - -

0 5 0 15

1
CD (10" Gy)

Figure 4: c-axis length versus cumulative dose CD and cumulative fluence CF for the mounted-on-chip crystal

at different stages of the experiment.

Pristine Post Post Pre Post Pre Post Post
Irradiation Irradiation Irradiation | Irradiation Irradiation Irradiation Irradiation
#la #1b #2 #2 #3 #3 #4
30.560 (2) 30.563 (2) 30.564 (2) 30.589(3) 30.61(3) 30.609(3) 30.654(3) 30.682(4)

Table 2: Values in A of the c-axis as determined by the fit of the radially integrated intensity at different stages

of the experiment.

The c-axis lattice parameters evaluated by Le Bail fit of the radially integrated intensities are listed
in Table 2 and shown in Figure 4. The plots showing the integrated intensity and the quality of the fit

are available in the Supplementary Information (see Figure S2 and Tables ST1 and ST2). It can be



noticed that the length of the c-axis increases with increasing the radiation fluence. This behavior
confirms the general trend already observed in Bi-2212 by our group 8 although the variation of the
c-axis length shows some discrepancies with respect to our previous study. The key feature of the
present experiment is represented by the acquisition of diffraction patterns via sample precession.
This approach, compared to the previous nano-diffraction setup*®, presents the advantage of allowing
amore certain indexing of the pattern and to fully explore the spread of the reflections in the reciprocal
space so that smaller uncertainties can be obtained and appearance of sub-domains can be detected.
In any case, these data confirm that, under some circumstances, part of the radiation damage induced
by X-ray nano-beams in Bi-2212 is compatible with the mechanism of oxygen depletion, as recently

modelled by our group °.
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Figure 5. Panel (a): Four-probe R versus T behavior for the mounted-on-chip sample: before irradiation (blue),
after a cumulative dose CD=3.909 x 10'? Gy and cumulative fluence CF =7.677 x 10! J/m? (red), and after
CD=7.816 x 102 Gy and CF =15.354 x 10* J/m? (green). The inset shows a magnification of the region around
the superconducting transition. Panel (b): Critical temperature T. (circles) and zero-resistance critical

temperature Tco (squares) versus cumulative dose CD and cumulative fluence CF.

The electrical resistance R of the mounted-on-chip sample is reported in Figure 5(a) as a function of
temperature for the pristine condition, after a cumulative fluence CF=7.677 x 10 J/m? (irradiation
#1.c) and after CF=15.354 x 10! J/m? (irradiation #2). A subsequent irradiation up to CF=23.031 x
10t J/m? (irradiation #3) has induced a transition to an insulating state (R> 20 MQ), preventing the

measurement of the corresponding electrical behavior. A SEM inspection has revealed that after this



irradiation the crystal was still continuous, even if clearly deformed (see Fig. S3). These results
provide valuable information about both the superconducting and the normal state.

Concerning the superconducting behavior, the corresponding transition is highlighted in the inset of
Figure 5(a), where the appearance of a tail with increasing the cumulative fluence is visible. This
phenomenon can be properly described by comparing the critical temperature T, to the zero-resistance
temperature Tco. Their behavior as a function of both CF and CD is shown in Figure 5(b). It can be
noticed that no clear variation can be observed for T, beyond the experimental error. Considering that
the irradiated and non-irradiated portions of the sample are electrically in series and that the
corresponding lengths are 7.5 um and 161.2 um, respectively, it is expected that the main contribution
to the sample resistance comes from the non-irradiated part, unless the resistivity p of the irradiated
part increases above a level about 161.2/7.5=21 times greater than the pristine one. However, this is
not the case for the curves of Figure 5(a), as it is discussed in more details in the following. Therefore,
it is reasonable to associate the inflection point of the whole R vs T signal to the T¢ of the non-
irradiated part, which turns out to be practically constant, as expected. On the contrary, Tco is clearly
affected by the irradiation process and its difference from Tcincreases with increasing the cumulative
fluence, up to a maximum difference of about 24 K after a cumulative fluence CF=15.354 x 10
JIm?,

These modifications of the superconducting transition with increasing the irradiation dose are in
agreement with the results obtained from previous studies, especially about the appearance of a tail
even when only a portion of the sample with the shape of a trench is irradiated & ® 2°, This
experimental observation is compatible with a picture where the 7.5 um long irradiated portion
actually consists of a large number of very short (e.g. 100-200 nm) crystal domains, each of them
with different T, critical current density Jc and p values that are functions of the local cumulative
damage of the crystal structure and of the kind of interconnection with the other crystallites. Indeed,
if we assume that some interaction between different irradiation points has taken place from the point
of view of the damage, which somehow extends beyond the HWHM limits of the beam?®, a spatial
distribution of T¢’s can be expected with the lowest values in the middle of the irradiated portion of
the sample and increasingly higher values towards its boundaries. A similar behavior can also be
expected for the local normal state resistivity p(T), with higher values in the center or the irradiated
region and decreasing values approaching the pristine one towards its limits. With increasing the
temperature, each damaged crystal domain switches to the corresponding normal state curve p(T),
starting from the middle of the irradiated region and progressively adding its contribution to the
sample resistance. However, each individual domain contribution to the sample resistance R is

expected to be small, even if the local p(T) values can be considerably greater than the pristine value,



because of the very short length of the domain. The superposition of all of these behaviors is expected
to result in a slowly increasing R value of the sample as a function of T (i.e. the tail), until the T¢ value
of the large non-irradiated part is reached and a steep transition is observed.

Of course, this picture is in agreement with the indications coming from the diffraction measurements
reported in Figure 3 about the progressive transformation of the single crystal towards a
polycrystalline structure. From the point of view of the relationship between the changes of the crystal
structure and the local values of Tcand p(T), in principle the possible interpretation is twofold. On
one hand, if different crystal domains appear, then grain boundaries originate as well. Their effect on
the properties of high temperature superconductors has been extensively studied %%, and it has been
proved that they deeply affect transport properties, mainly depending on the magnitude of the
misalignement angle between adjacent grains. As an example, in YBa>CuzO7.x a steep decrease of the
intergrain critical current was found for misorientation angles above 10° 22, Also in Bi-2212 Li Q. et
al. proved that a 7° grain boundary was sufficient to suppress by about 9 K the T, of a bicrystal film
23 A similar effect was also shown in Bi-2223 for grain boundaries misorientations of the order of
30° 24, In all of these studies, the modifications of the transport properties have been associated to the
introduction of local structural disorder at the grain boundaries, which induces the presence of local
inhomogeneity. On the other hand, irradiation could directly affect the structure of the individual
crystal nano-domains. Indeed, concerning for instance YBa>CusOy7.x, it has already been shown that
electron irradiation can induce oxygen displacement and hole depletion % About Bi-2212, it has
been proved that ion irradiation can directly modify the non-stoichiometric oxygen content 9,
inducing an increase of the c-axis length up to about 0.4 A, corresponding to a transition from
superconducting to insulating electrical behavior 2 2. Moreover, oxygen removal from single
crystals has also been induced by means of ordinary thermal annealing under controlled atmosphere:
in the case of whisker-like Bi-2212 single crystals very similar to the ones used in the present
experiment, a change in the c-axis length by about 0.15 A has been observed to correspond to a change
in the doping status from OD to UD 1%,

Actually, the data shown in Figure 3 and Figure 4 testify that both effects are present in our irradiated
sample. Although each of them cannot individually explain the observed effects on the electrical
behavior we have observed, they seem to act in a synergistic way to enhance each other. Indeed, the
maximum crystal domain misalignment of about 4.4° that can be deduced from Figure 3(c) for
CF=30.708 x 10 J/m? , if compared to previous results 2224 should not significantly affect Tc, which
would imply a practically constant value of T¢o that is not confirmed by our measurements.

In the same way, an elongation of the c-axis length of about 0.09 A like the one observed for
CF=23.031 x 10 J/m?can be expected at most to result into a shift from the OD to the UD regime,



with Te still in excess of 70 K %, whereas in other cases it has resulted in a change of T¢ by 5-7 K
only 28 . On the contrary, our measurements have shown that values of CF >23.031 x 10! J/m? have
turned the material into an insulating state, which is not expected on the basis of each individual
effect.

This synergistic action of crystal fragmentation and oxygen depletion represents the key result of the
present experiment and introduces a more complex mechanism with respect to the picture emerging
from our previous work on nano-diffraction **. This mechanism also clarifies why oxygen removal
by photogenerated electrons is not able to explain by itself all of the experimental data available for
Bi-2212 ° suggesting that the influence of grain boundaries is expected to be larger for dense
irradiation meshes. Moreover, this could also imply that much care has to be taken when comparing
experimental results originated by thermodynamic equilibrium processes, like for instance thermal
annealing, to experimental results originated by processes quite far from thermodynamic equilibrium,
like for instance ion and X-ray irradiation.

Concerning the normal state resistivity p of Bi-2212 material, its behavior as a function of T is
displayed in Figure 6(a) for the pristine sample and for two different levels of irradiation. It is worth
noticing that the p values of the irradiated material have been calculated under the simplifying
assumption that the irradiated portion of the crystal features uniform structural damage and
corresponding uniformly changed electrical properties. Consequently, the sample has been
schematized as an electrical resistance representing the irradiated portion of the crystal (whose
uniform resistivity is a function of irradiation) that is electrically in series with the remaining pristine
part. The corresponding mathematical model allows for the determination of p(T) for each irradiation
level, apart from the region very close to Tc where some artifacts appear and that has not been reported
for this reason.
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Figure 6. Panel (a): Temperature dependence of electrical resistivity p along with the straight lines
corresponding to the extrapolation of their linear fit to the equation p(7)= po+aT'in the range 260-295 K. Blue
lines refer to the sample before irradiation, red lines to the sample after a cumulative fluence CF=7.677 x 101!
Jim? and a cumulated dose CD = 3.909 x 10'? Gy, and green lines after CF= 15.354 x 10 J/m? and CD =
7.816 x 10'? Gy. Panel (b): Corresponding rescaled curves (p(T)-po)/aT. Arrows indicate the temperature T*

at which the pseudogap opens. OD and UD refer to the overdoped and to the underdoped regime, respectively.

It is possible to see from Figure 6(a) that the resistivity at room temperature p(RT) increases from
about 2 x 10 Qm for the pristine material up to about 10 x 10® Qm after a cumulative fluence CF=
7.677 x 10! J/m? and to 16.6 x 10 Qm after CF= 15.354 x 10! J/m2. The fact that X-ray irradiation
has increased the material resistivity by a maximum factor of about 8 confirms that most of the
resistance signal comes from unirradiated part of the sample, as previously hypothesized for the
interpretation of Figure 5(b), therefore making our description of the system self-consistent. The
monotonous increase of the resistivity with increasing the fluence shown in Figure 6(a) is in general
agreement with what already observed for the radiation damage originated by both particles and
photon sources & 20272931 ‘More in details, it is possible to notice that the p(RT) values obtained
from our analysis lie approximately in the same range as the ones reported by Watanabe et al. % and

by Chen et al. 2 for Bi-2212 single crystals with different oxygen content & induced by means of



equilibrium thermal treatments, but are lower by a factor of 2-3 with respect to the values
corresponding to a-irradiated single crystals 7.

If compared to the results by Watanabe et al. 32 following the procedure recently exploited by Torsello
et al. 1% the p(RT) values of Figure 6(a) would correspond to the non-stoichiometric oxygen contents
0= 0.279, 6= 0.209 and 6= 0.199 for the pristine, the CF= 7.677 x 10! J/m? and the CF=15.354 x
10t J/m? curves, respectively. However, in the case of the irradiated material, these values certainly
represent an underestimation of the real oxygen content ¢ because they ascribe all of the resistivity
increase induced by irradiation only to the oxygen loss, neglecting the effect of grain boundaries. In
this sense, these estimations have to be considered only as lower limits for ¢ of irradiated Bi-2212 in
our experiment.

On the other hand, concerning the contribution of grain boundaries to the resistivity of the irradiated
material, we can say that, from a qualitative point of view, our data seem not to support the brick-
wall model for the current flow across grain boundaries of high temperature superconductors 3334 |
mainly because no contribution can be seen in the p(T) curves from the c-axis resistivity, which should
show a semiconducting behavior with a typical peak above Tc. Conversely, the railway-switch model
35,36 seems to be closer to our experimental situation, even if our observation of a substantial increase
in resistivity and of the presence of [100]- and [010]-tilted grain boundaries indicates that some
adjustment is necessary. In any case, detailed measurements of Jc and of its dependence on the
magnetic field is required to tackle this problem on a quantitative level.

Figure 6(a) also shows the fit of the high temperature portion of the p(T) curves to the linear relation
p(T)= po+aT. Indeed, it is well-known that in high-temperature superconductors the deviation from
linearity of p(T) depends on the doping level of the material *-** . More specifically, the temperature
where the p(T) curve departs from linear behavior is considered a good estimation of T*, i.e. of the
temperature where the so-called pseudogap opens in the electronic DOS of the normal state *?, as
firstly observed both by ARPES * and STS * measurements. Figure 6(b) displays the same
information in the form of the rescaled dimensionless behavior p’=(p(T)-po)/aT of the resistivity,
according to the representation proposed by Ito et al.3” , where T* corresponds to the departure from
p’=1and is indicated by the arrows. It is possible to observe that the pristine curve shows the typical
behavior of OD materials, with a smooth upturn below T* =172 K before a steep decrease near Te.
On the contrary, the curve corresponding to CF= 7.677 x 10 J/m? shows a deviation from linearity
at T* =~ 247 K, whereas the one corresponding to CF= 15.354 x 10 J/m? deviates at T* ~261 K. The
general features of these latter two behaviors correspond to the gradual decrease of p’ typical of UD
materials, but a small oscillation is also noticeable on top of these curves just below T*, whose origin
is not clear. Nevertheless, the increase of T* with the fluence confirms that X-ray irradiation has



promoted some shift of the material doping from the OD to the UD regime, in agreement with the

indications coming from the length of the c-axis and from the qualitative estimation of 6.

Conclusions

In the present work we have investigated the mechanism of X-ray nanopatterning in a Bi-2212 single
crystal via combined XRD and electrical resistance measurements. It has been shown that cumulative
fluence values of the order of 102 J/m? (corresponding to cumulative doses of the order of 10 Gy)
induce both oxygen loss from the material and an increase of crystal mosaicity, with the appearance
of multiple nano-domains and corresponding grain boundaries. Both effects contribute in a synergistic
way to change the superconducting and normal state electrical properties, which suggests the
possibility of non-linear effects in these changes as a function of the cumulated fluence. This
possibility could be very important to finely tune the structural defects as desired, and highlights how
a careful assessment of the irradiation time is crucial to achieve a good control of X-ray
nanopatterning. However, the understanding of its microscopic mechanisms is still far from being

complete and further investigation is necessary.
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