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Spatially resolved photodoping of oxygen-deficient YBa;Cu30O7;_s resonators
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Oxygen-depleted YBazxCuszO7_s exhibits a substantial drop of the normal-state resistivity and
an increase of the superconducting critical temperature when illuminated with visible light. The
photo-induced states are metastable, slowly decaying at high temperatures and essentially persistent
at low temperatures. In this work, we exploit this effect to modify the response of half-wavelength
YBasCuzO7_s resonators and simultaneously use the high-sensitivity of the resonant circuit to
investigate the persistent photodoping of this material. Under illumination, the bolometric effect and
photodoping are clearly distinguished by the different time scales associated with each mechanism.
Using a 60 pm-wide laser spot, we were able to locally and reversibly modify the properties of the
resonator and demonstrate the position-dependent sensitivity of the device. This enables the direct
imaging of standing waves at both the fundamental resonance and the second harmonic.

I. INTRODUCTION 51

52

When considering the interaction of electromagnetic
waves with conventional superconductors, one encounters
a large diversity of physical mechanisms and phenomena, *
including high reflectivity [I], inverse Faraday effect ®
[2], light-induced superconductivity [BH5], quasiparticle *

poisoning [6], bolometric (thermal) effect [7l [§], s
room temperature transient superconductivity [9], so
photovoltaic effect [I0] and many more.  Cuprate s

superconductors behave the same way under short e
illumination pulses and for low photon doses. However, ¢
some cuprates, such as oxygen-depleted YBasCuzOr_g 63
(YBCO), exhibit a striking enhancement of their e
superconducting properties at much longer illumination es
times [II].  More concretely, the superconducting ss
transition temperature increases considerably, and the e
photo-induced change remains after the light has been es
switched off as long as the sample is kept below certain e
temperature (T* ~ 250 K). Besides this property, coined 7
persistent photoinduced superconductivity (PPS), there n
is also an increase of conductivity in the normal state,
known as persistent photoinduced conductivity (PPC).
For temperatures exceeding T, the system relaxes very 7
slowly to its initial conditions. As for the underlying 7
mechanism, after much debate, there seems to be some
consensus on the fact PPS and PPC are associated 7
with the presence of oxygen vacancies in the basal CuO 7s
chains. Recently, it has been proposed that PPS results 7
from photo-induced oxygen ordering within the CuO so
chains, leading to a decrease in the electronic scattering s
rate, whereas PPC can be naturally explained by the s
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excitation of electron-hole pairs followed by electron
trapping in the oxygen vacancies and the promotion of
holes to the conduction band (photodoping) [I2]. This
level of control has enabled practical implementations,
such as writing Josephson junctions using a scanning
near-field microscope [13], demonstrating the method’s
potential for device engineering.

A particularly suitable technique to investigate the
photoresponse of YBCO superconducting systems is
through planar transmission line resonators. These
circuits can achieve quality factors as high as @ ~ 10° in
low critical temperature superconductors [14} [T5] and on
the order of 10® — 10% in cuprate superconductors [16-
18], offering unparalleled sensitivity to minute changes
induced by external stimuli or environmental variations
[19]. The demonstration of bolometric changes under
laser light on superconducting thin films has spurred
the use of localized photoresponse as a probe of
superconducting resonators by scanning a laser spot
across the transmission line. In this technique, an
amplitude-modulated laser beam is focused onto the
surface of the superconductor, and the absorption
of this light results in a modulation of the local
temperature. Since the superconducting penetration
depth is dependent on temperature, the local penetration
depth and thus the local stored magnetic field energy
will be modulated [20]. In other words, the effect of
illumination is attributed to the photoinduced change
of the kinetic inductance due to laser heating. This
approach has permitted imaging the local microwave
current density in a superconductor [20, 21] and enables
tuning the resonant frequency of the resonator with
negligible change of the quality factor [22].

The investigations described above were conducted
on optimally doped YBCO thin-film resonators, where
the low density of oxygen vacancies renders persistent
photo-induced effects negligible, making thermal heating
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the dominant mechanism. In this study, we exploreuo
the long-term photo-response of oxygen-depleted YBCO1a
half-wavelength resonators, focusing on the effects ofie
photodoping. This mechanism initially counteracts the

bolometric effect and eventually becomes dominant,

exhibiting persistent and metastable behavior. By locally

illuminating a spot of comparable size as the width of

the resonator’s track, at the center of the resonators
(where the radio-frequency field is strongest), we arew
able to enhance the resonator’s characteristics. Thisus
improvement has been previously demonstrated throughus
the introduction of non-uniform columnar defects created+
by heavy-ion irradiation [23]. Our approach is reversibles
and enables repeated and multiple comparisons usinge
the same device. This method is applied to map theso
standing waves at both the fundamental resonance andis
the second harmonic and complements the bolometricis
method described in Ref. [8] 24H26]. 153

154

II. EXPERIMENTAL

Epitaxial YBasCuzO7_s films of thickness 100 nm were
grown on top of (LagsSro.7)(AlpesTagss)0s (LSAT)
single crystal substrates by pulsed laser deposition.
LSAT is a convenient choice due to its low dielectric
constant, structural stability, low losses, isotropic o
microwave response, and it has no twinning [16, 26]."
Substrates were heated up to 810 °C, with an oxygen
partial pressure of 0.3 mbar and a target-to- substrate o
distance of 52.5 mm. Ablation of the target materlal
was achieved by using a high fluence laser operatmg o
at 2 Jem~?2 and a frequency of 5 Hz. During the
cooling process to room temperature, the samples were o
maintained in an oxygen atmosphere of 1 bar. This Waty,164
an optimally doped film § =~ 0.1 with superconductlng
critical temperature T, ~ 90 K was obtained. A second ™
film was deoxygenated through an ex situ post- anneahng o
process at 400 °C for 4 hours in a 99.5% Ny atmosphere
leading to a lower oxygen concentration § =~ 0.7 with'”
superconducting critical temperature T, ~ 60 K [27].
Prior to sample patterning, the T, of the films was
confirmed using a SQUID magnetometer. Both ﬁlms
were patterned by photolithography and wet etching 1nt0
8 mm-long 50 £ A/2 resonators with a 20 pm- Wlde
coupling finger-like capacitor, as illustrated in Flgure "
I(a) The coupling capacitors have been deliberately e
designed within the weak coupling regime to ensure a "
quality factor high enough to detect minor changes 1n e
the resonance frequency [I7]. Generally, the resonance
frequency of such a device is given by

158

170

171

180

181

1 182

o= v W

184

where [ is the length of the resonator, C’ is theiss

capacitance per unit length and L’ is the inductance peris
unit length. The latter can be decomposed into twois
parts L' = Ly + L, with Lj a constant geometricaliss

part and L) a contribution from the kinetic energy of
the superconducting electrons. In the framework of the
Gorter—Casimir model, the kinetic inductance is given by

!
k,0

LUT) = =y

(2)

where L,~C o 1s the kinetic inductance at zero temperature
and a is a fitting parameter that generally ranges from
1.5 to 2 for high-T, superconductors [28]. The 8 mm-long
resonator was designed such that its resonance frequency
is close to 5 GHz, with design values C’ = 214.1 pFm™!
and L’g = 634 nHm~!. The transmission scattering
matrix element Ss;(f) in the vicinity of the resonant
frequency is measured through a vector-network analyzer
(Rohde & Schwarz ZNL20). A representative example of
S91(f) is shown in Figure [[{c). The asymmetric shape
reveals an impedance mismatch [29] which can be fitted
using the equation,

Q|@:|e

So1(f) = —m

+Af+ B, (3)

with @ and Q. the internal and external quality factors,
¢ a phase factor accounting for impedance mismatch,
fo the resonant frequency, A and B constants modeling
a locally linear background [30]. For the particular
example of Figure c), the fitted resonance frequency
is fo = 5.1563 GHz +£2.5 kHz and the quality factor
values are Q = 2128 + 4 and Q. = 8.284 105 £+ 16 103,
confirming that the resonator is strongly under coupled
and that losses are dominated by internal losses. Figure
b) shows the evolution of fy with temperature for
both investigated YBCO resonators. The observed sharp
decrease of fy as temperature increases is due to the
divergence of the kinetic inductance when approaching
the superconducting transition. It is precisely this strong
temperature dependence that has motivated the use of
these devices as sensitive bolometers. In addition, the
resonance frequency is also dependent on the magnetic
field and magnetic history, as shown in Annex [A| [I§].
Figure (d) shows the magnetic field landscape obtained
by magneto-optical Faraday rotation technique [31] of the
optimally oxygenated resonator at 7' = 3.2 K and under
an out-of-plane magnetic field poH, = 0.6 mT after zero
field cooling. This technique enables probing the degree
of uniformity in the superconducting properties, as well
as identifying the entry points of magnetic flux.

The experimental setup used to investigate the
photoresponse of the planar resonator is shown
schematically in Figure a). The sample is mounted
inside a closed-cycle optical cryostat, allowing for
simultaneous RF measurements, optical imaging, and
optical excitation. Two illumination modes are
employed. In the widefield illumination mode, a white
LED provides broadband light that passes through an
infrared blocking filter and a 550 nm bandpass filter
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FIG. 1. (a) Schematic representation of the experimental

setup that features a double illumination composed of 2™
wide field red-filtered LED used to image the resonator™
concurrently with a 532 nm laser that is focused on a??
desired zone of the sample. When photoexciting the entire?3
sample, the 650 nm long-pass (LP) filter and mirror arezs
replaced by a 550 nm bandpass filter, and the laser is notaes
used. (b) Resonance frequency for the optimally oxygenatedz:s
YBCO resonator and the deoxygenated one. The resonance,,,
frequency drops at temperatures close to 7. due to the,,
diverging kinetic inductance. (c) Selected spectrum measured,,
at 15 K on the deoxygenated sample. By fitting the

transmission coefficient S21(f) with Eq.7 it is possible to "
obtain the resonance frequency for all explored temperatures.”
At temperatures close to 7., the uncertainty on the resonance®?
frequency rapidly increases because of the decrease in the?3
intrinsic quality factor. (d) Magneto-optical image of the zero2#
field cooled optimally oxygenated resonator at T = 3.2 K235
and applied an out-of-plane field puoH, = 0.6 mT. Blackass
color corresponds to local magnetic field with out-of-plane,s;
component opposite to the applied field. The inset shows a,,
zoom of the coupling capacitor region, evidenced by the bright,
spot at the center.

9

240
241
242
with a 100 nm bandwidth. This filtered light uniformly2s
illuminates the sample.  The resulting images arexs
captured using a CCD camera. 25

In the localized photoexcitation mode, a 532 nm**
laser beam is steered by a dual mirror scanner and®’
then passes through a carousel of neutral density filters*®
used to modulate its power. The beam is subsequently*
reflected toward the sample by a 650 nm long-pass filter
that features a mirror coating on the side facing the
laser. This element reflects the laser beam while also
transmitting about 1% of the LED light and filtering its
spectrum, thereby combining both light paths without

interfering with the laser. The reflected laser beam is
then focused onto the sample through a 10x microscope
objective, producing a spot approximately 60 pm in
diameter. Even though the photoexcitation efficiency
is the stronger in the red part of the visible spectrum
[32], the photon dose per unit time coming from the laser
is about 10° times larger than from the red broadband
illumination, ensuring that all photoexcitation effects
detected are caused by the laser. Images are recorded
with the laser beam blanked, using the CCD camera
with exposure time adjusted to capture the faint red
illumination (see Annex [C)).

III. RESULTS AND DISCUSSION

1. Uniform photon irradiation

The critical temperature for both samples can be
extracted from the temperature dependence of fy shown
in Figure (b) by fitting with Eq. and . This
yields, respectively for the optimally oxygenated and
deoxygenated samples, a similar geometrical inductance
for both devices of 636.8 & 0.5 nHm ™' and 633.9 & 1.3
nHm™!, in good agreement with the theoretical value
(634 nHm™!) calculated using elliptical integrals for
coplanar waveguide (CPW) structures, and a critical
temperature T, = 90 £ 0.1 K and 7. = 58.1 £ 0.1
K. The zero temperature kinetic inductance of the
optimally oxygenated sample L} , = 18.1 £ 0.5 nHm ™!
is significantly lower than for the deoxygenated sample

o=499+14 nHm ™!, manifesting that the latter has
a lérger sheet resistance and lower superconducting gap.

After characterizing the properties of the deoxygenated
sample, the transmission Sa;(f) was recorded over time
every 10 seconds, and the green-filtered LED lamp was
switched on for two minutes after the start of the
experiment, irradiating the sample with 3.6 mW of 550
nm light. Figure a) shows the time evolution of fj
at fixed temperature T = 30 K ~ T./2. The dose
applied over the entire illumination time is estimated to
D = 5-10%! photons/cm?. As soon as the illumination is
switched on, a sharp drop of f; is observed (see inset of
Figure a))7 as a result of the heating caused by the light
absorption. The thermally-induced drop takes place on
a short timescale of the order of hundreds of milliseconds
(see Annex , and is followed by a recovery with a
characteristic time scale of the order of hours, resulting
from the photoinduced superconductivity. In this regime,
fo(t) follows a stretched exponential functionality in
accordance with previous reports [32, [33], such that
the global response of the resonance frequency can be
modeled using

fO (t) :fO,T - 5fthermal

+ 8P (1 ~ exp (- (t;t0>‘3>> @
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where for is the dark resonance frequency atsos
temperature T, 0 fipermar 18 the drop in resonanceso
frequency due to light-induced heating, dfpgp is thess
saturation increment of the resonance frequency due toso
photoexcitation, tg = 2 min is the time at which the
illumination starts, and S is a dispersion parameter.
The fit of the experimental data, shown in Figure 2{a),,,,
yields fo 30K — 5.103 GHZ (sfthermal = 3.77 £ 002313
MHz, §fpr = 14.04 £ 0.1 MHz, 7 = 53 + 1.1 hours
and 5 0.497 + 0.002. From the thermally mduced
frequency drop, one can infer the temperature load usmg .
the previously acquired slope of fo(T) (Figure |l l(b 31
yielding a global temperature rise in the superconductlng s
film of about 0.65 K. Furthermore, incorporating the o
saturation frequency fs¢ = fo + 0fpr, and the
obtained geometrical inductance, into Eq. . the klnetlc
inductance at saturation can be estimated as 62.1 nHm™
compared to the initial value of 65.75 nHm ™! at 30K. The®?
fact that reaching 95% of the asymptotic state requiress
continuously photoexciting the sample for approximately3»
97, which in the case of the LED source is about 20 days,3»
makes it highly time consuming to reach the saturationsz
frequency. Repeating the experiment with a higher-s
power laser source permits reducing the time requiredsz
to reach saturation without changing the asymptotics
value, as the PPS is only a function of the absorbedss»
dose. It is worth pointing out that, unlike most previous,,,
investigations of the PPC and PPS based on R(T),,
measurements, in which the change in 7, or the normal,,,
state resistivity is reported, in this work we directly probe,,,
the changes in superconducting properties while at sub-,,
critical temperatures. 36
Persistent photoinduced superconductivity manifests,,,
itself as an increase of the superconducting criticaly,
temperature. This effect should become visible as the,,,
fo(T) curve shifts towards higher temperatures. Iny,
addition, there is also an increase of conductivity in,,
the normal state (persistent photoinduced conductivity),s,,
which in turns reduces the zero-temperature Kkinetic,,,
inductance (L}, = %ﬂ g?o))' A manifestation of,,
both these effects is shown in Figure b), in whichass
the temperature dependence of the resonance frequencysss
fo(T) is measured after 42-hour-long illumination andse
compared with the response before illumination. Thess
increase in resonance frequency ¢ fy resulting from the
photoexcitation is shown in Figure [2(c).

310

311

314

7

320

349
350
351
352
2. Focused photon irradiation 53
354
characterized the influence ofsss
uniform photon irradiation on the deoxygenatedsss
YBCO resonator, we proceed to implement focusedss
photon irradiation as a local probe, permitting to mapsss
the sensitivity of the device under local excitations.sso
To that end, we focus a laser beam into a 60 pm-3s
diameter spot, which is raster scanned throughout these
resonator’s surface while tracking the changes in fj.ze

Once we have

As a consequence of the large difference in timescales
of the bolometric effect and the photoexcitation, they
can be discriminated using the protocol illustrated in
Figure a). For each laser position, the resonance
frequency f(gfc)lark is recorded with the laser blanked.
Then, the laser beam is unblanked, and another
resonance frequency measurement foy ign+ is acquired.
Eventually, after 60 seconds of irradiation, the laser

is blanked again, and the resonance frequency f “dark
is probed one last time. The result of the three-point
measurements is shown in Figure b), and the inset
emphasizes the slight shift towards higher frequencies
of the resonance peak after the photoexcitation. The
negative frequency shift, purely due to heating, is
given by 0 finermal fo,tight — é%m whereas the
photoexcitation-induced shift to higher frequency is

given by 5fPE = (g,];)ark: - é?c)larkz'
a), the time required for the PE to compensate the
bolometric effect is of the order of hours, and hence, the
PE shift is expected to be orders of magnitude smaller
than the one obtained from bolometric effects. On top
of the purely electrically probed change, the reflectivity
of the sample surface, measured locally using the CCD
camera, increases over the same timescale, as discussed

in Annex|[Cl

The resulting thermal and photoexcitation maps on
the deoxygenated sample, probed at the fundamental
frequency for a scanning grid of 40 x 50 pixels over a
2230 x 2790 pm? area centered on the resonator, are
shown in Figure c,d). A clearly different response
is observed through these two methods. Indeed, the
thermal response exhibits a more pronounced frequency
change in the ground plane, in particular around the mid-
point of the resonator, than along the central track and
the gap of the resonator. In addition, the excitation and
detection lines, capacitively coupled to the resonator,
are visible. In contrast to that, the photoexcitation
map reveals essentially the central track of the resonator,
with the ground plane and excitation/detection feedlines
remaining largely insensitive. A similar trend is obtained
at the second harmonic f1 = 2fy (I = A, where X is the
wavelength associated with the resonance frequency), as
shown in Figure [Bfe,f).

As shown in Figure

These findings suggest that the thermal response
is much broader than the laser spot size due to the
heat diffusion in the sample and substrate, whereas
the photoexcitation induced directly by the irradiation
remains localized. Indeed, numerical modeling reveals
that the local temperature at the center of the laser
spot increases by approximately 5 K and the thermal
spread, characterized by the full width at half-maximum,
reaches around 120 pm in diameter. Notably, the initially
sharp Gaussian heat source broadens significantly in the
thermal response, leading to an increase in temperature
of more than 0.5 K across a region 500 pm in diameter,
covering roughly one-third of the resonator’s surface.
The spatial temperature distribution and more details
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FIG. 2. (a) Evolution of the resonance frequency of the deoxygenated YBCO resonator with time. When a green LED

illuminates the sample, starting at ¢ = 2 min, the resonance frequency suddenly drops due to the light absorption-induced

heating.

On a much slower timescale, the resonance frequency increases due to the photoexcitation.

(b) Temperature

dependence of the dark resonance frequency of the deoxygenated sample before and after illuminating the entire sample with a
dose of D = 5 10*! photons/ cm?. The inset zooms in on the upshift in resonance frequency 8 fo. The dashed lines correspond to
fits of Eq.(I) to the data points. (c) Frequency shifts extracted from panel (b). For temperatures lower than 7. /2, the upshift
is constant and approximately 2 MHz, then for higher temperatures it diverges. The solid line correspond to the frequency

shift predicted by the fits in panel (b).

about the numerical calculations are provided in thess
Annex [D] 386
387
388

389

8. Phenomenological Model

390

391

A simple model can account for the observedss
contrasting  behavior  between  bolometric  andseg
photoexcitation maps. Indeed, the convolution ofsg,

physically grounded kernels, i.e. kernels able to describeses
the mechanisms at play, can faithfully capture thessg
obtained maps. A graphical representation of thessy
phenomenological model described below is presented inses
Annex [E] 399

The first step consists of identifying the absorptionaew
function Mgps. For the resonance frequency to besn
impacted by the irradiation, the laser beam must besw:
absorbed by the sample. Note that the laser irradiationaos
is more absorbed by the superconducting YBCO samplea
(86%) [34] than by the LSAT substrate (20%) [35].40s
Therefore, when the laser beam is parked in the gap of theaos
CPW geometry, the sample is substantially less heated,or
and the change in frequency is attenuated. In contrast,os
when it sits in the ground plane, the frequency change isaoo

accentuated. This is modeled by taking the convolution
of the sample geometry S(z,y) with the Gaussian profile
from the laser L(z,y). The end result is a qualitative
approximation of the quantity of light absorbed at each
pixel scanned by the laser, Myps(z,y) = S(z,y) * L(x, y).

Second, we convolve the theoretical current density
of the sample J(x,y) with a kernel representing either
the bolometric (Gg(x,y)) or the photoexcitation effect
(Gr(z,y)). Here, the argument justifying the use of the
current density lies in the fact that measurements are
sensitive to changes in L}, which in turn is correlated
to the current density (L) oc I?) [36, B7]. Previous
studies have similarly shown that shifts in the resonant
frequency can be traced back to the surface magnetic field
and, by extension, to the surface current density, thereby
confirming that the measured frequency shifts provide
insight into the underlying current distribution [24]. To
that end, the current density along the resonator’s track
line is approximated by a sine-like profile with one
anti-node for the fundamental mode, and two for the
second harmonic. We assume that the current density
at resonance is negligible in the rest of the ground
plane, which is consistent with simulations. In the
case of photoexcitation, since the physical mechanism
implies direct absorption of photons without diffusion,
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FIG. 3. (a) Schematic representation of the protocol executed at each laser position. Three measurements are performed and
synchronized with the unblanking of the laser. At each position, the sample is locally photoexcited for 60 s. A picture is taken
using a CCD camera with the laser fully blanked to keep track of the change in reflectivity. The inset shows a schematic view of
the neutral density filters carousel used to modulate the laser power by respectively blanking (0%), strongly attenuating (0.3%)
or exposing the sample (100%). (b) S21(f) spectra before, during and after the irradiation. The inset is a zoom emphasizing
the slight shift of the resonance peak towards higher frequencies after the irradiation. (c) Thermally (6 fo thermat)- and (d)
photoexcitation (4 fo,pr)-induced resonance shift from the fundamental resonance acquired while sweeping the laser over the
sample. (e) and (f) are the same maps as panels (c¢) and (d), but for the second harmonic at double the fundamental frequency.
The insets in panels (c-f) show the resulting map obtained using the convolution model described in the main text. (g) (resp.
(h)) corresponds to the simulated current density at the fundamental (resp. second harmonic) resonance. (i) and (j) are line
profiles following the resonator’s shape of the PE shifts for the fundamental and the second harmonic, respectively. The path
direction starts at point A and ends at point B as indicated in the panels (d) and (f). The gray bars correspond to uncertainties
in the measured shifts. The continuous blue lines represent the current density extracted from panels (g) and (h).

the convolution uses a Gaussian profile G, (z,y) of thesws
same size as the laser spot. In contrast to that,ss
for the bolometric response, the kernel correspondsas
to a function Gg(x,y) reproducing the temperaturesr
spread resulting from the finite element simulation.ss
Ultimately, the element-wise products, denoted by ©,s0
given by Maps(z,y)©[J (2, y) * Gr(2,y)] and Maps(2,y) Owo
[J(z,y) * Gr(x,y)] express the requirement that, for anys
frequency modification to occur, two conditions must be,_,
met simultaneously at each point (z,y): (1) light must be,_,
absorbed (as indicated by Maps), and (2) the resonator,,
must be sensitive at that location (as described by the,
convolution J * G). The results of these models are,,
presented in the insets of Figure c—f) and qualitatively

437

reproduce the measured maps. The predicted bolometric
response even captures the observed broadening of the
thermally induced frequency shift region over the whole
resonator at 2fy, resulting from the fact that the current
density is delocalized due to the presence of two anti-
nodes in the standing wave. A comparison of the
profiles obtained from the experimental data and the
phenomenological model can be found in Annex

It is worth mentioning that the bolometric response
has been extensively investigated as a method to map
current distribution in superconducting waveguides and
resonators [24, 25]. In this case, in order to achieve
high spatial resolution, the laser beam is focused into
a ~ 1.5 pm diameter spot, and the laser intensity is
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modulated at a frequency of about 0.1 MHz to limitasp
the lateral thermal spread to a few pm [24) 26] (seewn
Annex . This approach is applicable as long as thes:
thermal cycling does not lead to irreversible processes.aos
The present work deals precisely with the metastabless
process of persistent photoconductivity, and therefore,

a lock-in technique based on laser modulation is not a,,
viable option. 406

As we pointed out above, the photoexcitation is notag
only able to reveal the standing wave of the fundamental,eg
frequency, but also clearly depicts the double anti-nodess
of the current density in the resonator at the secondse
harmonic. Further compelling evidence demonstratingsy
the correlation between the photoexcitation map and thesy
actual current density in the resonator can be obtainedse;
through simulations (Sonnet software) of the sample’sse
response at both, the fundamental frequency and theses
second harmonic. The resonance frequencies obtainedses
for fundamental and second harmonics are 5.05 andsey
10.02 GHz, without considering the kinetic inductance.seps
The resulting current density maps are shown in Figuresg
g,h). The extracted current density profiles along thesi,
resonator are shown in Figure i,j) as a continuoussi
line for both the fundamental and the harmonic, ands.
they are compared with the experimentally determineds;s
dfpr data (solid circles). The good agreement betweens,
the numerically determined current density and thess
experimentally measured photoexcitation sensitivity, fors;
both fundamental and second harmonic resonances,s;
validates the interpretation discussed above.

IV. CONCLUSION
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In this work, we demonstrated the potential to
locally modify the properties of oxygen-depleted YBCO®*
resonators through photodoping. Several key findings®
merit emphasis. First, unlike traditional bolometric®®
excitation, which is fast, volatile, and highly diffusive,
the photodoping process is slow, stable, and non-
diffusive. Despite this, it enabled us to map the current®”
density within the resonators, as evidenced by imaging
standing waves at the fundamental and second harmonicss
frequencies. Second, our approach can identify ands
highlight regions that are more susceptible to changes
in the resonator’s response. Third, the photodoped
areas can be detected via changes in reflectivity using®>
a photodoping-inactive wavelength or low photon doses.
While this technique is presented as a proof of concept,sas
with clear opportunities for refinement, particularly inssx
reducing the laser spot size and increasing scanningss
speed, it demonstrates great promise for direct andsz
erasable laser-based scribing of resonators with tailoredss:
precision. Additionally, the proposed technique can bess
applied to other cuprates exhibiting photoexcitation,ss

such as oxygen-deficient GdBasCuzO, [38] and likely
BisSraCagCuz 0104, [39], and could be extended to study
persistent photoconductivity in strontium titanate [40] or
lanthanum aluminate [41].
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