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Abstract

We report on the new non-linear optical signatures of quantum phase transitions in the
high-temperature superconductor YBCO, observed through high harmonic generation. While
the linear optical response of the material is largely unchanged when cooling across the phase
transitions, the nonlinear optical response sensitively imprints two critical points, one at the
critical temperature of the cuprate with the exponential growth of the surface harmonic yield in
the superconducting phase, and another critical point, which marks the transition from strange
metal to pseudogap phase. To reveal the underlying microscopic quantum dynamics, a novel
strong-field quasi-Hubbard model was developed, which describes the measured optical response
dependent on the formation of Cooper pairs. Further, the new theory provides insight into the
carrier scattering dynamics and allows to differentiate between the superconducting, pseudogap,
and strange metal phases. The direct connection between non-linear optical response and
microscopic dynamics provides a powerful new methodology to study quantum phase transitions
in correlated materials. Further implications are light-wave control over intricate quantum
phases, light-matter hybrids, and application for optical quantum computing.

1 Introduction

Attosecond technology [1], specifically the process of high harmonic generation (HHG) [2-4], pro-
vides an all-optical probe of the microscopic dynamics of atoms, molecules and solids. Shortly



after the first observation of high harmonics in atoms, their generation was understood [4—
6] as arising from electron recollision after strong field photo-ionisation and excursion in the
continuum. Since the harmonic signal strongly depends on the electron recollision angle and
time, high-harmonic spectroscopy(HHS) is a sensitive nonlinear probe of microscopic electronic
structure with atomic spatial and sub-optical cycle temporal resolution. HHS of solids [7, §],
2D materials [9, 10], or nano-structured media [11, 12| differs from the gas phase since the
optical-field-driven electronic wavepacket is de-localised over many lattice sites, the wavefunc-
tion depends on the lattice momentum, and a hole has to match the electron’s momentum for
recombination to occur [13, 14]. Recent experimental efforts extended HHS as non-perturbative
probe to quantum materials [9, 10, 15] and to topological insulators [16-18].

The sensitivity of HHS to the intricate microscopic details of carriers and lattice predestines
HHS to investigate strong interactions and quantum correlations which lead to fascinating new
states of matter such as superconductivity. The phase transition into a strongly-correlated su-
perconductive state is described by the spontaneous symmetry breaking of the U(1) redundancy
when cooling below the critical temperature T of the material. As we will show, HHS is a
novel sensitive probe of the dynamic evolution of the superconducting phase transition since
the formation of composite bosons by pairing two fermionic spin-1/2 particles (Cooper pairs)
changes the distribution of charge carriers and this sensitively registers in the high harmonic
amplitudes and spectral distribution. Moreover, we will show that HHS can identify additional
phase transitions between quantum phases in the strongly correlated material which are not
accessible through the linear optical response and they are difficult to detect with established
methods such as SQUID magnetometry or four-probe transport measurements.

A conventional superconductor can be described by the Anderson-Higgs mechanism, which
explains that an optical nonlinear response is due to a gapless phase mode (Nambu-Goldstein)
and a gapped amplitude mode (Higgs) of the ordering parameter. In the simplest case, and
depending on the strength and type of excitation, Boltzmann and Ginzburg-Landau theo-
ries [19, 20] predict a second-order response, which mixes with the excitation mode [21, 22],
thus the generation of the third harmonic [23]. Unconventional high-T, superconductors are of
tremendous interest for a wide range of applications ranging from electronic devices and informa-
tion processing devices to optical quantum computers and quantum simulators. However, due
to their rich landscape of quantum phases and the difficulties of experimental methods to probe
the microscopic dynamics, our understanding is still very limited. Therefore, the development
of all-optical and ultrafast probes of the macroscopic dynamics inside such materials, which is
compatible with existing methods, is highly desirable. To this aim, we apply HHS to investi-
gate the transition between the different phases of the unconventional high-T,. superconductor
YBayCuzOr_4 (YBCO). We elucidate the connection between the measured optical spectra, the
transition between strange metal and pseudogap phases and the superconducting phase transi-
tion with a novel strong-field Hubbard model. The HHS measurement clearly shows a departure
from the normal conducting phase with an increased formation of Cooper pairs upon cooling.
The variation in harmonic orders is linked to phenomenological energy and phase relaxation
times, which identify the transition to the fluctuation regime [24, 25], i.e. between the strange
metal and pseudogap phases, and the sudden transition at T, into the superconducting phase.
Unconventional superconductors, like YBCO, are material systems in which the formation of
composite bosons out of paired fermions is not mediated by phonon exchange, but by some
other kind of energy exchange [26], for instance, due to spin fluctuations. Such systems present
many standing fascinating questions. It is thus important to have new powerful experimental
techniques like HHS that provide a fresh and alternate view of the problem.

2 Results and Discussion

YBayCuzOr_4 (YBCO) is a copper-oxide cuprate that crystallises in an orthorhombic perovskite
structure. The YBCO unit cell consists of two CuOs4 planes which sandwich an oxygen-depleted
CuOy plane; see Fig. 1(a). The CuOy planes are central to superconductivity, interacting



with oxygen-depleted CuO, chains which act as charge reservoirs [27-29], and specifically the
interaction of electrons in the 2p, and 2p,, orbitals of oxygen (O) ions and the 3d,2_,2 orbitals of
copper (Cu) ions. Thus, YBCO is a quasi-two-dimensional superconducting system. As a result
of the strong Coulomb repulsion by the Cu®* ions, the 3d,2_,2 band splits into lower (LHB) and
upper Hubbard bands (UHB) with a gap of up to 2 €V, and the density of states exhibits a peak
at the top of the LHB. The transition to the SC phase is presently understood as hole-doping
the oxygen 2p sites altering the exchange interaction between the copper spins which mediates
the formation of Cooper pairs. Our measurement reveals two critical temperatures (discussed
below) which allow determining the doping level of the material at p ~ 0.15. Figure 1(b) depicts
the phase diagram of YBCO and, based on the determined doping level for our YBCO sample,
the red arrow indicates that our measurement transitions between the strange metal phase at
room temperature into the pseudogap phase at 7" and into the SC phase at Tp.
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Figure 1: Experimental setup and YBCO properties: (a) Orthorhombic unit cell of
YBayCuzO7 (YBCO) together with the crystallographic axes. YBCO consists of alternat-
ing planes along the crystallographic c-axis with order CuO-BaO—-CuO2-Y—-CuO2-BaO.
Most relevant for superconductivity are the copper-oxide planes. Also indicated is the
experimental arrangement with linearly-polarised mid-IR laser fields whose electric field
vector lies along the copper-oxide planes. (b) shows the phase diagram for YBCO. Based
on the value of T from the measurement, we determine a hole concentration of p ~ 0.15.
Based on this value, we mark the transition between the different phases by the red arrow.
In accord with measurement and theory, 7" marks the transition between strange metal
and pseudogap phases at 173 K.

For our investigation, we measure high harmonics in reflection from 100-nm-thick films
of YBCO which are mounted on a Joule-Thomson micro—refrigerator. The superconducting
properties of the YBCO films were characterised by inductive measurements and a critical
temperature of 88 K was obtained, indicating proper oxygen doping; see Fig. 6 and description
of the SI. Having confirmed the high quality of the YBCO films and the transition to the
SC phase, we induce non-perturbative high harmonic generation with sub-bandgap, ultrashort
mid-infrared (mid-IR) pulses at 3200 nm (0.4 ¢V) from a mid-IR OPCPA [30, 31]. The linearly-
polarised 94—fs, mid-IR pulses are focused to a vacuum electric field strength up to 0.083 V/ A
and they intersect the material at 45 deg under s-polarisation. Due to the chosen reflection
geometry with s-polarisation we avoid the generation of even order surface harmonics, arising
due to symmetry breaking at the interface, and detect the odd-order harmonics (HH3, HH5
and HH7) of the fundamental photon energy at 0.4 e¢V. This measurement geometry ensures
the best possible signal-to-noise ratio as the fundamental’s energy is exclusively distributed
amongst odd harmonics orders. To prevent oxidation of the samples, and unwanted alteration
of the superconductive properties, we conduct all experiments inside a vacuum chamber. We



have checked that the 400-pm-thick CaFy windows of the vacuum chamber do not contribute
to the measured signal. The YBCO sample is cooled with the Joule Thomson refrigerator to
a minimum temperature of 77 K and we record the reflected radiation by imaging onto the
entrance slit of a spectrograph for analysis.

Figure 2(a) shows measured harmonic spectra at room temperature (red curve) and close
to the critical temperature T, (blue curve). As expected, we record only odd-order harmonics.
Clearly noticeable is a blueshift of room-temperature harmonics with increasing harmonic order
and relative to the harmonics measured at T.. Next, we record how HH3 (yellow), HH5 (red),
and HH7 (blue) scale as a function of the mid-IR peak intensity; shown in Fig. 2(b).

While it is expected that all harmonics increase for a higher peak intensity of the fundamen-
tal, we instead observe a surprising and dramatic increase for HH7 for the highest mid-IR peak
intensity at 90 GW /cm?. We thus fix the mid-IR peak intensity at 90 GW /cm?, corresponding
to a vacuum electric peak field amplitude of 0.083 V/A7 and record the optical response of the
material as a function of temperature.

a - C
E 8 igpsiis I3 0§ 3§ EIIEEIIEIIIIIIEIEI‘
E- mid-IR
z
2 —
2 <
§ 5
a 9
© E Theory
B . = 24 HH5
> g fi
® i
— = i @ i t
h: ‘@
b E) 2 HH3 g L] $ Theory
g £ t R 3 HH7
= ] ray . ;388 ¢
i ff""'/HH5 ’ a Theory
= /“ e * )
g 04 300 K‘,'JBOK 80Ky ,/'/ Tc T . =
£ i s00 K feok / /300K T >
I Z | 100 200 300
I 20 30 40 50 60 70 80 90
Mid-IR intensity (GW/cm2) Temperature (K)

Figure 2: High harmonic spectroscopy of YBCO: (a) Harmonic spectra showing
odd orders HH3, HH5 and HH7 for room temperature (red) and at 7, = 90K (blue) for
a mid-IR field strength of 0.083 V/A. Visible is already a blueshift of room-temperature
harmonics with increasing harmonic order and relative to the harmonics measured at 7.
We observe a dramatic increase of HH7 amplitude upon cooling into the SC phase. (b)
Shown is the scaling of harmonic order with mid-IR peak-intensity for measurements at
room temperature and at T,. Dark colours show data for the SC phase whereas light
colours indicate data at room temperature. (c) Shown is the reflected mid-IR field to-
gether with harmonics HH3, HH5 and HH7 as a function of temperature. These measure-
ments are taken for a mid-IR field strength of 0.083 V/ A. Results from the strong-field
quasi-Hubbard model are overlaid as solid lines. We observe a dramatic increase of HH7
amplitude upon cooling into the SC phase at 88 K. All harmonic orders show a clear
turning point at the critical temperature 7. and an exponential increase in amplitude.
More subtle, but still clearly discernible is another critical point 7" at 173 K, marking
the transition from strange metal to the pseudogap phase. The functional behaviour is
reproduced by the model.

Figure 2(c) shows the results of this measurement. While we find that the fundamental (red
dots) does not vary significantly with temperature, all the harmonic orders exhibit varying and
strong trends with temperature. Most strikingly, HH7 increases in amplitude by over one order
of magnitude over the measured temperature range while HH3 and HH5 amplitudes initially



decrease with temperature. For instance, the amplitude of HH3 decreases until 7" = 173 K after
which the amplitude varies very little. A similar trend is observed for HH5. In stark contrast,
HHYT increases by at least a factor of 5 until reaching the critical point. This critical point marks
the transition between strange metal into the pseudogap phase, at 7" = 173 K, and the ampli-
tude of all harmonics varies very little. Further cooling to T, = 88 K, a dramatic exponential
increase is measured for all harmonic orders. This marks the quantum phase transition into the
superconducting state. It is interesting to note that the highest nonlinear measure, HH7, is the
most sensitive indication of all critical points to investigate the quantum phase transitions from
strange metal into pseudogap and SC phases. We note that measurements of the magnetisation
of the sample readily confirm the temperature value at which the SC phase transition occurs; see
SI. However, in contrast to HHS, the identification of the transition between strange metal and
pseudogap quantum phases is not as obvious from conventional methods like a transport mea-
surement; see Fig. 6. To further elucidate the connection between measured optical nonlinearity
and the formation of Cooper pairs in the superconductor, we have developed a new theoretical
approach that describes HHG in a high-T, superconductor through a two-band quasi-Hubbard
model with BCS d-wave pairing. From the theoretical perspective, high-T,. superconductivity
is often described in terms of the Hubbard model [32], a paradigmatic framework in strongly
correlated quantum systems capturing both electronic and spin interactions. There have been
many theoretical approximations and extensions of the Hubbard model to study the cause of
high-T¢. superconductivity [33-35]. In the literature, high-T, superconductivity is often mod-
elled with intra- and inter-orbital hopping and electron-electron interactions by a three-band
Hubbard model [36, 37]. Due to numerical challenges, simplified one-band versions have been
considered [34]. But, such a simple model does not actively account for the hopping between
oxygen orbitals in a non-equilibrium scenario. In contrast, our two-band quasi-Hubbard model
uses a band structure calculated from density functional theory (DFT), combined with attractive
Hubbard-like interactions in the mean-field limit. The electrons in the lower band interact with
each other and can therefore be well described by an attractive Hubbard interaction, giving rise
to the Cooper pairing and superconductivity. Transitions between the higher band and lower
band are to describe high-energy electron hopping processes between the oxygen orbitals. We
assume that electrons in the higher band are non-interacting and dipolar coupling includes intra-
and inter-band transitions. The dynamic evolution of the system is described by semiconductor
Bloch equations, including electron-electron and electron-phonon scattering processes through
phenomenological dephasing terms; see SI for details on the model.

The calculated high harmonic spectra are shown in Figure 2(c) (solid lines). We find an
excellent match with the experimental data. The model faithfully reproduces the functional
form of the measurement data over the entire temperature range and for several orders of
magnitude of harmonic amplitude. Most importantly, the model describes the position of critical
points, changes of slopes, and the position and trend of exponential harmonic amplitude. The
excellent match of simulations with data permits identification of the critical point at 7" = 173
K as the transition from the strange metal phase into the pseudogap phase, thus marking the
beginning of the fluctuation regime. Microscopically, the transition to the pseudogap phase,
by lowering the temperature, is accompanied by strong fluctuations associated with a quantum
critical point [38] which is clearly identified by our model and the measurement; see Fig. 2(c).
Lowering the temperature further, we expect a further increase in carrier scattering time and a
respective increase of the current.

To this end, we extract the blueshift of HHS across all the three regimes: superconducting,
pseudogap and strange metal. The blueshift of HHS is reminiscent of strong electron-electron
scattering during HHG [10] and occurs due to a back action of the quasiparticle dynamics on
the laser field. The strong carrier scattering and consequential blue—shifting are reminiscent
of effective energy loss and dephasing of the HHG process. As such it can reveal crucial de-
tails about the quasiparticles in each strongly correlated regime. Figure 3 shows measurement
results which show that at room temperature, carrier scattering is strongest and the highest
nonlinearity, here HH7, is affected most; also see Fig. 1(b). Interestingly, the directly measur-
able blueshift, while clearly discernible in all harmonic orders, does allow to clearly identify the



critical temperature and transition between the phases. By comparing Figs. 2 and 3, within the
sensitivity of our measurement, the harmonic amplitudes prove to be the strongest observable
for carrier scattering.
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Figure 3: Harmonic frequency and shift: (a) The center frequencies of the 3rd, 5th,
7th harmonic peak are plotted vs. the intensity of the exciting light at 300 K and at
80 K. A frequency blueshift increasing with the driving intensity is observed. (b) The
temperature-dependence of the blueshift is shown. All harmonics show a rise of the
blueshift for temperatures T' 2 T™ is observed. This behaviour reflects the suppression of
scattering processes in the superconducting phase and the pseudogap phase.

Our model provides insight into this dynamics with phenomenological scattering and dephas-
ing times 7 and 79, shown in Fig. 4. We note that strong field excitation as in HHS precludes
the straightforward interpretation of 73 and 7 with inverse resistivity. This would be straight-
forward in the linear excitation regime, but the association with a resistivity under strong-field
excitation requires further theoretical development. Nevertheless, both values 7 and 7 allow
identifying the quantum critical points.
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Figure 4: Phenomenological scattering parameters: (a,b) By fitting the experimen-
tal data to the model, we extract the temperature-dependence of the phenomenological
scattering and dephasing times 7 and 7. Clearly visible are changes in the functional
behaviour of the two parameters at the two critical points. In the given temperature range
from 80 K to 300 K, the scattering time 71 decreases from 1400 to 100 a.u. (34 to 2.4 fs),
and the dephasing time 79 decreases from 180 to 100 a.u. (4.4 to 2.4 fs)

Lowering the temperature to 88 K, a striking change of high harmonic amplitude and an
exponential increase is observed. This changeover clearly marks the quantum phase transition
into the superconducting phase. The theoretical model reproduces the exponential change of



HH7 and HH5 in addition to the overall functional form of the experimental curve and it
identifies the dramatic increase in harmonic amplitude due to a vastly increased current from
inter-band carrier motion at near-zero resistivity. We note that a detailed analysis based on an
extended microscopic model that could relate the self-energy, due to scattering processes such
as electron-electron, electron-phonon, etc., with the measured blueshift would provide a more
quantitative picture of the transition from a pseudogap to a non-Fermi liquid phase, i.e., the
strange metal phase of the cuprates. The quasi-particle weight extracted from the real part of
the self-energy could be used to understand whether a system is in a Fermi liquid state or not.
This distinction should be possible because, in a Fermi liquid state, the quasi-particle weight is
expected to have a finite value at zero temperature, whereas, it is zero for a non-Fermi liquid
at zero temperature. A large reduction of the quasi-particle weight inferred from the blueshift
would reveal the physics of the transition towards the non-Fermi liquid strange metallic phase.

3 Conclusion

Our experimental and theoretical findings provide a first striking example of how HHS can be
used to distinguish strongly correlated phases of matter and pave the way towards a refined
understanding of the intriguing physical processes at work in a high-T, superconductor. HHS
is a technique that is simple to apply but needs a theoretical model to provide microscopic
insight. We have provided such a new strong-field quasi-Hubbard model which connects the
optical spectrum as observable with the microscopic dynamics of carriers. The model describes
the formation of composite bosons from fermion spin-1/2 particles by Cooper pairing and the
electron hopping processes between orbitals of the material. The combination between exper-
iment and theory permits extracting phenomenological scattering times which clearly identify
the quantum critical points. We note that in the linear response regime, these phenomenological
amplitudes and phase decay times are directly related to the material’s conductivity. Our BCS-
type model faithfully models the measured HHS which are shown to be sensitive to all quantum
critical points. Our investigation provides the first strong-field investigation of a high 7. su-
perconductor and measurement of its quantum phase transitions. The method clearly shows
the efficacy to identify the different quantum phases, such as the pseudogap phase, the strange
metal and the superconducting phase, together with their quantum critical points. We believe
that attosecond technology applied to quantum materials provides a novel view of the multi-
body physics of strongly correlated materials and it allows to probe the pairing glue of Cooper
pairs. Such insight will further our understanding of the strong-field and light-field control of
light-matter hybrids with the distinct possibility to control competing charge orders in quantum
matter. We envision leveraging strong field control to enable or inhibit superconductivity and
to switch quantum phases at the frequency of light. This has implications to develop new ways
for energy-efficient information processing and optical quantum computation.

4 Supplementary Information

4.1 Theoretical model

The theoretical description is based on a Hubbard-like two-band model in the BCS limit, whose
time-dependent Hamiltonian reads

Ht) = Y emnchonOekoat) + 3 [Ap(t)cky (el 41 (1) + e
ko k
—E(t) Y [ehon(O)Dyy (k)ckox (1)]- (1)

kAN, o

Here, A € {L,U} is the band index for the lower and upper band, o € {],1} is the spin
index, and k is the index for pseudomomentum. The operators cp,x(t) and c;rm/\(t) are the



corresponding time-dependent annihilation and creation operators in the Heisenberg frame.
The band energies are given by ey = Ey + Eu (k) — p and egr, = Ex, (k) — p, where p is the
chemical potential, determined self-consistently. The renormalized band structure along the
main symmetry direction is obtained from DFT, and parametrized by the functions E) (k), and
a direct energy gap E; = 0.0317 a.u. at the band edge.

The second term in Eq. (1) is the pairing term, proportional to the time-dependent su-
perconducting gap Ag(t). This term is obtained from an attractive d-wave interaction U =
Ulcos (kga)—cos (kya)] of strength U, and the gap parameter must fulfill the BCS self-consistency
condition Ay (t) = —Uk > Urr(c—iryn(t) e (t))]-

The last term in Eq. (1) describes the coupling to the light field, with an electric field
pulse E(t) = Egsin® (wot/2neyc) sin (wot) of amplitude Eg = 0.004 in atomic units (a.u.), center
frequency wp = 0.01425 a.u., ncyc = 8 cycles. These values are compatible with the experimental
estimated parameters of the laser pulse. The optical coupling is proportional to the covariant
derivative [39], —iDyx (k) = [5M'3k - idM/(k)], with dyy (k) describing the interband dipole
moment, or, for A = )\, the Berry connection of the respective band, which is zero in our system.
For the dipole moment we have used dyr,=14 a.u. in our numerical evaluations.

For linearly polarized driving fields, typically one spatial dimension in the k-space is enough
to model the electron-hole dynamics [40]. As such, we restrict our numerical simulations to only
a single one-dimensional slice of the full k-space. From Eq. (1), we then derive the Heisenberg
equations of motion which describe the dynamics of the relevant correlators, namely popu-
lations ngy,(t) = <CLU/\(t)CkU)\ (t)), normal interband polarizations Py (t) = <CL¢U(t)Ck¢L (1))

and Py (t) = <CLTU(t)CkTL(t)>7 as well as the anomalous mixed-spin polarizations Agq(t) =
<CL¢U(t)CT—k¢L(t)> and Ag4(t) = <CL¢U(t)CT—mL (t)), and the superconducting correlations Spy(t) =

<c£TU(t)cJLkLU(t)> and Sy, (t) = (cLTL (t)ciku‘ (t)). These “superconductor Bloch equations” form
a closed set of first-order differential equations. In order to account also for effects due to
electron-electron and electron-phonon interactions and disorder, we include in these equations
non-unitary scattering processes with phenomenological scattering times 71 and 7o:

0, (0(t)) = —([H(1), 0(1))) — 12, @)

T1/2

71 is used when O(t) represents a population, while 72 when O(¢) describes a correlation. The
scattering times 7 and 75 and their temperature-dependence are obtained by fitting theoretical
results to the experimental data, see main text Fig. 4.

The initial conditions of the equations of motion are given by the thermal equilibrium when
the electric field is off. The band populations are given by the Fermi-Dirac distribution, assuming
a half-filled L-band. All polarizations and the superconducting correlator in the U-band are
initially zero. The superconducting correlator in the L-band takes nonzero values up to the
critical temperature. Its value is determined self-consistently by solving the model through
the Bogoliubov-de Gennes transformation. With the phenomenologically motivated choice of
U = 0.718 and a half-filled L-band, the model produces the right critical temperature T, = 88
K.

We then time-evolve the system in the optical field, and evaluate the generated electrical
current J in the crystal [39], given by J(t) = Jintra(t) + Jinter (t) With Jingra = Y \ o Ok€rr (Mrrs)
and Jinter = )5, 2 dur (exu — €x1.) Im( P, ), assuming a constant interband dipdlé moment dyr,.
Here, we have already assumed a one-dimensional geometry. From the time-dependent current
J(t) we obtain the harmonic spectrum by Fourier transforming it into the frequency domain,
with the results shown in Fig. 2(c) of the main text.

4.1.1 YBCO band structure

The band structure shown in Fig. 5 has been calculated with the all-electron full-potential
linearised augmented-plane wave (LAPW) code ELK [41]. For simplicity, the T-X-S direction
is used for the simulations.



Figure 5: Band structure: The two bands U and L are plotted along I'-X-S. The
horizontal line marks the Fermi energy for a half-filled L-Band.

4.2 High Harmonic Spectroscopy and Data Analysis

The third (1065 nm), fifth (639 nm) and seventh (457 nm) harmonics generated driven by the 3.2
pm pulses are measured with a custom configured Maya 2000 Pro high-sensitivity spectrometer
from Ocean Insight, Inc. The generated harmonics at the surface of the YBCO sample are
imaged in free space onto a 600—um—wide spectrometer slit. The spectrum of all three harmonics
is measured simultaneous using an integration time of 500 ms. We used a FGB37 bandpass filter
from Thorlabs, Inc to measure all the signals together. The purpose of the FGB37 bandpass
filter is a calibrated attenuation of the third harmonic signal by ~ 4 orders of magnitude such
that HH3 can be measured together with the much weaker HH5 and HH7. The filter avoids
saturation and possible cross-talk between the array pixels and readout. The high dynamic
range of the Maya 2000 Pro spectrometer enables measuring HH5 and HH7 signals without
requiring any additional attenuation of HH5. We have conducted additional measurements
with a monochromator and calibrated photomultiplier tube to confirm the accuracy of our
measurements. The spectrometer’s integration time was set to 500 ms to minimise thermal
effects during measurement. In addition, an automatic shutter blocked the mid-IR beam for
a few minutes between each measurement to ensure thermalisation of the sample to the set
temperature before another acquisition was taken. The YBCO temperature was varied from
cryogenic to room temperatures and back to avoid systematic errors due to possible hysteresis.
This process was repeated numerous times. The standard deviation is calculated from those
repeated measurements.

4.3 YBCO sample fabrication and characterisation

YBayCuzOr_g (YBCO) films with a thickness of 100 nm were grown using pulsed laser depo-
sition (PLD) on 5x5 mm? LaAlOz (100) single crystal substrates with thicknesses of 500 pm.
The films where deposited at 800°C and POs = 0.3 mbar with a pulse frequency of 5 Hz and
oxygenated at 600°C at 1 bar. After film growth the substrate was milled to a final thickness
of 50 ym. SQUID magnetometry (Quantum Design) was used to determine the critical cur-
rent temperature and critical current density using the Bean critical state model. Transport
measurements were performed with four-probe configuration by a commercial physical prop-
erty measurement systems (PPMS). The results from these measurements are shown in Fig. 6.
We note that these measurements are in very good agreement with literature values; see e.g.
Ref. [42].
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Figure 6: Characterization of YBCO samples: (a) SQUID measurement of the tem-
perature dependence of the magnetic moment, normalised at 5 K, showing a critical
temperature of7. = 88 K and (b) critical current density as a function of temperature,
Jo(T). (c) Shows the resistivity, normalised at 300 K, as function of temperature and (d)
shows the derivative. For completeness the HHS determined critical temperatures are
superimposed. Solid lines in (c¢) and (d) are linear fits performed above T*.
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