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This work presents a novel approach for detecting quench or hot spot regimes in coated conductors by
depositing luminescent nanocrystals operating as nanothermometers onto the silver protective layer,
allowing simultaneous temperature measurements. In this work, we use hafnium oxide (HfO,) nanocrystals

Received 1st August 2025, doped with Eu** and Tb®" ions, synthesized via a microwave-assisted solvothermal method, which were

Accepted 12th December 2025 next spin-coated onto the protective layer of coated conductor tape. HfO,:4.5%Eu®*,0.5%Tb>* nanocrystals
DOI: 10.1039/d5tc02913a exhibited a relative sensitivity of up to 4.10% K~* at 40 K. The nanocrystal-derived thin film, with a thickness
of 60 4+ 10 nm, exhibited good thermometric performance, with a relative sensitivity of 13.51% K~* at 20 K.

rsc.li/materials-c It also retained the superconducting properties of the coated conductor.
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Introduction

High-temperature superconducting (HTS) tape based on REBCO
(REBa,Cuz0;_,, where RE stands for rare-earth) coated conduc-
tors is promising for electrical applications and can additionally
help to reduce energy losses and enable new carbon-free energy
sources, mitigating negative impacts on the climate."” However,
a problem associated with reliable continuous operation of HTS
applications is the behavior of the conductor when part of it
reverts from the superconducting state back to its normal
conducting state due to disturbances in the superconducting
layer.> This phenomenon is called a quench or hot spot
regime, and it can be caused by local damage in the super-
conducting layer that induces excessive local temperatures and
non-uniform current density distribution in the film. After a
quench, a normal conducting zone with finite resistance forms
in the superconducting tape, dissipating energy through Joule
heating. This zone spreads along the superconducting layer due
to the low thermal conductivity (W m~" K™") and high specific
heat capacity (J kg™' K ). The speed of this propagation is
referred to as the normal zone propagation velocity (NZPV).*
This NZPV plays a crucial role in the thermal stability and is
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typically expressed in meters per second (in the m s~ range) for
low-temperature superconductors (LTS) or centimeters per second
(in the cm s~ range) for HTS.

A low NZPV concentrates the local joule heating within a small
section of the tape, leading to irreversible damage (even ruptur-
ing the cross-section of the superconducting tape completely),
while a higher NZPV allows for effective heat dissipation over an
extended surface across a large normal zone.'® Therefore, under-
standing, monitoring, and controlling the NZPV is crucial to
prevent local overheating and potential damage to the super-
conducting tape.>'""? It is then necessary to implement protec-
tive measures such as quench detection systems. Most quench
detection technologies are capable of detecting NZPV at speeds in
the range of m s '. However, detecting NZPV on a cm s '
magnitude, while simultaneously preventing quench propaga-
tion, remains a challenge.® Several types of quench detection
have been proposed, including methods based on temperature,”
magneto-optical effects,® voltage,'* pressure,” fluorescence,®
and Rayleigh scattering."” Each approach has its own advantages
and limitations. In this work, we focused on temperature-based
quench detection as it is extremely useful to develop a new
quench detection method capable of monitoring the temperature
of the HTS tape with high resolution and good sensitivity of the
temperature measurements, conducted over a large area. Addi-
tionally, a fast temperature readout that is not affected by the
substrate is of high importance to ensure correct and accurate
temperature readout.

For those requirements, conventional contact thermometry
methods, such as thermocouples, are unsuitable for monitoring
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temperature due to their low spatial and thermal resolution, as
well as low spatial and thermal sensitivity."*>° More importantly,
their invasive characteristics can disrupt the superconductor sys-
tem. Non-contact methods like infrared (IR) thermography,
Raman spectroscopy, and luminescence-based thermometry have
certain advantages such as their higher spatial and thermal
resolution.”'”> However, IR thermometry is limited to surface
temperature measurements and lacks in-depth information, while
Raman spectroscopy suffers from low signal levels and potential
interference with fluorescent molecules inside the sample. Lumi-
nescent thermometry has gained significant interest due to its
minimally invasive and non-destructive characteristics, remote
access, high thermal and spatial resolution together with high
sensitivity. Lanthanide (Ln)-based materials are some of the most
promising candidates for use as luminescent thermometers. The
ratiometric approach is one of the simplest methods, which
utilizes the intensity ratio between two emission bands.'®** This
approach relies on temperature-dependent changes of the lumi-
nescence emissions in steady state mode, comparing the ratios of
the peaks to each other. If the two electronic states are thermally
coupled, a Boltzmann distribution is fitted to achieve a primary
thermometer. This approach is less dependent on background,
experimental conditions, and the environment and therefore less
prone to errors in readout, inaccuracies and uncertainty as it has
an internal reference.**>°

Here, ratiometric luminescence thermometry based on Ln**-
doped nanomaterials can provide an effective solution for detect-
ing quench or hot spot regimes on superconducting materials
with em s~' magnitude. The host material for Ln-based thermo-
metry should exhibit good crystallinity, which is essential for Ln**
ions as their intraconfigurational 4f-4f transitions require good
crystallinity to achieve high-intensity emissions. Highly crystalline
metal oxide thin films are often obtained by thermal treatment
under controlled oxygen partial pressure during or after deposi-
tion. Nevertheless, the thermal budget of the coated conductor
must be carefully considered, as treatments at elevated tempera-
tures (above 600 °C) can deform, delaminate, or oxidize the
substrate, or even degrade the superconducting layer in an
oxygen-rich atmosphere.”” Furthermore, it should be noted that
the thickness of the thermometer layer, when applied as a thin
film coating in the multi-stacked architecture of the coated
conductor, must be minimized to avoid compromising the engi-
neering critical current density, while still ensuring high signal
intensity and reliable thermometric performance. As a thin film,
nanothermometers can be integrated into the coated conductor
architecture for localized temperature sensing. In this context,
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nanoparticle-derived thin films are advantageous because the
nanoparticles with the desired crystallinity and luminescence
properties can be previously synthesized and later simply
deposited onto the desired substrate at room temperature
(RT). However, size-dependent luminescence quenching and
its negative influence on thermal sensitivity are known issues in
nanothermometry,*® making it challenging to balance the bene-
fits and drawbacks of small nanoparticle sizes. Choosing a host
material for a lanthanide-based nanothermometer can be parti-
cularly difficult, especially when the host material not only
serves as a dopant embedding medium but also exhibits its
own luminescent properties, as was the case in this study."

In this work, hafnium oxide (HfO,) was chosen as the host
material for lanthanide luminescence-based thermometry, as it
is optically transparent and offers high chemical, mechanical
and thermal stability in all temperature regions, from the
cryogenic region to very high temperatures.?® Despite the fact
that organic/hybrid host matrices with lanthanides (Eu-Tb)
exhibit orders-of-magnitude higher luminescence intensity at
cryogenic temperatures,**™* they cannot be incorporated into
coated conductor architectures due to several reasons, such as
the lack of long-term stability and the limited flexibility (due to
the rigidity) of metal-organic frameworks (MOFs) and other
organic-based materials. Also, high crystallinity of the host mate-
rial is crucial since the crystal field symmetry and strength affects
the 4f-4f electronic transitions, which are only partially allowed by
the forced electric dipole mechanism due to asymmetries in the
crystal field of centrosymmetric crystals.**> Increasingly complex
thermometric systems are being developed by incorporating nano-
particles into various devices and compounds, aiming to combine
their strengths and reduce their weaknesses, with applications in
fields such as catalysis and microelectronics.>**° Other emerging
applications of lanthanide-based luminescent thermometry are
often found in the (bio)medical field such as in vivo luminescent
thermometry for deep-tissue temperature imaging and intratu-
moral thermal monitoring during photo-therapy.*®*' Despite the
above-mentioned qualities, only a few studies have reported HfO,
as a host material for lanthanide luminescence-based thermome-
try (hereafter referred to as thermometry).*>*>* In this work,
HfO,:Eu®*,Tb*" nanocrystals are synthesized and characterized
for thermometric application, achieved by depositing the lumines-
cent nanocrystals as a thin film onto the silver protective layer of
coated conductors (Fig. 1). Previous studies, including some of our
own, have demonstrated that Tb-Eu systems are highly suitable
for developing thermometers in the cryogenic region due to their
excellent relative sensitivities.**** To the best of our knowledge,

HfO,:Eu®*, Tb** nanothermometric film
Protective silver layer

mm Superconducting REBCO film
Buffer layer

e SRS = \calic substiate

Fig. 1 Schematic representation of the cross-sectional view of the coated REBCO conductor with a HfO»:Eu**, Tb** nanothermometric film on top of

the protective silver layer.
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this is the first report of a combined nanothermometer-super-
conductor system. The integrated system exhibits excellent lumi-
nescence thermometric behavior at cryogenic temperatures while
preserving its superconducting properties.

To demonstrate the feasibility of applying this nanothermo-
metry approach under cryogenic conditions, a conceptual
implementation is proposed for in situ temperature monitor-
ing. As nanothermometry is an optical and remote sensing
technique, relying on photon excitation and consequent emis-
sion detection, the setup requires integrating a readout system
properly aligned with the nanothermometric film. For practical
implementations, such as temperature monitoring of a super-
conducting magnet, only the cross-sectional area of the ther-
mometry film is exposed and the luminescent probe must be in
direct physical contact with the material being measured, even
though excitation and emission are detected optically. Conse-
quently, precise control over film thickness and uniformity is
essential to achieve reliable and reproducible measurements.
Therefore, the superconductors’ geometry and accessibility
must be considered when building a detection system around
it, to offer reproducibility, minimize artifacts, and enable
precise and intense signal detection. It should be noted that,
while the system as presented does not yet demonstrate the
detection of localized hot spots or resolve NZPV, this limitation
is acceptable within the scope of the current proof-of-concept
study. These limitations arise from the combination of nano-
crystal luminescence behavior at cryogenic temperatures and
practical constraints in optical alignment and thin-film uni-
formity. These factors reduce spatial resolution and sensitivity
at cryogenic temperatures, potentially affecting the detection of
localized hot spots and NZPV. Currently, the proposed proof-of-
concept system shows good thermometric parameters. Further
work will focus on lab-scale tape sections to: (1) deposit and
optimize nanothermometric films on operational superconducting
tape, (2) optimize excitation/emission and optical readout to
improve collection efficiency and spatial resolution, and (3) bench-
mark against conventional cryogenic thermometry to validate
performance under realistic superconducting and magnetic con-
ditions. Subsequently, the system can be gradually integrated into
larger devices for scaling real superconducting applications, ensur-
ing reproducible and accurate temperature monitoring. By propos-
ing a feasible integration strategy and addressing practical
limitations, this study demonstrates potential for real-world appli-
cations rather than serving solely as a conceptual demonstration.

Experimental section
Materials

Unless specified otherwise, all manipulations were conducted
in ambient air. Hafnium(wv) chloride (HfCl,, 98%), hydrochloric
acid (HCl, 37%), and terbium(um) acetate hydrate (Tb(ace)s,
99.9%) were purchased from Sigma-Aldrich. Europium(u) acetate
hydrate (Eu(ace)s, 99.9%) was purchased from Thermo Scientific
Chemicals. Tetrahydrofuran (THF, ExtraDry, 99.5%) and dichloro-
methane (DCM, anhydrous 99.6%) were purchased from Acros
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Organics. Oleic acid (90% technical grade) was purchased from
VWR. Solvents used for synthesis were purchased from Chem-Lab.
Benzyl alcohol (BnOH, ReagentPlus®™ >99%) was vacuum distilled
and stored over sieves based on a method of Horton et al.*> Oleyl
amine (70%) was purified according to Baranov et al.*® Both were
purchased from Sigma-Aldrich. The YBCO coated conductor tape
was taken from the standard production of Deutsche Nanoschicht
GmbH (D-Nano, Germany). This was all-chemical-based tape
that consisted of 10 mm wide and 60 um thick Ni-5 at% W alloy
RABITS (99% Cube within 15° misorientation) coated with
La,Zr,0; buffer, CeO, buffer, YBCO superconducting, and Ag
protective layers.*”

HfO,:Eu®*,Tb*" nanocrystal synthesis procedures

The synthesis of undoped HfO, nanocrystals has been pre-
viously described by Goossens et al.,*® where the precursor
hafnium(v) chloride tetrahydrofuran complex (HfCl,-2THF)
was first adapted from the procedure of Manxzer et al.*® and
subsequently optimized. Briefly, 0.069 mol HfCl, is partly
dissolved in 220 mL DCM and is completely dissolved when
THF is added in a dropwise manner, forming crystals after a
few minutes. The solution is frozen, filtered, and washed with
pentane, resulting in a white HfCl;-2THF powder. The HfO,
nanocrystal synthesis is based on the original solvothermal
synthesis by Buha et al®® which was later adapted into a
microwave-assisted synthesis by De Roo et al.>' This was further
optimized by Goossens et al.*® through the use of the HfCl,-2THF
complex. To adapt this synthesis towards the HfO,:Eu**,Tb**
nanocrystals, Tb(ace);:xH,0 and Eu(ace);:xH,O were pre-
dissolved in 4 mL of BnOH and 0.6 mmol HfCl,-2THF was added
to the BnOH mixture and transferred into a 10 mL glass micro-
wave vial. This mixture was subjected to microwave radiation at
220 °C for 4 hours in CEM Discover SP microwave equipment
(infrared temperature control) with medium stirring provided by
a magnetic Teflon stirrer. After microwave-assisted synthesis, the
reaction mixture was transferred to a centrifuge tube and rinsed
with 3 mL of diethyl ether. After mild centrifugation (720 rcf,
2 min), three phases were observed: the transparent organic (top)
phase, the aqueous milky (middle) phase, and the solid (bottom)
phase. The top phase was removed by pipetting, and the milky
phase was separated from the solid phase by decantation.
Ethanol was then added to the milky phase, yielding 2 mL of a
transparent nanosuspension. This nanosuspension was precipi-
tated by the addition of 5 mL of diethyl ether. After centrifugation
(4500 rcf, 2 min), the HfO, nanocrystals capped with HCI, were
post-functionalized with 50 pL of oleic acid and 50 pL of oleyl
amine, yielding a clear suspension in 4 mL of toluene. For some
measurements, ligand-free nanocrystals were used. To obtain
ligand-free nanocrystals, the nanocrystals were dispersed in
1 mL of toluene. HCl was added until the solution reached a
pH of approximately 3-4 (1 or 2 drops of 1 M HCI). Then, 1 mL of
distilled water was added, and the mixture was sonicated for
1 hour at RT. Afterwards, the nanocrystals were washed with a
1:20 volume ratio of ethanol and then with distilled water
(centrifuge settings: 4 minutes at 7000 rcf). The resulting powder
was dried overnight in a drying furnace at 80 °C.
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Characterization of HfO, nanocrystals

Transmission electron microscopy (TEM) images of undoped
and doped HfO, nanocrystals were taken with a JEOL JEM1010
TEM without Cs correction (TEM Core Facility of Ghent Uni-
versity, operated at 100 kV). The samples were prepared by
placing 1 or 2 drops of diluted nanocrystals suspension onto a
300-mesh holey carbon copper grid and letting it air-dry at RT.
The average size of the nanocrystals was obtained using the
open-source software Image]. Thermo Scientific Spectra 300
TEM at the University of Twente, operated at an acceleration
voltage of 300kV and equipped with a Super-X G2 energy-
dispersive X-ray spectroscopy (EDX) detector, was used in
high-angle annular dark-field (HAADF) mode to analyze the
chemical composition of doped HfO, nanocrystals.

The crystallinity of the nanocrystals was determined via
powder X-ray diffraction (PXRD) using a Bruker D8 Advance
diffractometer operated using the Bragg-Brentano 6-26 geometry
(goniometer radius of 280 mm) and Cu-Ko. radiation (1 = 1.54184 A).
No K filter was applied. The detector is a LynxEye XE-T Silicon
strip Line detector with 192 channels. The sample was prepared by
dropping and drying 50 pL of the nanosuspension onto a glass
substrate. Energy Dispersive X-ray Fluorescence (XRF) spectroscopy
was used to determine the actual composition of the doped HfO,
nanocrystals. This was performed with a Rigaku NEX CG Spectro-
meter on filter paper, onto which 10 drops of nanosuspension
were applied and air-dried. The Rigaku NEX CG works with a close-
coupled Cartesian Geometry under helium flow and is equipped
with a palladium anode X-ray tube and silicon drift detector.

Deposition and characterization of the HfO,:Eu**,Tb** film

First, the commercial YBCO tape underwent ultrasonic cleaning in
isopropanol for 10 minutes, followed by heating on a hotplate at
120 °C in an ambient atmosphere to remove solvent residues. A
doped HfO,:Eu’*,Tb*" nanocrystal suspension, with toluene as the
solvent and a concentration of 0.15 mol L™ " was spin-coated five
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times onto the cleaned YBCO tape at a spin speed of 34 rps for
60 seconds using a KLM SCC-200 model. Subsequently, the wet
coating was dried at 130 °C on the hotplate in an ambient
atmosphere for 5 minutes. Scanning TEM images of thin films
were captured using a JEOL JEM-2200FS TEM at Ghent University
TEM core facility, operated at 200 kV with a bright field (BF)
detector. For the STEM measurements, a cross-sectional TEM
lamella was prepared based on a technical note.>® The self-field
critical current densities J. of the YBCO thin films at 77 K were
measured inductively with an electric field criterion of 50 pv cm™*
with a CryoScan (THEVA GmbH).

Photoluminescence of HfO,:Eu**,Tb** nanocrystals

Photoluminescence spectra were recorded on an Edinburgh
Instruments FLSP 920 UV-vis-NIR spectrometry set-up with a
450 W xenon lamp as the steady-state excitation source. The
data were collected either in suspension, as dried powder or as
thin films. The colloidal suspensions of the nanocrystals dis-
persed in toluene were measured in a 3 mL quartz cuvette with
a 10 mm path length. Luminescence decay times were recorded
using a 60 W pulsed xenon lamp, operating at a frequency of
100 Hz. Cryostat measurements were performed in powder or
on the thin films in a closed cycle cryostat from Advanced
Research Systems, United States. The spectra were recorded in
the range of 1 = 400-750 nm and at temperatures ranging from
20 to 100 K, using steps of 10 K. These measurements were
carried out on ligand-free nanocrystals. All thermometric cal-
culations were performed using TeSen software.>

Results and discussion

The microwave-assisted synthesis of both undoped HfO, and
doped HfO,:Eu’**,Tb®" nanocrystals yields ellipsoidal-shaped
nanocrystals, as shown in the TEM images (Fig. 2(a) and (b)).
The corresponding histograms (Fig. 2(b)) reveal an average
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Fig. 2 Undoped HfO, and HfO,:4.5%Eu**,0.5%Tb** nanocrystals after the microwave-assisted synthesis: (a) TEM images, (b) TEM histograms and
(c) PXRD patterns, indexing of peaks is based on the data from the standard JCPDS file (ICSD-60902).
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long-axis length of 7.5 + 5.9 nm and a short-axis length of 4.0 +
2.8 nm (u = 30) for the undoped HfO,. The PXRD patterns,
shown in Fig. 2(c), confirm good crystallinity and the mono-
clinic crystal structure, matching the monoclinic HfO, (P12,/c1)
reference data (ICSD-60902). Therefore, these parameters were
assessed for HfO, nanocrystals doped with 4.5%Eu and
0.5%TDb, as shown in Fig. 2(a-c), resulting in nanocrystals with
a long-axis length of 6.4 £ 5.3 nm and short-axis length of
3.8 £ 2.3 nm (¢ £ 30) and monoclinic phase. However, it is
well-known that doping nanocrystals, particularly at high
concentrations of dopants, can change the crystallinity, mor-
phology, and properties of nanocrystals, as demonstrated in a
study by Lauria et al.>® In our work, these results indicate that a
total of 5% aliovalent Ln*"-doping does not significantly affect
the size, morphology, or crystallinity of the HfO, nanocrystals.

Hf0,:4.5%Eu’",0.5%Tb*>" nanocrystals were selected for photo-
luminescence thermometry studies (RT excitation and emission
spectra are shown in Fig. 3) based on preliminary assessment of
different Eu/Tb dopant ratios in HfO, nanocrystals at RT. A
compact overview of the doping ratio optimization process can
be found in the SI (Fig. S1 and S2 and Tables S1 and S2). The
effective dopant concentrations of Eu and Tb ions in HfO,
nanocrystals were determined using XRF spectroscopy to verify
that the expected doping percentages were achieved. The effective
concentrations deviated slightly from the nominal values: 3 mol%
Eu instead of the expected 4.5 mol% and 1 mol% Tb instead of
0.5 mol%. These variations are expected and fall within the
tolerated limits. The nanocrystals with this ratio will hereafter
be referred to as HfO,:Eu®*,Tb** nanocrystals in this work.
However, the final confirmation of the incorporation of Eu
and Tb ions into the HfO, nanocrystals is provided by the
EDX compositional mapping (Fig. 4(a) and Fig. S3 in the SI).
The EDX spectrum (Fig. 4(b)) shows the presence of Eu M
(1.131 keV) and Tb M (1.240 keV) peaks, confirming that the
ions are incorporated into the HfO, lattice rather than segre-
gated at the surface or forming secondary phases.

Examples of luminescence thermometers based on the
Tb-Eu ion pair are well known and usually perform especially
well in the cryogenic temperature range. Some important works
are mentioned in the references herein.*"**~° To evaluate the
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thermometric performance of the HfO,:Eu®*,Tb*" nanocrystals,
four thermometric parameters were used: the thermometric
parameter Delta (4), the relative sensitivity (S,), the temperature
uncertainty (¢7) and repeatability (R).*> These parameters were
calculated and plotted using TeSen software,>® using equations
shown below. The luminescence intensity ratio 4 between the
two relevant emission peaks was calculated by dividing the
integrated areas under each peak. Two combinations of emis-
sion peaks were selected for the 4 calculations: Th**/Eu** and
HfO, (host emission)/Eu®". The experimental 4 points were
fitted using the polynomial fit (eqn (1)). Depending on the
degree of polynomial fit, a different number of terms are used
to achieve a satisfactory goodness of fit.

Ap = Ao+ A4(T — To) + A,(T — To)* +... (1)
104

The S, indicates the maximum relative sensitivity, the rela-
tive change of thermometric parameter per degree of tempera-
ture change and is expressed in % K™ ' (eqn (2)).””

ol =\ /+++ (3)

The temperature uncertainty ¢7 (eqn (3)) measures the smallest
temperature variation (in K) a certain luminescent thermometer
can detect, thus being an essential parameter to assess the
thermometric performance of a given system. To evaluate whether
the material can reliably function as a thermometer for multiple
uses, it is important to perform cycle tests. The repeatability is then
quantified using eqn (4). In this equation, 4. is the average value of
thermometric parameter, and 4; refers to the individual measure-
ment values of the thermometric parameter. This formula helps
assess how consistent the measurements are across different
cycles. Our material showed a repeatability of 98% (Fig. S4).

max|4. — 4i|

R=1
A

(4)

In several earlier works, it was shown that a weak Tb*
emission and a strong Eu®" emission is favorable for cryogenic
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Fig. 3 Photoluminescence spectra of HfO,:Eu®*, Tb** nanocrystals measured at RT as a powder in the cryostat: (a) excitation spectrum (Aem = 613 Nm),

and (b) emission spectrum (lex = 250 nm).
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(a) HAADF-STEM image with corresponding EDX compositional maps and (b) spectrum showing the presence of Eu®** and Tb>* ions in the HfO,

nanocrystal core. The black curve in the EDX spectrum represents the background signal.

thermometry.**** The thermometric properties of the HfO,:
Eu*", Tb** nanocrystals were evaluated by carrying out measure-
ments in the cryogenic region (20 K to 100 K with a step size of
10 K). As the first two data points (20 K and 30 K) did not yield
monotonic behavior, therefore only the 40-100 K range was
taken into account for calculations. Fig. 5 shows the emission
map (a), the intensities of the 545 nm (D, — “F; electronic
transition of Tb®") and 613 nm peak (°D, — ’F, electronic
transition of Eu*") (b), as well as the intensities of the 400-
550 nm broadband originating from the HfO, host material and
the 613 nm peak (°D, — ’F, electronic transition of Eu®") (c).
Fig. 5(d)-(f) show the respective 4, S;, and ¢T thermometric
parameters, calculated based on the integrated areas under the
Tb* °D, — ’Fs and Eu*' °D, — ’F, transitions. It should be
noted that the °D, — ’F; transition peak of Tb*" overlaps with
the emission of the HfO, host. For the purpose of calculations,
we did not separate a baseline for the °D, — “F; transition peak,
and therefore its thermometric behavior is to some degree
dependent on the thermometric behavior of the HfO, host
material. The relative sensitivity S, reached a maximum of
4.10% K ' at 40 K and a very good temperature uncertainty
throughout the whole studied temperature range ¢7 < 0.09 K.
Additionally to these transitions, the broad emission band of the
HfO, host is strong at cryogenic temperatures and can thus also
be used for ratiometric thermometry with the 613 nm transition
of Eu®". The respective graphs are shown in Fig. 5(g)-(i). Here, a
lower maximum S, value of 1.94% K * at 40 K was observed. The
uncertainty was below 0.4 K for the whole studied temperature
range. Cycle tests indicate that the material shows a stability of
98% (Fig. S4 in the SI). These results show that both the Tb/Eu
and HfO,/Eu ratios can be used for nanothermometry with
HfO,:Eu*",Tb** nanocrystals in the cryogenic region. Although
combined stability measurements under repeated thermal
cycling and magnetic field conditions would provide valuable
insights for the potential superconducting applications, such
experiments require specialized setups that allow simultaneous
control of both environments and, to our acknowledge, have so
far been realized only by a few research groups.’®° These
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combined measurements are crucial for future studies aimed at
evaluating the long-term stability of the material under coupled
external stimuli.

To better understand the operating dynamics of our
nanothermometers, time-resolved photoluminescence spectro-
scopy measurements were performed on HfO,:Eu*",Tb*>" powder
in the 20-100 K temperature range (Fig. 6). Fig. 6(a) and (b) show
the time-resolved photoluminescence obtained when monitoring
the Tb** °D, — F5 (543 nm) and the Eu** °D, — ’F, (613 nm)
emissions, respectively. The data points for both transitions
could be fitted as a biexponential decay, although the Tb*" decay
indicates a more complex profile at longer timescales (6-10 ms),
likely due to an Tb**~Eu®" interaction. Fig. 6(c) shows the average
lifetime values (7,4 obtained by eqn (5). First, the non-
monotonic behavior of the nanomaterial at 20 and 30 K is again
observed. Both steady-state and time-resolved photolumines-
cence experiments were repeated for this sample, and the same
result was obtained. It is therefore assumed that this is an
intrinsic behavior of the HfO,:Eu*",Tb*" nanocrystals, which will
be discussed later. After excluding these two data points, a rising
Eu’" average lifetime with temperature is observed, at least until
80 K, while the Tb*" lifetime remained constant throughout the
measured range. These results indicate a temperature-dependent
Tb*>" — Eu’" energy transfer process, which is partly responsible
for the thermometric features of the HfO,:Eu®*, Tb** nanocrystals.
It is worth remembering that the Tb>" lifetime, being monitored
at 543 nm, also contains information from the HfO, broad
emission band, which arises from defects within the doped
nanocrystal rather than from a host bandgap emission (Eg,p, =
5.7 eV).%” The intensity of this host emission is strongly depen-
dent on the temperature (Fig. 5), supporting the hypothesis of a
defect-related emission, as the release of trapped charge carriers
into the valence and conduction bands (and subsequent radiative
recombination) is governed by a Boltzmann distribution.®*

Ayt + Axty

_ 5
Aty + Ar1r )

Tavg =

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Thermometry assessment for HfO,:Eu®*, Tb®* nanocrystals: (a) Emission map recorded at 40-100 K upon 250 nm excitation; (b) integrated
emission areas as a function of temperature — blue circles represent the Tb3* 5D, — ’Fs emission (centered around 545 nm) and the green squares
represent the Eu®* Dy — ’F,» emission (centered around 613 nm); (c) integrated emission areas as a function of temperature — purple circles represent
broad emission band from the HfO, host and the green squares represent the Eu®* >°Do — ’F, emission (centered around 613 nm); (d) luminescence
intensity ratio 4 for the Th:Eu electronic transitions (points show the experimental 4 parameters, and the solid line shows the best fit of the experimental
points using eqn (1) (first-degree polynomial R? = 0.999); (e) the respective relative sensitivity S; (f) the respective temperature uncertainty 6T (<0.09 K
throughout the whole studied temperature range); (g) luminescence intensity ratio 4 for the HfO,:Eu emissions (points show the experimental 4
parameters, and the solid line shows the best fit of the experimental points using eqn (1) (second-degree polynomial R? = 0.999); (h) the respective
relative sensitivity S,; (i) the respective temperature uncertainty ¢T (<0.4 K throughout the whole studied temperature range).

As the goal of this work was to introduce the HfO,:Eu**, Tb*"
nanothermometers into a coated conductor, the HfO,:Eu®**, Tb**
nanocrystals were deposited as a thin film on the protective
layer of a coated conductor using a spin-coating technique. The
respective emission spectrum of HfO,:Eu®*,Tb*>" measured at RT
as a thin film is shown in Fig. S5 in the SI. The BF-STEM image
(Fig. 7(a)) shows an overview of the commercial YBCO tape,
where a 60 & 10 nm-thick HfO,:Eu**,Tb*" film is deposited on a
1 pm-thick Ag protective layer. This dense thin film contains a
uniform distribution of only doped HfO, nanocrystals, as shown
via EDX analysis (Fig. S6 in the SI). This deposition method of
the HfO,:Eu®",Tb*" nanothermometric film preserves the super-
conducting properties, as the critical current density (J.) of
2.0 MA cm? in self-field at 77 K remains unchanged before
and after deposition.

Finally, the thermometric properties of the deposited HfO,:
Eu’*, Tb** thin film were evaluated in detail (Fig. 8). A general

This journal is © The Royal Society of Chemistry 2026

decrease in the emission intensity is observed upon incorpor-
ating the HfO,:Eu**,Tb** nanocrystals into the thin film. As
shown in the emission map (Fig. 8(a)), the 545 nm peak of Tb**
is no longer visible in this sample as it overlaps with the broad
emission band of the HfO, host. Therefore, only the HfO,/Eu
ratio was employed for thermometric evaluation. We can clearly
see from comparing the emission maps of the HfO,:Eu**, Tb**
powder (Fig. 5(a)) and the deposited HfO,:Eu®**,Tb*" thin film
(Fig. 8(a)) that the HfO,/Eu intensity ratio differs and the
thermometric performance is altered for the HfO,:Eu®*,Tb*"
nanocrystals after deposition. This change in the luminescence
properties can be linked to reduced surface quenching effects
in the nanocrystals after deposition as thin films. As individual
HfO,:Eu®",Tb*" nanocrystals of ~6 nm in size, the high surface-
to-volume ratio leads to a high number of surface defects, as
well as a higher probability of Ln®" dopants close to the surface.
After being deposited as a HfO,:Eu®",Tb®" thin film, the

J. Mater. Chem. C
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solid lines in Fig. 6(a) and (b)) of the experimental data points (symbols in Fig. 6(a) and (b)).
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Fig. 7 Cross-sectional BF-STEM image of (a) a commercial YBCO tape
with 60 + 10 nm HfO,:Eu®*, Tb*" nanocrystals deposited on the top of the
Ag protective layer at low magnification; (b) and (c) close-up BF-STEM
images and its combined EDX maps (d) of the interface between the
HfO,:Eu®*, Tb®* nanocrystals and the Ag protective layer. The holes in the
YBCO superconducting film are due to the thinning of the TEM lamella.

nanocrystals will be densely packed on top of the coated
conductor tape, isolating the Ln3+ ions from the surface. As
shown in Fig. 8(b), the Eu** peak remains almost at the same
intensity, whereas the intensity of the host material band
increases with temperature. It can also be observed that the
Tbh** peak emission is very low after spin-coating, as it is mostly
overlapped by the HfO, broadband. This is a consequence of
the broadening of the HfO, band upon incorporation into a
thin film, most likely an effect of environmental change, ie.,
different defect energies within the host bandgap structure.

J. Mater. Chem. C

X/t1 +

This feature could also explain the monotonic behavior now
observed for the Eu®*" emission over the whole temperature
range, contrasting with the behavior observed at 20 and 30 K for
the individual HfO,:Eu®**,Tb*" nanocrystals. Fig. 8(c)-(e) show
the thermometric parameters 4, S,, and o7, respectively, calcu-
lated based on the integrated areas under the curve for the
HfO, broad emission band and the Eu®*' °D, — ’F, emission.
Here, the highest S, was obtained at 20 K and was calculated as
13.51% K '. The temperature uncertainty o7 was slightly
higher than that of the nanocrystals but remained below
1.1 K across the whole studied temperature range. This increase
in oT is expected considering a lower overall emission signal and
therefore a lower signal to noise ratio was observed. Nevertheless,
these results show that the HfO,:Eu®",Tb®" thin film shows
excellent thermometric properties at very low temperatures.

Conclusion

In this work, luminescent HfO,:Eu®*,Tb*" nanocrystals were
synthesized via a microwave-assisted solvothermal method and
were characterized extensively. Doping HfO, nanocrystals with
Eu®" and Tb*' ions does not significantly affect the size or
shape of the nanocrystals at a total doping percentage of 5%.
The optimal doping concentration for the best luminescent
properties of HfO,:Eu®*,Tb** nanocrystals was found to be
4.5%Eu’",0.5%Tb**, resulting in a highly sensitive, cryogenic-
compatible luminescent nanothermometry system with a rela-
tive sensitivity of 4.10% K ' at 40 K. These nanoctystals were
spin-coated on top of a coated YBCO conductor to be used as a
built-in thermometry system for quench detection. The thick-
ness of the spin-coated thin film was 60 £ 10 nm and the
relative sensitivity of this system reached 13.51% K™ * at 20 K.
Therefore, these HfO,:Eu®**,Tb®" nanocrystals, deposited as a
thin film, can be used as a novel quench detection method,
while still retaining the superconducting properties of the
commercially coated conductor.

This journal is © The Royal Society of Chemistry 2026
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