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In the perspective, some new methods for measur-
ing thermodynamic (or primary) temperature that
exploit quantum effects are discussed. The techniques
discussed are at various stages of development, so
for each, the principles of operation, current and
anticipated challenges and current status and progress
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are presented. First, the development of a thermometer based on cavity magnomechanics for
cryogenic applications is discussed. This technique links temperature to a signal derived from
the phonon modes in a magnetic element coupled to a microwave cavity. Second, progress
in Coulomb blockade thermometry is discussed. Advances in the manipulation of atoms
using scanning probe microscopy (SPM) have led to the creation of structures, such as single-
electron transistors (SETs), with physical dimensions smaller than can be achieved using
traditional lithography. A Coulomb blockade thermometer (CBT) fabricated at such small
scales could operate at higher temperatures than previously demonstrated. Third, Rydberg
thermal radiometry is discussed. The excited states of Rydberg atoms possess large dipole
moments and interact strongly with blackbody radiation (BBR). Rydberg radiometry leverages
these interactions to infer a source’s temperature from the effect of its emitted BBR upon
the quantum dynamics of Rydberg states. Fourth, thermometry via temperature-dependent
optical emission from nanoparticles is discussed, which is expected to be particularly useful
for biological applications; in addition, efforts are underway to achieve primary thermometry
by this mechanism.

This article is part of the Theo Murphy meeting issue ‘The redefined kelvin: progress and
prospects’.

1. Introduction

Thermometric and radiometric sensors are used in a myriad of applications across industry, cli-
mate monitoring and scientific research. However, the sensors used today are not capable of
determining temperature without calibration to some physical standard that is linked to the Inter-
national System of Units (SI) [1]. These sensors are also prone to drift and mechanical shock and so
can be damaged or require recalibration at regular intervals, especially in harsh and demanding
environments.

While temperature measurement is ubiquitous, no sensor measures temperature directly;
rather, a sensor measures some quantity that varies with temperature. For example, a platinum re-
sistance thermometer measures the change in electrical resistance in platinum wire as a function
of temperature; however, with variables such as the dimensions of the wires, impurity densi-
ties, oxidation states, etc., no relation exists that allows for the accurate conversion of resistance
to temperature without calibration parameters. Primary thermometers [1] are thermometers for
which the physics is known well enough to allow accurate conversion of the measured quantity to
temperature. These instruments tend to be large, complex and/or only operate at the extremes of
temperature (i.e. below approx. 24 K and above approx. 1300 K) and thus are generally not suited
to more routine temperature measurements.

We do not attempt to cover all current and potential future techniques here, but direct the
interested reader to other reviews of acoustic gas thermometry [2]; refractive index gas thermom-
etry [3]; dielectric constant gas thermometry [4]; Doppler broadening thermometry [5]; Coulomb
blockade thermometry [6]; Johnson noise thermometry [7,8]; absolute radiometry [9]; and other
emerging technologies in thermometry [10].

Here we give an overview of four types of sensors that are currently being researched in four
groups. For each, we give some background and a description of their method of operation and
how the measured signal is linked to the Boltzmann constant, k; discuss the challenges and hur-
dles that we anticipate and that will need to be overcome, and provide a view of the current
status of the work. Each of these sensors are at various stages of development and each section
will represent that.

With the increase in applications for many quantum technologies operating at low (less than 10
K) and ultra-low (less than 1 K) temperatures, it is also becoming increasingly important to achieve
accurate temperature measurements in these regimes. The current temperature scale below 0.65
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K, the PLTS-2000 [11], is difficult to realize and is only done so at one or two labs in the world. This
is partly the motivation to develop primary cryogenic thermometers in this temperature range,
one of which is discussed in §2. Primary sensors that can accurately measure near ambient tem-
perature are few, despite this being the range of temperatures for which most industrially and
environmentally relevant temperature measurements are made. As such, in §3, we introduce an
idea to develop a Coulomb blockade thermometer (CBT) [6] that has the potential to operate near
or at ambient temperature. CBTs will be made atomically small and precise by manipulating the
surface of silicon using scanning probe microscopy (SPM). In §4, we describe recent efforts to use
devices that are based on Rydberg atoms to measure blackbody radiation (BBR). As this tech-
nique utilizes the invariant properties of the atoms themselves, a Rydberg atom radiometer could
have applications in remote sensing where calibration can be difficult or impossible. While liv-
ing bodies are not typically thought of as a harsh condition, sensing of temperature in vivo can be
challenging with traditional thermometers. One potential avenue for measuring temperature here
is based on luminescence nanothermometry. In 85, this approach is described using lanthanide
(Ln3*)-based molecules and nanoparticles.

2. Cryogenic temperature: quantum correlation thermometry

(a) Background and principles

Primary low temperature thermometry is crucial for precision measurements in metrology and
offers an advantage over secondary thermometers as it does not require external calibration.
However, primary thermometers based on intrinsic physical properties such as melting pres-
sure thermometry present challenges in complicated design, construction and implementation
[11]. An alternative approach is noise thermometry, where self-calibration is achieved by com-
paring the thermal (Brownian) signal with intrinsic quantum fluctuations. The quintessential
example of noise thermometry is Brownian motion of electrons in an electrical circuit (John-
son noise) [8,12,13], but new types are being developed, such as measurement of the noise of a
mechanical mode as detected in an optomechanical system [14]. Such optomechanical noise ther-
mometry has been demonstrated down to 10K but faces limitations below 1K owing to optical
absorption-induced heating [15].

A potential solution is cavity magnomechanics, which involves the interaction between mi-
crowave photons, magnons and phonons. This is promising since optical photons are replaced
by lower-energy microwave photons, significantly reducing heating effects [16]. The magnetic
element, generally made from yttrium iron garnet (YIG), is placed at the field maximum of a mi-
crowave cavity. The microwave cavity couples linearly to magnetic excitations (magnons) in a
material with a coupling strength g,,,, typically in the megahertz (MHz) range, causing the cavity
mode to hybridize with the magnon mode and split into two polariton modes, with a minimum
separation of 2¢,,. These, in turn, interact with a vibrational (phonon) mode of the material via
the magnetostrictive interaction, whose coupling strength is denoted g,,. The magnetostrictive
effect causes magnetic materials to deform in response to an applied magnetic field. The fluctua-
tions in the shape of the magnetic sample can modulate the internal magnetization, and thus the
magnon frequency, resulting in a coupling between the magnon and vibrational modes. When a
drive signal with frequency wy is injected into the cavity, it interacts with the mechanical modes
of frequency w}, and produces sidebands at wq = wy. Ideally, wp, should be engineered to be close
to gam (see figure 1b and later discussions).

In this hybrid cavity photon-magnon—phonon system, phonon modes at MHz frequencies are
responsible for the thermal signature. Owing to their relatively high frequencies in the gigahertz
(GHz) range, and therefore low thermal occupancies, thermal noise in the microwave and magnon
modes is much smaller in comparison. The temperature of the low-frequency phonon mode (in
equilibrium with the bath) is based on the measurement of two correlation spectra of the cavity

output field, i.e. the phase—phase autocorrelation, S= = [w] and the amplitude—phase correlation
272
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Figure 1. (a) Picture of an example system of a microwave cavity and a YIG sphere. The inset gives a magnified view of the
YIG sphere that is mounted inside the cavity, via a quartz post in this example. (b) An example reflection spectrum S, of the
magnomechanical system in question. This is an idealized set-up in that g,,, = v}, and is tuned to the maximum hybridiza-
tion condition cw, = w,, = . In this configuration, the position of the polariton peaks, w = w, % g,y coincide with
the mechanical sidebands of the drive signal at oy & cvy,. The inset shows the details near the upper polariton peak, both of
the hybridized polariton mode without mechanics (black), and with mechanics (red). (c) The phase—phase correlation function
Sz = asfunctions of frequency at different temperatures. The horizontal axis s frequency normalized in the units of mechanical
rezsorzlance frequency cwy,. (d) The amplitude—phase correlation as a function of frequency, at T = 100 mK. (e) The thermometric
relation in equation (2.1) as a function of temperature. The data in plots (c—e) were all calculated using the same parameters.

spectra, S; = [w] [15,17]. The ratio of the two correlation spectra, i.e. the so-called thermometric
72

relation, is

Re{Sx = I
clS: zol} 4cotn(52)
Im{S = [w]} 2ng, + 1
72

@.1)

where 7 is the reduced Planck constant, k is the Boltzmann constant, w is mechanical frequency, T
is thermodynamic temperature and ny, = [exp(hiw, i /kT) — 1171 is the thermal occupancy of the
microwave and magnon bath at T. Note that at low temperatures (below T ~ 10 mK), ny, may be
safely ignored. Equation (2.1) is independent of experimentally determined parameters such as
coupling strengths and decay rates. This method is most effective when the thermal microwave/-
magnon occupation is below unity, favouring high resonance frequencies, while the mechanical
frequency is low enough to have a large thermomechanical signal at the desired measurement
temperature.

(b) Challenges
(i) Effect of microwave detuning and dynamical backaction

The thermometric relation in equation (2.1) is precise when the photon detuning Aq = wyq — w, is

set to Aq =0, where wy is the cavity drive frequency and w, the cavity resonance frequency. At the

same time, the signal-to-noise ratio can be improved by tuning the magnon—phonon coupling rate

wyp, such that wy, = gay While the magnon—photon system is tuned to maximal hybridization, i.e.

W, = @, [18]. However, because wy, is mostly a function of the YIG sphere’s size and shape, while
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Zam 1s determined by the geometry of the cavity and the position of the YIG inside it, it may be
difficult to create a system where all the above relations can be held precisely. It is therefore nec-
essary to consider backaction evasion and the effects of non-zero detuning on the thermometric
relation.

In general, as a consequence of dynamical backaction, the detuning modifies both the fre-
quency and the linewidth of the phonon mode. This is reflected by the phonon self-energy term
[19]:

Z[w] = |G [*(Elw] - E*[-w]), 22)

where £ 1[w] = )(;11 [w] + gﬁm Xalw], a function of photon and magnon susceptibilities. The ad-

ditional mechanical frequency shift is dwp, = —RX[w], and the mechanical damping rate I, =
232 w].

In order to uphold backaction evasion, it may be necessary to detune the magnon frequency
wp, slightly from the cavity frequency w,, and relax on the condition w}, = g, so that backaction
effects are minimized. The effects of the non-zero detuning have been theoretically studied [17],
and dynamical backaction and its evasion have been demonstrated [18,19]. These modifications to
equation (2.1) will be necessary when implementing thermometry applications of this technique.

(ii) Experimental limitations

The fundamental limit of the sensitivity of the thermometry scheme is given by the ratio of the
thermomechanical noise to the standard quantum limit [14]. The sensitivity can be improved by
decreasing the mechanical frequency, which in turn increases the number of thermal phonons.
In practice, measurements can be limited by instrumentation noise, although recent microwave
optomechanical experiments have demonstrated imprecision noise below the standard quantum
limit, validating the basic concept of the magnomechanical thermometry [20]. Nonetheless, it is
important to design the measurement scheme to minimize the instrumentation noise.

The thermalization of the YIG sphere is another aspect that needs careful consideration. De-
pending on how it is mechanically connected to the thermal bath, if the mechanical mounting of
the YIG sphere allows free movement so as to improve the phonon quality factor and therefore
the signal size, the sphere may have difficulties dissipating the heat from the radio-frequency (RF)
signal driving the cavity and end up with a temperature higher than its surrounding environment
at cryogenic conditions, defeating the purpose of thermometry.

(c) Progress

Initial experiments have been performed at the University of Alberta. The magnon-spring effect
and magnomechanical damping and anti-damping have been successfully observed [19], and the
effects of backaction on the mechanical frequency and linewidth, along with the evasion of such ef-
fects, have been demonstrated [18]. The magnomechanics of a YIG sphere have also been observed
atlow temperatures down to approximately 9 K, and the effects of thermalization have been stud-
ied [21]. Improvements are being actively pursued, including improving the signal-to-noise ratio
of the magnomechanical signal and optimizing the thermalization of the YIG sphere.

3. Near-ambient temperature: atomically precise Coulomb blockade
thermometry
(a) Background and principles

Coulomb blockade thermometry was first proposed by Pekola in 1994 [6] and uses tunnel junc-
tions for which the electrical conductance is temperature dependent. Simplistically, a limit on
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Figure 2. Top left: Simulated relative conductance curves calculated for 7 = 24 K and 77 K and assuming charging energy of 1
meV and two junctions. Top right: An image of a device created using SPM. Bottom: Calculated charging energies as a function
of the size of the SET island.

the range of operation of a CBT is related to the size and spacing of the junctions, as this affects
the charging energy E.—the energy needed to add an elementary charge to the island formed
between adjacent tunnel junctions. The smaller the junction, the greater E.. For a given E, the
temperature range in which the CBT method is accurate has a lower limit approximately given
by kT being on the order of E, (k being the Boltzmann constant), the so-called intermediate regime
[22,23]. The use of e-beam lithography techniques places a limit on how small the junction can be,
how large E,, and thus how high in temperature CBTs can be used.
The relation

Vi = 5.439N7kT , G.1)

was introduced in [6] to relate the full-width half-minimum of a conductance dip, V; /2, measured
by sweeping a voltage around zero bias across an array of N junctions at temperature, T, with e
being the elementary charge and the universal numerical pre-factor coming from the shape of the
dip. Figure 2 (top left) shows simulated relative conductance curves calculated using

G(V) Ec eV
o (7)) 2
where G(V) is the conductance at bias V, Gt is the tunnelling conductance, and g is a function de-
fined as g(x) = [x sinh(x) — 4 sinhz(x /2)1/8 sinh4(x/ 2). Assuming a value of E;=1meV (1.6 X 10~
J), figure 2 (top left) shows the conductance versus bias curves for two different temperatures
indicated in the legend. Figure 2 (top right) shows an image of a potential single-atom, single-
electron transistor (SET) on the surface of silicon. A SET is equivalent to a two-junction CBT if the
gate (top) electrode were removed. In the bottom panel of the same figure, we show the variation
of the charging energy with the size of the SET island for two-dimensional devices, such as those
made of silicon surface dangling bonds (DBs).
The atomically precise manufacturing process developed by the Wolkow group [24] uses SPM
techniques to manipulate the surface of silicon and allows for the creation of structures, in this case
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SETs, at the atomic scale. This process has advantages for CBT. First, the ability to create junctions
at the atomic scale should allow for higher-temperature operation. In such devices, with charging
energies of 1 to 100 meV (approx. 1.6 x 10722 J to approx. 1.6 x 1072 J), near-ambient tempera-
ture operation may be possible, since at 300 K, kT ~ 26 meV ~ 4.1 X 10721 J, j.e. E.>kT. Second,
since the SETs are created on the lattice of silicon, each SET can be fabricated in a way that is per-
fectly repeatable so that each device will be exactly the same as any other, meaning the creation
of devices with precision at the scale of the atomic spacings.

(b) Challenges
(i) Differences owing to limited electron population in the island

As this work uses SETs that are created at the atomic level, versus the much larger (but still
nanoscale) SETs made using lithography, and owing to the fermionic nature of electrons, the
number of electrons that can occupy atom-defined SET islands is much lower. In addition, as the
one-atom island limit is approached, additional quantum effects come into play, such as the spac-
ing between quantum-allowed discrete levels becoming comparable to E. and/or kT. The quantum
capacitance may also play an important role.

(i) Macro-to-atom connections

Key to developing a device that will be useful for real-world thermometry is the ability to connect
the atom-defined structures to instrumentation at the macroscale. Three levels of interconnects are
needed on the same chip to achieve this goal. These are from large to small, conventional com-
plementary metal-oxide-semiconductor (CMOS)-style circuit elements; implanted dopant-atom
wires; and atomically precise silicon DB wires and circuit elements.

For the first interconnect level, industry-standard CMOS processes will be used to fabricate
and characterize silicon substrates. Parallel work is underway for the second level, to create wires
using commercial ion implantation techniques that decrease in size from macro contacts to the
atomic device [25,26]. Ion implantation must take place on the wafer prior to the fabrication of the
device in the scanning tunnelling microscope (STM), and etched guide marks will be included on
the wafer to facilitate locating the position where the wiring will meet the device. Finally, the DB
circuitry will be fabricated using the atomically precise manufacturing process perfected in the
Wolkow group [24].

(iii) Packaging

The core of these devices consists of atomically precise DB structures fabricated using SPM tech-
niques. These DBs are stable in ultrahigh vacuum (UHV) but are destroyed if they interact with
normal ambient conditions. Therefore, the other remaining challenge to making a real-world de-
vice is a method of packaging of these devices in a way that preserves the structure indefinitely
after its fabrication by SPM at 4 K in UHV. This requires hermetic encapsulation to be achieved
in UHV conditions. For this purpose, a separate in situ encapsulation unit is needed which can be
interfaced to existing lithography-capable STM and which includes all the necessary hardware to
perform and test developed encapsulation procedures.

(c) Progress

One technique being explored to achieve the macro-to-atom connections discussed above is to use
wires created from DBs. It has been shown that these DB wires can interact with DB structures,
but those DB wires must also connect to metallic macro- and microscale wires for the input/out-
put communications to occur. A second issue advanced on is the guidance of the STM probe to
print the atom-scale circuit in the correct location of the macroscale wires.
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To achieve STM guidance, etch markers on the surface are utilized to guide the STM probe
to the correct location. Etch markers are prepared by a combination of e-beam lithography and
reactive ion etching to create physical features to guide the STM probe to a desired location on
the surface where the macroscale wires exist and the atom-defined device will be created using
the STM.

The same lithography used to create these guidance markers is also utilized to define regions
for macro- and microscale wires. These wires can be created through metal deposition, ion im-
plantation, or a combination of both. Creating STM-defined wires that connect the macro- and
microscale wires to active atom scale thermometry elements can then be achieved.

4. Radiometry: Rydberq devices

(a) Background and principles

Rydberg atoms, first described by Johannes Rydberg in 1890 [27], are atoms whose outermost elec-
tron may be excited to so-called Rydberg states possessing high principal quantum numbers and
characterized by large valence wavefunctions. Consequently, Rydberg states possess large dipole
moments and are thus extremely sensitive to electric fields in the MHz-THz range. In recent years,
this property has been used to measure, for example, RF fields [28-36]. In the laboratory, atoms
are typically excited to Rydberg states from the ground state of alkali atoms using lasers tuned
to atomic transitions or two-photon processes in the optical regime; however, microwave or GHz
electromagnetic radiation may also induce lower energy Rydberg-to-Rydberg transitions.

Rydberg atoms can be probed or read out by fluorescence, by detection of charge produced
by field- or photo-ionization, or by exploiting various quantum optics phenomena; e.g. Autler—
Townes splitting or electromagnetically induced transparency (EIT), depicted in figure 3 (left). In
a typical configuration, a vapour cell of Rydberg atoms is dressed by a control laser field such
that the absorption of a probe laser becomes highly sensitive to the presence of a local RF field.
By varying the control and probe laser frequencies, phases, polarizations or amplitudes, the laser-
dressed configuration may be engineered to target an incident RF field of a particular frequency or
polarization. In addition to incident RF fields, other factors affecting the atomic dynamics within
the Rydberg vapour cell include local cell temperature, vapour density, beam geometry and stan-
dard decoherent processes such as spontaneous emission, collisional broadening and transit-time
broadening.

For the application of radiometric thermometry, the ground-Rydberg and Rydberg—Rydberg
transition energies are compatible with BBR spectral distributions at temperatures from approxi-
mately10! to approximately10* K. Interactions between BBR and Rydberg states were predicted as
early as 1981 [38] and experimentally confirmed soon thereafter [39,40]. These effects are of three
types [41]. First, interaction with the BBR field induces an AC stark shift in Rydberg levels; this
shift is effectively constant across Rydberg states. Second, BBR can induce bound-to-continuum
transitions, or ionization of Rydberg atoms. Third, BBR can induce bound-to-bound state transi-
tions; i.e. the redistribution of Rydberg state populations which modify the decay rates of atomic
states. The BBR-induced decay rate ypg of the nth principal state depends upon the BB temperature
Tpp according to the relation [42]

40(3kTBB

VBB ~
3n2

, (4.1)

where « is the fine structure constant. A comparison of BBR-induced decay rate and spontaneous
emission rate is shown in figure 3 (right).

Prior to the advent of precision laser and heterodyne techniques, the effects of BBR upon Ry-
dberg dynamics were primarily studied owing to their uncertainty contribution to the stability
of clock states; however, a theoretical analysis [41] of modern cold atom control and read-out
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Figure 3. Left: Simulated probe absorption in a caesium vapour cell. A coupling laser is tuned to the 6P3/2 -4 D5, tran-
sition for two different Rabi to linewidth ratios Q. /I, = 0.3 (solid, EIT regime) and Q. /Iy = 3.0 (dashed, AT regime).
The probe laser is swept across the °S, N 5p, /2 transition with Rabi frequency 300 kHz. Depending on implementation, the
effect of BBR upon EIT, upon AT or upon other quantum optics phenomena can form the basis for a Rydberg radiometry proto-
col. Calculated using the ARC Python package [37]. Right: Spontaneous (red) emission rates at 7= 0 K and blackbody-induced
(blue) transition rates at = 300 K of the 3°, /2 State of Caesium atom to the lower state principal quantum numbers. Calcu-
lated using the ARC Python package [37].

techniques estimates that all three Rydberg thermometry approaches (level shift, bound-bound
and bound-continuum) are currently capable, at the shot-noise limit, of achieving a relative
uncertainty uy/T in primary thermometry near approximately 107%.

(b) Challenges

Each Rydberg radiometry set-up has its own unique challenges. For example, when leverag-
ing EIT, one seeks to isolate the effect of BBR at temperature Tggr upon the measured probe
transmission through the cell; however, numerous noise sources may affect the transmission in
unpredictable ways. In particular, variations in the local temperature T of the cell modify its
atomic vapour density. A cause of such variations in T includes, in fact, radiative transfer via
the blackbody photons themselves incident upon the cell. Decoupling this heating effect from the
Rydberg radiometry experiment is challenging, as a trade-off exists between improving the ex-
perimental sensitivity (increased BBR beam intensity) and reducing radiative transfer (decreased
BBR beam intensity).

In most schemes, the atoms in the cell must be accessed by two lasers (the control and probe) as
well as the photons from the blackbody (roughly in the THz range). In addition, in some schemes,
an additional RF signal (in the 10 s or 100 s of GHz) is leveraged. Together, these fields cover a
wide bandwidth over which the vapour cell must be (i) transparent and (ii) clean of RF reflections
from nearby metal surfaces or other sources of spectral noise.

(c) Progress

Work using Rydberg atoms as radiometric measuring devices is underway in at least two groups,
one centred at the National Institute for Standards and Technology (NIST) in the United States and
one centred at Quantum Valley Ideas Labs (QVIL) in Waterloo, Canada. Work at QVIL focuses
on accelerating quantum technologies to commercial applications. The lab possesses extensive
experimental research experience with Rydberg atom vapour cells [30,31,43,44] and is currently
testing novel control protocols for realizing BBR radiometry in a Caesium vapour cell (publica-
tion pending) as part of a joint project with the National Research Council of Canada, and with
Environment and Climate Change Canada (ECCC) and Natural Resources Canada (NRCan) as
application partners.
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Research scientists within both ECCC and NRCan are working to understand the performance
advantages of Rydberg radiometers in various application spaces. These studies include numer-
ical models of the vapour cell which complement the laboratory radiometry set-up to rapidly
establish baseline theoretical results. Numerical methods leverage open-source quantum solvers
[45] and Alkali-Rydberg libraries [37] to estimate sensitivities, spectral resolution and tunabil-
ity and other performance characteristics relative to conventional technologies in real environ-
ments. Environmental features contributing to numerical simulations may include noise spectral
power distribution, geometry and power constraints, spectrally adjacent signals, polarization or
propagation modes or spatial or temporal coherences.

The NIST work is presented in a separate article within this volume [46]; relevant recent
publications by this group include [47-52].

5. Towards biological applications: lanthanide-based nanothermometry

(a) Background

The ability to measure temperature at the micro- and nanoscale within biological systems is
critical for understanding thermally regulated processes such as enzymatic activity, gene expres-
sion, cellular signalling and disease progression, e.g. cancer and neurodegenerative disorders
[53-55]. Traditional thermometric techniques, such as thermocouples or infrared cameras, lack
the spatial resolution, invasiveness tolerance or compatibility necessary for probing intracellular
temperature variations in real time [56]. In this context, luminescence-based nanothermometers
(NTs), including nanoparticles doped with trivalent lanthanide ions (Ln-NPs), have emerged as
a promising solution, offering high spatial resolution, non-invasive operation and minimal per-
turbation of biological environments [53,57,58]. The scheme in figure 4A shows the characteristic
core/shell architecture of Ln-NPs, often employed for nanothermometry. In particular, upconver-
sion (UC) luminescence, a nonlinear optical process in which the sequential absorption of two or
more low-energy near-infrared (NIR) photons leads to the emission of an ultraviolet, visible or
higher-energy NIR photon [61], stands out because the use of NIR excitation, which is less pho-
totoxic than UV-visible light, minimizes background autofluorescence and enables deeper tissue
penetration. Many Ln3*-doped systems also emit in the NIR region, which overlaps with the so-
called biological optical windows [62], allowing for deeper tissue penetration and clearer signal
detection [63,64].

The principle of lanthanide-based nanothermometers (Ln-NTs) relies on the temperature de-
pendence of specific luminescent properties, such as the luminescence intensity ratio (LIR) be-
tween emission bands and luminescence lifetime. A well-established example of LIR-based nan-
othermometry are Er’*-doped upconverting nanoparticles (UCNPs), taking advantage of the
temperature-dependent population of the 2Hyj» and S/, emission states of Er** (figure 4A).
As temperature increases, the population of the higher energy Hy; /2 level increases compared
to the lower energy 4S5 level, resulting in the increase of the emission band centred at 525 nm
relative to the emission band at 545 nm (figure 4B). Hence, the temperature-dependent LIR be-
tween 2Hyy /, and %S5, emission states of Er* enables accurate thermal sensing, using LIR as a
function of temperature for thermal readout (also referred to as calibration curve):

LIR=2, (5.1)
I
where I, and I; are the emission intensities from the upper and lower states. Specifically, in the
case of Er3*, the 2Hy; /2 and 45, /2 emission states are thermally coupled. Therefore, the relative
intensity of the emissions originating from these states follows the Boltzmann distribution, and
LIR can be expressed as [58]

I AE
—=LIR=B - 2
L e"p( kT)’ >:2)
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Figure 4. (A-D) UC-based nanothermometry (example of N;;IYF4:Er3+,Yb3’r NPs [59]): (A) Simplified energy level diagram
illustrating the UC mechanism and the relevant energy states of Yb>* and Er* ions involved in the process. The inset shows
a schematic representation of a Ln-based core-shell NP. (B) Characteristic Er** UC emission spectra at two different temper-
atures. (C) Boltzmann plot: In (Isy5 /1545 ) versus 1/7. (D) Optical images of an individual Hela cell at three temperatures and
temperature of the Hela cell determined by the Er** ion fluorescence as a function of voltage that was applied to a metallic
platform with a resistor underneath the cells to modulate the temperature. (E-G) Lifetime versus LIR-based thermometry (ex-
ample of NaYF,/NaYF,:Yb** Nd**/CaF, NPs 2 [60]): (E) Normalized luminescence spectra through varying depth of chicken
tissue and LIR plotted against tissue depth, showing strong depth-dependence. (F) Luminescence lifetime imaging of the NPs
(Agm = 1000 nm) through varying depth of biological tissue and the extracted lifetime value plotted against tissue depth,
demonstrating depth-independent values. (A—D) Adapted with permission from Vetrone et al. [59]. Copyright 2010 American
Chemical Society. (E, F) Reproduced with permission from Tan et al. [60]. Copyright 2020 Wiley-VCH.

where AE is the energy gap between them (in cm™'), k = 0.695 cm~! K™! is the Boltzmann con-
stant, T is the thermodynamic temperature and B is a pre-exponential factor that depends on
transition probabilities and degeneracies. Figure 4C shows the characteristic Boltzmann plot for
an Er**-based NT. Note that not all Ln-NTs follow a Bolzmann mechanism. Rather, LIR can also
be defined between non-thermally coupled energy levels [65]. In such systems, there is no uni-
versal analytical model, but the LIR still varies with temperature, and a calibration curve must
be derived empirically (e.g. by fitting LIR versus T to a polynomial, exponential or other suitable
trend). Irrespective of the underlying mechanism of the thermal dependence, a key figure of merit
to evaluate the performance of the thermometer is the relative thermal sensitivity, S,, defined by
[58]

1 OLIR

"TTIR 4T’ 42)

where JLIR/AT is the partial derivative of the fitted LIR(T) function derived equation (5.1) (or
equation (5.2) in the case of Boltzmann NTs) with respect to T.

Vetrone et al. demonstrated the suitability of this approach using NaYF,:Er3*,Yb>+ UCNPs as
intracellular thermometers in HeLa cells (figure 4B-D) [59]. Therefore, the intracellular tempera-
ture was determined using the established relationship between the LIR and temperature (figure
4C) and the UC spectra recorded from the UCNPs that were taken up by the HeLa cells subjected
to external heating. Simultaneous observation of the cells by optical microscopy allowed for the
accurate correlation of the cell temperature and thermally induced cell death at 45 °C (figure
4D). Since then, numerous studies have expanded and optimized UC-based nanothermometry,
including systems with Tm3* and Ho3*, often employing core/shell architectures to enhance UC
efficiency and optimize thermal sensitivity [66-72].
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Er’* and other Ln®* ions are particularly attractive for thermal sensing applications in bio-
logical environments owing to their ability to emit in the NIR region offering enhanced tissue
penetration and reduced autofluorescence [62,64,73,74]. A first demonstration of NIR nanother-
mometry was reported by Skripka et al., who developed NaGdF,-based NPs co-doped with Er3*,
Ho%*, Nd3* and Yb3* [75]. Notably, the Ln-NPs retained their thermometric performance despite
strong interactions with water molecules, highlighting their robustness for potential biological
applications.

(b) Challenges and progress

Despite the increasing interest in Ln-NTs and the fast-growing number of systems developed us-
ing diverse host matrices, dopant ion combinations and NP architectures, most advances over
the past decade have focused on demonstrating proof-of-concept designs and initial applica-
tions. In recent years, the community has gained awareness of significant challenges that must
be addressed to ensure reliable, quantitative thermometry [76-79]. Key issues include the lack of
standardization, incorrect assumptions about thermal response mechanisms and the influence of
external factors such as the host material, surrounding medium and optical measurement set-up.
Emission spectra may be affected by parameters like optical path length, numerical aperture, NP
concentration and self-absorption, all of which can lead to significant inaccuracies. It is important
to note that both UC emission and LIR exhibit excitation power dependence. Therefore, calibra-
tion at each specific power density may be necessary to ensure accurate and reliable temperature
measurements. Biological tissues exhibit wavelength-dependent absorption and scattering that
can distort the excitation and emission light, introducing errors into LIR measurements that are
not only related to temperature variations [62,78]. In addition, spectrally overlapping UC emis-
sion bands can introduce intrinsic measurement errors, independent of tissue effects, interfering
with the accurate separation of signals required for precise temperature readouts [80].

(i) Recent trends in secondary lanthanide-based nanothermometry

Nanothermometry in the NIR biological transparency window. Recent studies have highlighted the
advantages of shifting the operational wavelengths of Ln-NTs beyond 1500 nm [65,81,82]. Of par-
ticular interest are the emissions of Tm3* around 1800 nm and Ho>* near 1960 nm. For instance,
Nexha et al. developed Tm3*/Ho>**-co-doped KLu(WQ,), NPs for the first study demonstrating
ratiometric nanothermometry in the 1800 to 2000 nm range [83].

From LIR to lifetime. Particularly with respect to the identified challenges of the LIR approach,
lifetime-based thermometry is increasingly explored [84]. Tan et al. reported a robust NIR lumi-
nescent system designed for precise in vivo temperature mapping, achieving high relative thermal
sensitivities across the physiological range [60]. Importantly, in contrast to the LIR, the NIR life-
time readouts remained stable across varying tissue depths, nanoprobe concentrations and pH
conditions, offering a major advantage over intensity- or ratiometric-based systems prone to
tissue-induced optical distortions (figure 4E,F).

Exploring computational strategies. An alternative and promising solution to enhance the ac-
curacy of luminescence nanothermometry involves the application of machine learning, which
offers powerful new tools that transform how thermal information is extracted from complex
emission spectra. Rather than relying solely on peak intensity, these new approaches use data-
driven models capable of detecting subtle spectral variations associated with temperature. Tech-
niques such as principal component analysis and dimensionality reduction have shown great
potential for revealing patterns that conventional methods might miss [85-88].
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(ii) Towards primary lanthanide-based nanothermometers

The above-discussed strategies for Ln-based thermal sensing all require calibration. Particularly,
new calibrations must be recorded when applying the thermometer in different media or envi-
ronments. This constitutes a major challenge and limitation. In the quest to overcome the need
for recurrent calibration, Souza et al. and Balabhadra ef al. proposed the first primary Ln-NTs
[89,90]. Both have in common that temperature can be measured based on an intrinsic calibra-
tion parameter that is dependent on well-known quantities. As a consequence, calibration curves
can be computed based on single excitation and emission spectra recorded at room temperature.
The following sections provide a short introduction to the working principles of Ln3* primary
thermometers. The interested reader is also referred to detailed review articles for additional
information [91-93].

Eu®*-based thermometers based on excited state absorption. Souza et al. developed a thermometric
approach based on excited-state absorption in Eu3*-doped Y, O, nanocrystals by exploring tran-
sitions involving the SDU excited state and different 7F/ ground state levels [90]. This method relies
on measuring the intensity of the °D g 7F, emission band at approximately 710 nm following
selective excitation at either 611 nm or 580 nm (figure 5A,B). These two excitation wavelengths
selectively populate the excited °D state, originating from different ground-state levels, i.e. 7F2
and 7F0, respectively (figure 5A). The key idea is that the thermal population of the lower Eu3*
levels (7F/) influences the emission intensity observed at 710 nm, depending on the excitation
wavelength. To construct the thermometric parameter, Agyperimentar, the area under the emission
curve at 710 nm (°D s 7F4) is integrated following excitation at 580 nm (’F g 5DD) and 611 nm
(F ,~ 5D0 ), respectively (figure 5B). A theoretical calibration curve (A gcyiated, figure 5C and equa-
tion (5.4)) is established based on the energy gap, AE, between the 7F2 and 7FD states and the ratio
of the integrated areas from the °D g 7F2 and 5D 0—>7FD emissions (pre-exponential coefficient)
under 396 nm excitation:

S (°Dy —7F,)
= e

-_ - 4 —AE/kT, 5.4
S (5Dy —7Fp) ©4)

where AE = E(’F,) — E("Fg)= 875 cm™!, and the temperature-independent pre-exponential coeffi-
cientis 51. The authors found excellent agreement between the experimental and calculated values
(figure 5F), confirming the suitability of the primary thermometer. This work by de Souza et al.
constitutes the first example of a primary thermometer that uses a pre-exponential factor calcu-
lated from spectral measurements. In contrast to other primary thermometers, e.g. those that use
the Er®* UC emission (vide supra), there is no need to determine the thermometric parameter A
at a known temperature Tj. In this context, de Souza et al. suggested a classification of primary
NTs into two categories, i.e. primary-T and primary-S thermometers [94]. The former requires
validation at one known temperature, while the latter does not require any calibration at all.

UC-based primary thermometers. Balabhadra et al. were the first to use SrF,:Yb/Er powder and
water-suspended UCNPs to predict the temperature calibration curve of any thermometer based
on two thermally coupled electronic levels independently of the medium [89]. Subsequent studies
successfully demonstrated the suitability of the Er/Yb ion pair in other crystalline host lattices [95—
101]. In all of these studies, the intensively studied green UC emission from the thermally coupled
2Hy4 2 and 43, /11 levels of Erd* is employed for primary thermal sensing, whereas the 2Hy4 2=
145 /2 (Ig) and 4G, /2= s /2 (Is) emission bands (figures 4A and 5E-G) allow calculation of the
thermodynamic temperature T using the equation given in figure 5G. Herein, k is the Boltzmann
constant, AE is the energy gap between the barycentre of the ZHH/2 and 483/: levels and A =1y /I
is the thermometric parameter with A being the value for A obtained at room temperature Ty; AE
is determined based on the room-temperature UC emission [99,102]. To determine A, A is deter-
mined at room temperature, T, as a function of the laser excitation power and 4 is obtained by
extrapolation from the intercept with the y-axis [88]. Having AE, Ay and Ty on hand, the absolute
temperature T of any environment can be calculated using the equation given in figure 5G and
the experimentally determined parameter A = Iy /Ig (figure 5F).
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Figure 5. Principle and workflow of primary thermometry based on (A-D) Eu** excited state absorption (example of
YZOS:Eu3+ NPs) and (E-G) Er** UC emission (example of SrFZ:Yb/Er NPs [89]). (A) Partial energy level diagram of Eu3t. (B)
Experimental determination of the thermal parameter A - Temperature-dependent emission spectra of the 5D0—>7FA 3t
transition excited at (top) 611 nm and (bottom) 580 nm. (C) Determination of the predicted thermal parameter A - Emission
spectrum under 396 nm excitation. (D) Thermometric parameter for the physiological temperature range. Points are the ex-
perimental values of the A parameter obtained from the spectra in (B) and (C), while the red line corresponds to the A values
calculated using equation (5.4). (E) Determination of A,. Evolution of the thermometric parameter A with the laser power
density for three different samples. The solid lines are the best fit to experimental points. (F) Experimental determination of
the thermal parameter A - Temperature-dependent UC emission. (G) Temperature dependence of the experimental A values
for NPs in powder (up triangles) and water (down triangles), showing excellent agreement. The solid line is the theoretical
prediction of the temperature. (A—-D) Reproduced from Ref [90]. with permission from the Royal Society of Chemistry. (E-G)
Adapted with permission from Balabhadra et al. [89]. Copyright 2017 American Chemical Society.

Hence, significant first steps towards primary thermometry using Ln3* optical features have
been undertaken, and first proofs of principle have successfully been demonstrated. Still, there are
only a few examples to date, which might be related to more stringent equipment and data pro-
cessing requirements when compared to secondary thermometry. For the reliable determination
of the thermal parameters, spectrometers must not only be carefully calibrated in wavelength but
also in intensity. While secondary thermometers allow for simple integration over specific spec-
tral regions, deconvolution of the spectra is key for primary sensors. When using the green Er>*
UC emission, high excitation power densities can lead to the rise of an intruding emission band
ascribed to the Er3* ion’s 2Hy /2 = 43 /2 transition, which can hamper the reliable temperature
assessment [97]. Despite these challenges, efforts have been made to expand the library of pri-
mary Ln-NTs, including more diverse choices of host materials from molecules to glasses, while
also proposing Ln®* beyond Eu3* and Er®* [103,104].

Overall, without a doubt, the temperature dependence of the optical properties of the Ln3* ions
renders Ln-based materials promising candidates for nanothermometry. Despite ongoing limita-
tions, recent advances in NIR-based systems, lifetime-based approaches, machine learning and
primary thermometers have helped improve accuracy and reliability. Last but not least, targeting
future biomedical applications, potential toxicity and nano-bio interactions must also be investi-
gated to facilitate the eventual clinical implementation of Ln-NTs as reliable thermal sensing tools
in nanomedicine [105].
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6. Summary and outlook

We have presented a perspective on some new temperature measuring devices that are under
development and that use quantum mechanical effects. Of course, some of what was presented
needs more work to demonstrate the concept, determine sensitivities and accuracy, and overcome
packaging challenges, while others have already demonstrated that they can work.

Often, sensors that are classified under the ‘quantum’ banner are hyped for their improved
sensitivity, but there can be other, potentially more important advantages that these new devices
bring. Many readers will be familiar with the difficulties encountered during Comité international
des poids et mesures (CIPM) key comparisons when the artefacts (e.g. standard platinum resistance
thermometers) used to carry a National Metrology Institute’s scale realization to the comparison
pilot are not stable or robust enough to compare scales at the level at which it is believed they
can be realized. In this case, a new sensor with an improvement in sensitivity would not alleviate
the problem, but one that is more mechanically robust and stable would. In other applications in
which a sensor is installed in a remote or difficult-to-access location where removal for recalibra-
tion is difficult or impossible, a sensor that is more stable or intrinsically calibrated would be the
most important factor.
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