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highlights the potential for correlative imaging between
iISM and fluorescence ISM. While the fluorescence
channel provides molecular specificity for actin, the iISM
channel leverages its superior sensitivity to reveal a
panorama of filopodia and surrounding label-free struc-
tures that were previously invisible. This complementarity
offers a novel observation window for dissecting complex
intracellular interactions under near-physiological
conditions.
As the first experimental validation of interferometric

ISM, this work not only confirms the feasibility of inte-
grating coherent scattering signals into the ISM archi-
tecture but also establishes a new paradigm for label-free
super-resolution imaging. Diverging from single-modality
approaches, the strategy of combining label-free inter-
ference with fluorescence detection enables the acquisi-
tion of multi-dimensional, complementary information.
Such high-quality correlative data provides a robust
foundation for intelligent image analysis. Looking for-
ward, the integration of iISM with smart algorithms, such
as event-triggered sensing, is expected to enable long-
term, multi-dimensional dynamic analysis of live cells
under conditions of extremely low phototoxicity.
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Theoretical framework for engineering Boltzmann
luminescent nanothermometry
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Abstract
Luminescent nanothermometry based on thermally coupled levels (TCLs) has emerged as a powerful tool for non-
invasive temperature sensing, but it still lacks sufficient theoretical guidelines. To address this issue, a theoretical
framework for Boltzmann luminescent nanothermometry has been established, which quantitatively defines the
temperature window for establishing thermal equilibrium in TCLs, establishes a practical criterion for stable thermal
coupling of TCLs, and enables predictive material design of temperature sensitivity. Based on this framework, a high
sensitivity of 6.17% K-1 is achieved, providing a theoretical basis for the rational design of high-precision
nanothermometers.

Luminescent nanothermometry based on temperature-
sensitive optical materials has emerged as a powerful tool
for non-invasive, fast-response and high-resolution tem-
perature sensing, showing great potential in different
fields, including nanofluidics, microelectronics and bio-
medicine1,2. Among various techniques, ratiometric
thermometry based on thermally coupled levels (TCLs)
of lanthanide ions is particularly attractive. Their relative
population of two closely spaced excited states follows
the Boltzmann distribution, making their luminescence
intensity ratio (LIR) a self-referencing and environmen-
tally robust temperature indicator (Fig. 1, central panel)3.
Boltzmann luminescent nanothermometry based on this
principle has enabled a wide array of applications, from
mapping temperature gradients at the sub-cellular level
to providing real-time thermal feedback during in vivo
photothermal therapy4,5. However, deviations between
the experimental observations and the ideal Boltzmann
behavior of TCLs are frequently reported6. Moreover, key
operational parameters such as the temperature window
for thermal coupling are often determined empirically,
lacking a unified quantitative definition7. This critical gap

severely restricts the practical application and standar-
dization of TCLs-based luminescent nanothermometry.
Recent years have witnessed deepening insights into the

origins of these discrepancies. On one hand, factors such
as the thermal distribution of Stark sublevels, interference
from parasitic nonradiative relaxation channels, and non-
thermal contributions to the upper-level population have
been successively revealed, providing important founda-
tions for understanding theory-experiment mismatches8,9.
On the other hand, researchers have begun to explore the
external conditions required for TCLs to function effec-
tively, establishing empirical temperature windows for
different thermalization energy gap (ΔE) of TCLs and
investigating how factors such as host phonon energy,
lanthanide-ligand distance, and transition type, influence
the onset temperature of thermal equilibrium10. These
works have explained why deviations occur from different
perspectives and preliminarily explored how to optimize
performance through material selection. However, the
fundamental rules governing TCLs formation and the
reliable prediction of relative sensitivity (Sr) in specific
hosts remain unclear.
In a recent study published in Light: Science & Appli-

cations, Fu et al. address these challenges by establishing
a comprehensive theoretical framework and predictive
design principles for TCLs-based nanothermometry
(Fig. 1)11. This work makes three theoretical advances.
Firstly, it clarifies the temperature window for effective
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thermal coupling. By analyzing the competition between
nonradiative relaxation rates (WNR) and radiative rates
(WR), they define the temperature-critical region, quan-
tifying the previously vague concept of thermal equili-
brium and explaining why conventional TCLs struggle at
low temperatures (Fig. 1, top left). Secondly, this work
reveals the interference effect of the nearest lower level
(Llower) on the thermal equilibrium of TCLs and proposes
a practical criterion. Through theoretical derivation and
systematic simulations, they establish a quantitative cri-
terion: the energy gap to the Llower must satisfy
ΔElower ≥ 2ΔE for this interference to be negligible (Fig. 1,
top right). This criterion provides a practical rule for pre-
screening potential TCLs, explaining why lanthanide ions
possess numerous adjacent energy levels within the
200–2000 cm−1 energy gap range, but only a limited
number of these pairs exhibit reliable Boltzmann beha-
vior. Thirdly, it establishes a quantitative link between
macroscopic sensitivity and microscopic material para-
meters. A splitting factor Ke to quantitatively correlate
the thermal coupling gap ΔE with crystal-field related
parameters is introduced, enabling them to derive a
predictive formula for the relative sensitivity Sr (Fig. 1,
bottom left). For given TCLs, the host-determined

intrinsic ΔE provides a criterion for material selection,
meaning that researchers can now predict temperature
sensing performance before material synthesis, advancing
TCLs thermometry from empirical exploration to
rational design.
Building on these theoretical insights, a two TCLs

combination strategy is proposed to achieve high sensi-
tivity. By selecting the thermally enhanced TCLs of Nd3+

and the thermally quenched TCLs of Er3+, a high relative
sensitivity of 6.17% K-1 at 313 K in the LiYF4:Yb,Nd,Er
system is achieved (Fig. 1, bottom right). This value sig-
nificantly exceeds that of conventional single-TCLs ther-
mometry, which faces a theoretical limit on Sr (typically
<3% K-1 at room temperature) due to the upper bound of
ΔE ( ~ 2000 cm−1)12. It also exhibits superior performance
compared to recently reported non-thermal coupling
thermometers13. Furthermore, flexible ultrathin thermo-
sensing patches are fabricated for non-contact in situ
temperature monitoring, demonstrating the potential for
real-time and high-precision thermal readout in complex
environments.
In summary, Fu et al. establish clear mechanistic cri-

teria and predictive design rules for Boltzmann lumi-
nescent nanothermometry, providing a complete
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Fig. 1 Schematic illustration of the theoretical framework for Boltzmann luminescent nanothermometry. Central panel: Fundamental
principle of thermally coupled levels (TCLs) in lanthanide ions (Ln3+). Top left: Definition of the temperature window. The competition between the
radiative relaxation rate (WR) and nonradiative relaxation rate (WNR) defines a temperature-critical region where thermal equilibrium is established.
Top right: The stability criterion for Boltzmann coupling. To ensure stable thermal coupling without interference of the nearest lower level (Llower), the
energy gap to the Llower should satisfy ΔElower ≥ 2ΔE. Bottom left: Prediction model for relative sensitivity (Sr) through crystal-field parameters. Bottom
right: High-sensitivity thermometry enabled by combining two TCLs from Nd3+ and Er3+, respectively
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thermal coupling. By analyzing the competition between
nonradiative relaxation rates (WNR) and radiative rates
(WR), they define the temperature-critical region, quan-
tifying the previously vague concept of thermal equili-
brium and explaining why conventional TCLs struggle at
low temperatures (Fig. 1, top left). Secondly, this work
reveals the interference effect of the nearest lower level
(Llower) on the thermal equilibrium of TCLs and proposes
a practical criterion. Through theoretical derivation and
systematic simulations, they establish a quantitative cri-
terion: the energy gap to the Llower must satisfy
ΔElower ≥ 2ΔE for this interference to be negligible (Fig. 1,
top right). This criterion provides a practical rule for pre-
screening potential TCLs, explaining why lanthanide ions
possess numerous adjacent energy levels within the
200–2000 cm−1 energy gap range, but only a limited
number of these pairs exhibit reliable Boltzmann beha-
vior. Thirdly, it establishes a quantitative link between
macroscopic sensitivity and microscopic material para-
meters. A splitting factor Ke to quantitatively correlate
the thermal coupling gap ΔE with crystal-field related
parameters is introduced, enabling them to derive a
predictive formula for the relative sensitivity Sr (Fig. 1,
bottom left). For given TCLs, the host-determined

intrinsic ΔE provides a criterion for material selection,
meaning that researchers can now predict temperature
sensing performance before material synthesis, advancing
TCLs thermometry from empirical exploration to
rational design.
Building on these theoretical insights, a two TCLs

combination strategy is proposed to achieve high sensi-
tivity. By selecting the thermally enhanced TCLs of Nd3+

and the thermally quenched TCLs of Er3+, a high relative
sensitivity of 6.17% K-1 at 313 K in the LiYF4:Yb,Nd,Er
system is achieved (Fig. 1, bottom right). This value sig-
nificantly exceeds that of conventional single-TCLs ther-
mometry, which faces a theoretical limit on Sr (typically
<3% K-1 at room temperature) due to the upper bound of
ΔE ( ~ 2000 cm−1)12. It also exhibits superior performance
compared to recently reported non-thermal coupling
thermometers13. Furthermore, flexible ultrathin thermo-
sensing patches are fabricated for non-contact in situ
temperature monitoring, demonstrating the potential for
real-time and high-precision thermal readout in complex
environments.
In summary, Fu et al. establish clear mechanistic cri-

teria and predictive design rules for Boltzmann lumi-
nescent nanothermometry, providing a complete
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Fig. 1 Schematic illustration of the theoretical framework for Boltzmann luminescent nanothermometry. Central panel: Fundamental
principle of thermally coupled levels (TCLs) in lanthanide ions (Ln3+). Top left: Definition of the temperature window. The competition between the
radiative relaxation rate (WR) and nonradiative relaxation rate (WNR) defines a temperature-critical region where thermal equilibrium is established.
Top right: The stability criterion for Boltzmann coupling. To ensure stable thermal coupling without interference of the nearest lower level (Llower), the
energy gap to the Llower should satisfy ΔElower ≥ 2ΔE. Bottom left: Prediction model for relative sensitivity (Sr) through crystal-field parameters. Bottom
right: High-sensitivity thermometry enabled by combining two TCLs from Nd3+ and Er3+, respectively
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framework for the rational design of high-precision
luminescent thermometers11. Looking forward, based
on the rational design framework established by Fu et al.,
several promising directions can be further explored to
promote the application of luminescent nanothermo-
metry. Firstly, extending the design strategy to other
luminescent ion systems beyond Ln3+. Although the
current work focuses on lanthanide TCLs, transition
metal ions (e.g., Cr3+) also offer promising opportunities
for Boltzmann thermometry. Transition metal ions pos-
sess distinct electron-phonon coupling characteristics
and benefit from higher brightness due to stronger
absorption cross-sections of d-d transitions14. Their
thermal coupling behavior suggests that systematic
exploration of transition metal ions with suitable energy
level structures and strong electron-phonon coupling
could yield new thermometers with unprecedented
dynamic ranges and brightness. Secondly, developing
thermometers emitting in the second near-infrared win-
dow (NIR-II, 1000–2000 nm)15,16. Combining the design
principles with NIR-II emissions of Yb3+, Er3+, Tm3+,
etc., to develop luminescent nanothermometers with
both high sensitivity and deep tissue penetration will
substantially advance the practical application of lumi-
nescence thermometry in biomedicine.

Acknowledgements
This work was supported by the National Natural Science Foundation of China
(Grants 22474026), the Research Program of Science and Technology
Commission of Shanghai Municipality (24QA2706400), New Cornerstone
Science Foundation, Innovation Program of Shanghai Municipal Education
Commission (2023ZKZD08), the Innovative Special Project for the Integration
of Science and Education (SITPKJRH-2025-06), the National Key R&D Program
of China (2024YFC3406500 and 2024YFC3406501). Fan Zhang is a SANS
Exploration Scholar.

Conflict of interest
The authors declare no competing interests.

References
1. Zhou, J. J. et al. Advances and challenges for fluorescence nanothermometry.

Nat. Methods 17, 967–980 (2020).
2. Ma, Y. X. et al. Luminescence thermometry via multiparameter sensing in

YV1-xPxO4:Eu
3+, Er3+. J. Am. Chem. Soc. 147, 12925–12936 (2025).

3. Vetrone, F. et al. Temperature sensing using fluorescent nanothermometers.
ACS Nano 4, 3254–3258 (2010).

4. Di, X. J. et al. Spatiotemporally mapping temperature dynamics of lysosomes
and mitochondria using cascade organelle-targeting upconversion nano-
particles. Proc. Natl. Acad. Sci. USA 119, e2207402119 (2022).

5. Zhu, X. J. et al. Upconversion nanocomposite for programming combination
cancer therapy by precise control of microscopic temperature. Nat. Commun.
9, 2176 (2018).

6. Weng, Y. J. et al. Population control of thermally coupled energy levels via
energy transfer in CaWO4:Dy/Er phosphors for high-sensitivity ratiometric
thermometer and multicolor anticounterfeiting. ACS Appl. Mater. Interfaces 17,
40798–40809 (2025).

7. Wang, C. L. et al. A review and outlook of ratiometric optical thermometer
based on thermally coupled levels and non-thermally coupled levels. J. Alloy.
Compd. 894, 162494 (2022).

8. Pessoa, A. R., De, S., Menezes, L. & Amaral, A. M. Addressing discrepancies
between theory and experiments in Boltzmann luminescence thermometry
with Ln3+ ions. J. Phys. Chem. C. 129, 11143–11154 (2025).

9. Gonçalves, I. M. et al. Phonon-assisted NIR-to-visible upconversion in single
β-NaYF4 microcrystals codoped with Er3+ and Yb3+ for microthermometry
applications: experiment and theory. J. Lumin. 231, 117801 (2021).

10. Van Swieten, T. P. et al. Extending the dynamic temperature range of Boltz-
mann thermometers. Light Sci. Appl. 11, 343 (2022).

11. Li, K. J. et al. Boltzmann luminescent nanothermometry: mechanistic criteria
and predictive design of thermally coupled levels. Light Sci. Appl. 15, 181
(2026).

12. Suo, H. et al. Rational design of ratiometric luminescence thermometry based
on thermally coupled levels for bioapplications. Laser Photonics Rev. 15,
2000319 (2021).

13. Prasad, M. & Rai, V. K. Coactivated cyan emitting phosphors in optical ther-
mometry using thermally and non-thermally coupled levels. Mater. Res. Bull.
160, 112116 (2023).

14. Ming, J. et al. High-brightness transition metal-sensitized lanthanide near-
infrared luminescent nanoparticles. Nat. Photonics 18, 1254–1262 (2024).

15. Chen, Z. H. et al. An extended NIR-II superior imaging window from 1500 to
1900 nm for high-resolution in vivo multiplexed imaging based on lanthanide
nanocrystals. Angew. Chem. Int. Ed. 62, e202311883 (2023).

16. Wang, X. S. et al. An emerging toolkit of Ho3+ sensitized lanthanide nano-
crystals with NIR-II excitation and emission for in vivo bioimaging. J. Am. Chem.
Soc. 147, 2182–2192 (2025).

Yang et al. Light: Science & Applications ���������(2026)�15:249� Page 3 of 3




