Heinrich Heine
Universitat
Dusseldorf .

Deep Seek to the Excited States: A Thermally-
Activated Jahn—Teller Effect Achieves Superior
Sensitivity for Thermometry at Cryogenic
Temperature

Weihao Wang, Fang Zeng, Guixin Liu, Shihan Xia, Yuhui Zheng, Markus Suta
and Qianming Wang

Article - Version of Record

Suggested Citation:

Wang, W., Zeng, F., Liu, G., Xia, S., Zheng, Y., Suta, M., & Wang, Q. (2025). Deep Seek to the Excited
States: A Thermally-Activated Jahn—Teller Effect Achieves Superior Sensitivity for Thermometry at
Cryogenic Temperature. Advanced Optical Materials, 13(32), Article e02180.
https://doi.org/10.1002/adom.202502180

UNIVERSITATS- UND

Wissen, wo das Wissen ist. LANDESBIBLIOTHEK
DUSSELDORF

This version is available at:

URN: https://nbn-resolving.org/urn:nbn:de:hbz:061-20260206-124946-4

Terms of Use:
This work is licensed under the Creative Commons Attribution 4.0 International License.

For more information see: https://creativecommons.org/licenses/by/4.0



RESEARCH ARTICLE

W) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Deep Seek to the Excited States: A Thermally-Activated
Jahn-Teller Effect Achieves Superior Sensitivity for

Thermometry at Cryogenic Temperature

Weihao Wang, Fang Zeng, Guixin Liu, Shihan Xia, Yuhui Zheng, Markus Suta,*

and Qianming Wang*

Boltzmann equilibrium is not always achieved at the lower temperature limit
for a typical ratiometric thermometer with thermally coupled excited states.
The universal approach to broaden the dynamic temperature range of all
Boltzmann-type thermometers still remains a challenge. Herein, a
bismuth-based halide single crystal (DMA,BiCl,: Sb**, DMA is referred to as
dimethylammonium) shifts the onset temperature by ~200 K. It also provides
trustworthy experimental evidence in observing a thermally-driven process
from 3P, state to A; minima. The action of both spin-orbit coupling and the
dynamic Jahn—Teller effect represented by large effective Huang-Rhys factors
(S; = 32.44, S, = 42.51) is responsible for maximizing the opposite emission
changes at different temperatures and overcomes the thermodynamic
limitations of the traditional thermally coupled energy levels. A high relative
sensitivity (S,) value of 18.9 % K~ is obtained at 77 K. It finds application
potential in extending the temperature window to cover the cryogenic range
from 77 K to 277 K with constantly high accuracy (temperature uncertainty 6T
= 0.065 K at 77 K). Moreover, a new way is developed to visualize temperature
mapping via grayscale imaging tools in determining the temperature
distribution of a real sample is demonstrated. anti-thermal quenching; hybrid
metal halide; temperature mapping; thermally activated; thermometer

1. Introduction

Accurate determination of ultra-low tem-
peratures below 100 K becomes essential
in various fields, including superconduct-
ing quantum techniques, aerospace, and
cryogenic biological conditions."™* Con-
ventional thermometry relying on liquid
expansion or resistance-type sensors re-
quires physical contact of the detector with
the objects, and the strategy possesses
several disadvantages, such as slow re-
sponse speed, limited accuracy, and low
spatial resolution. In contrast, the alter-
native approach of remote temperature
sensing based on luminescence signals ef-
fectively circumvents the obstacle when
it is inconvenient to make direct con-
tact with the surface being measured.>

Despite its simplicity and self-indicating
feature, a ratiometric luminescent detec-
tion concept based on the radiative emis-
sion from multiple excited states is forced
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to vary substantially in an observable short

range so as to maintain the sensitivity of

the thermometer. How to keep the balance

between precise determination and a wide dynamic sensing
range is still challenging. In addition, Boltzmann-based ther-
mometers suffer from both a thermodynamic and kinetic weak-
ness. The nonradiative processes relying on the thermal occupa-
tion of phonon modes slow down at lower temperatures, which
then cannot compete with radiative or any additional decay chan-
nel of one of the two excited levels anymore.!2] In that limit, the
excited levels decouple, and thermometry is kinetically inhibited.
Trivalent lanthanoid ions with their sufficiently narrow 4{*
< 4f" transitions are particularly well suited for this type of
thermometry.'3-161 A significant problem of the trivalent lan-
thanoid ions is, however, their generally low absorption cross-
section that typically requires laser excitation for high lumines-
cence brightness in real-case applications of luminescent ther-
mometry. A recently emerged alternative in this respect are ns?
ions such as Pb** or Sb** in halide systems because of their
easy operation, solution processability, and remarkable optoelec-
tronic properties.'’1] The slower and delicate control over its
nucleation and growth processes in such a simple model will be
promising to afford a metal halide single crystal with a suitable

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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size for structural analysis. Although the crystallographic model
could ultimately give a comprehensive map of the geometry, con-
formation, and intermolecular interactions, the in-depth study of
the effect of temperature on metal halide-related emission behav-
ior is far from detailed.!?"]

Generally, the incorporation of ns? ions leads to broad-band
absorption in the UV range based on an ns'np! « ns? transition.
However, there is usually a strong degree of excited-state relax-
ation that leads to large Stokes shifts, high emission band widths,
and consequently, low thermal quenching temperatures.[?'-23] In
this way, the temperature sensing strategy has been established
on the thermal quenching of luminescence.>?*/ Consequently,
an experimental model of how the temperature range for thermal
equilibrium can be extended to reach even the cryogenic window
for precisely determining elevated temperature may be benefi-
cial for a more targeted design.!?>2¢ A recent work proposed to
utilize the opposite luminescence response trends at low temper-
atures for sensing purposes, which could reach the value of S, =
4.23 % K1 at 160 K.[7) A similar approach was provided by utiliz-
ing the two fluorescent signals derived from Sb**-activated metal
halides to achieve a S, = 4.54% K~! at 80 K.[?#]

Generally, the high flexibility within the structure of halides
and the presence of isolated [SbCl;]*~ octahedra enable large
Huang-Rhys-Pekar parameters S and, consequently, larger
Stokes shifts and emission full widths at half maximum, which
generally imply low thermal quenching temperatures.[262%1 The
most challenging work lies in the realization of a limitation
of thermal quenching for such emitters, which are additionally
prone to dynamic Jahn-Teller coupling in the excited state. It
has been well documented that the metal with ns? electron struc-
ture could lead to bright emission in halide, and researchers have
tried to correlate the ns? emission with so-called negative thermal
quenching.3%32 But all the current study falls short of provid-
ing clear evidence to support the existence of thermally activated
distorted-type luminescence.

Herein, the temperature-dependent optical properties
of the 0D organic-inorganic, Sb*-activated hybrid halide
DMA,BiCl,:Sb** (DMA = dimethylammonium, (H;C),NH,*)
were investigated. Upon irradiation at 304 nm, this compound
shows classic thermal quenching of the emission, whereas a =
70-fold increase of emission intensity has been found in the tem-
perature range of 77-277 K when Sb** is excited to the excited *P,
spin-orbit level of the 5s!5p' configuration (A,, = 377 nm). The
traditional theoretical description for the 5s? two-electron Seitz
model verifies the inevitable crossing of the ground and excited
state parabolas to explain the nonradiative relaxation pathway
(Figure Sla, Supporting Information, referring to the thermal
quenching excited at 304 nm).3!l Nevertheless, the ultra-fast
growth of emission signal from 77 K to 277 K (4., = 377 nm)
clearly suggests a double-well structure of the 3P, excited state
potential energy surface, and the distorted energy states should
impose an energy barrier required to overcome for an ultimate
radiative process (Figure S1b, Supporting Information). It com-
bines high brightness over a wide temperature range with a
constantly high relative sensitivity S,. Such a strategy based on
opposite temperature response tendency leads to an overall high
precision for the temperature read-out, beneficial to extend this
concept of remote temperature sensing to the low-temperature
limit.
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2. Results and Discussion

2.1. Crystal Structure and Thermal Stability

The 0D bismuth-based halide DMA, BiCl, (DMA* = NH, (Me),*)
was synthesized by a solvent evaporation method. It is known
from the isotypically crystallizing compound DMA,BiBr, that it
can form enantiomorphic crystals via chiral molecular induction
based on their orthorhombic P2,2,2 (no. 18) space group.’33l In
this work, an exchange of bromide by chloride ions was employed
to obtain the desired host compound (DMA,BiCl,). Intrinsically,
it would be inconvenient to obtain large halide single crystals
(average level up to 4-6 mm), and the fine control over the nu-
cleation density and fast growth of crystallites could be elusive.
To grow single crystals with more stable opto-electronic perfor-
mance and fewer defects or grain boundaries, well-defined, re-
producible, and easily adjustable procedures are highly desirable.
In this work, the controllable growth was realized by the step-
wise cooling precipitation, achieving a maximum size of either
1.5 cm X 1.0 cm in lateral dimension (Figure S2, Supporting In-
formation). Single-crystalline DMA,BiCl, indeed crystallized in
a P2,2,2 (no. 18) space group without any chiral components.
Figure S2a (Supporting Information) shows the schematic dia-
gram for the synthesis of the single crystals. Dimethylamine hy-
drochloride was cooled in an ice bath before being added to a Bi**-
containing solution upon temperature rise. The whole mixture
was diluted and finally cooled to obtain single crystals. Single-
crystal X-ray diffraction (SCXRD) on the thus obtained crystals
proved the space group with cell parameters a = 10.2773 A, b =
13.3871 A, ¢ = 8.5496 A. More details are displayed in Table S1
(Supporting Information). The structure is related to a distorted
variant of the elpasolite-type structure (formally DMA,BiCl,) with
additionally intercalated (DMA)CI layers, in which the Cl~ ions
are sixfold disordered. Thus, the structure may be described as
DMA, ((DMA)C])[BiCl,).3#*) The Bi** ions are nearly perfectly
octahedrally coordinated by six Cl~ ions, while the DMA* cations
additionally strengthen the structure by a hydrogen bonding net-
work (see Figure S2b, Supporting Information). The detailed
SCXRD measurement data are displayed in Table S1 (Support-
ing Information). The [BiCl;]>~ octahedra are isolated within the
structure, and the 6s? lone pair is not stereochemically active. The
single crystal is colorless and transparent under daylight irradia-
tion. Upon activation with 50 mol% Sb**, DMA, Bi, s Sb, s Cl, pro-
duces a bright orange-red luminescence when exposed to UV
light at 365 nm (Figure S2c, Supporting Information).

The thermal stability of DMA,BiCl,:Sb** was measured by in
situ temperature-dependent XRD and thermal gravimetric anal-
yses (TGA). The results (Figure 1a,b) reveal that the crystal struc-
ture does not change in the temperature range between 103
and 303 K, and the stability of the orthorhombic phase could
be enough in the regarded range. It is known that these com-
pounds tend to lose (DMA)CI at high temperatures, thus form-
ing DMA,BiCl,.3%] The Bragg reflections shift to lower angles
with increasing temperatures, indicating an expansion of the
cell volume reversibly in the range between 103 K and 303 K.
The TGA results confirm that the material is stable below 473 K
and a weight loss between 323 K and 373 K is ascribed to sol-
vent volatilization. As depicted in Figure 1c, the 3d electrons of
Sb were measured by X-ray photoelectron spectroscopy (XPS),
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Figure 1. a) Variable temperature PXRD pattern of DMA,Biy sSby sCl;. b) PXRD patterns of DMA,BICl;: xSb3* (x = 0-50%).

c) XPS spectrum of Sb

3d in DMA,Biq sSby 5Cly. d) UV/Vis optical absorption spectra and reflectance spectra of undoped and Sb3*-doped DMA,BiCl,. e) Thermogravimetric
analyses of the single crystal. f) Local crystal structure of DMA,BiCl; and Sb3**-doped DMA,BiCl,. g) Coordination environments of [MCl¢]3~ unit labeled

with bond lengths.

and the overlapping O1s peaks were possibly attributed to oxy-
gen atoms from residual water attached onto the surface. The
full spectrum of the XPS analysis represents the presence of ele-
ments including C, N, Cl, and Bi (Figure S3, Supporting Informa-
tion). As shown in Figure S4 (Supporting Information), scanning
electron microscopy (SEM) can also prove the incorporation of
Sb**, and elemental mapping shows the uniform distribution of
various elements in the crystal. The bandgap of the samples be-
fore and after Sb** activation was analyzed by ultraviolet-visible
(UV-Vis) spectroscopy (shown in Figure 1d), and the bandgap
changed from 3.24 to 3.11 eV due to the incorporation of Sb**.
The appearance of the Tauc plots indicates an indirect bandgap.
The powder X-ray diffraction (PXRD) results showed that a sub-
tle change was observed upon incorporation of different Sb con-
tents, and the very slight shift of the Bragg reflections was found
due to the soft lattice structure network of the 0D metal halide
(Figure 1b). In general, the ionic radius of Sb>* (r = 0.76 A, CN
= 6) is much smaller than that of Bi** (r = 1.03 A, CN = 6), the
substitution of Sb** for the lattice position of Bi** should expect-
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edly resultin lattice shrinkage. However, the average bond length
of metal and chloride revealed that changes were only negligible
(Figure 1f,g), which may also be related to a compensating effect
of the larger space that the 5s? lone pair of Sb** takes compared
to the more shrunk 6s? inert lone pair of Bi*+.3%) To further verify
the exact crystal structure information, Rietveld structural refine-
ments on XRD patterns were employed by using the GSAS pro-
gram (Figure S5, Supporting Information) with very good qual-
ity parameters. The lattice parameters and the unit cell volumes
were given, and a phase-pure nature was indicated in the pres-
ence of Sb**.

2.2. Luminescence Properties of Sb*+-Doped DMA,BiCl,
Pure DMA,BiCl, does not exhibit any visible photoluminescence
under UV excitation at room temperature, as shown in Figure S6f

(Supporting Information), the covering range of the absorption
curve for the sample containing Sb3* is slightly wider than the
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Figure 2. a) The excitation and emission spectra of DMA,BiCl,: Sb3* at RT and emission spectrum at 77 K. b) Emission spectrum (4o, = 270-400 nm)

mapping of DMA,BiCl,: Sb** at RT. c) The FWHM of emission at RT (A =
377 or 304 nm).

undoped sample, and the band is gradually red-shifted (Figure
S6e, Supporting Information). It shows a bright orange-yellow
luminescence under UV light excitation after incorporation of
Sb3* activators, and the absorption, PLE, and PL spectra indi-
cate that the photoluminescence is driven by Sb**-doping. The
presence of [SbCl;]*~ centers leads to broad-band luminescence
based on a 5s'5p! — 5s? transition. The primary luminescence
properties of DMA,BiCl,: Sb** are summarized in Figure 2a. The
appearance of the emission spectra shows a strong dependence
on temperature. At room temperature, the Sb**-activated com-
pound shows red emission peaking at 677 nm, while it becomes
blue-shifted into the orange-yellow range at 595 nm at 77 K. The
variation in the emission color is also reflected in the change
of its CIE chromaticity coordinates. The coordinates evolve from
(0.5291, 0.4611) at 77 K to (0.5604, 0.4138) at room temperature.
Their positions and shifting routes are plotted and provided in
Figure S7 (Supporting Information). At low temperature (4., =
304 nm), the broad emission curve is composed of two indepen-
dent signals that can be easily separated by Gaussian peak fitting,
with the peak maximum at 595 and 703 nm, respectively. These
can be considered A;- and Ay-type emission bands from Sb**
that are usually observed if Jahn-Teller and spin-orbit coupling
in the excited state have similar contributions and give rise to
a double-well potential energy surface of the excited P, level in
the configurational coordinate space. In previous literature, there
were A, B, C, and D bands observed in the absorption profiles
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377 nm). d) Emission spectra of DMA,BiCl: xSb3* (x = 0-50%, and A, =

of alkali halides containing ns? configuration dopants, and the
A band was the lowest one in energy. The two separated emis-
sion peaks following A-band excitation were referred as A; (high
energy) and Ay (lower energy). The two signals have been deter-
mined by strong coupling or interplay between Jahn-Teller effect
and spin-orbit interaction.’*-38] Upon higher-energy excitation
at 304 nm, the blue-shifted A;-type emission is observed. While
at higher temperatures, the Ay-type emission evolves related to
thermal activation over a barrier between the two potential well
minima on the 3P, energy surface. Excitation at lower energies
(Aex = 377 nm), however, only leads to the dominant observation
of the red-shifted emission at ~703 nm.

When monitoring the luminescence at 677 nm, its excitation
spectrum includes two prominent bands, which are assigned to
the electron transition from 5s'5p! « 5s? of Sb**, and the corre-
sponding spectral transitions are termed as 'P; « 'S, (C band)
and 3P, « 'S, (A band).*] The full schematic diagram is given
in Figure S8 (Supporting Information). The luminescence de-
cay curves excited by 304 or 377 nm irradiation are represented
in Figure S9a (Supporting Information) with average lifetimes
(Taye) of 24.15 and 29.76 us. The photoluminescence quantum
yield (PLQY) has been calculated by integrating sphere spectral
data, and the value (34.7%) is given in Figure S9b (Supporting
Information). The large Stokes shifts of 1.52 eV (for C band) and
1.21 eV (for A band), as well as the recorded broad band, in-
dicate the extensive degree of excited-state relaxation, which is
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common to ns? ions. To gain more insights into the photophys-
ical process, the emission profiles at different excitation wave-
lengths were measured in Figure 2b, and the spectral mapping
results had no band shifts collected with an excitation wavelength
varying from 270 to 390 nm. It could be verified that only one
emitting center is present within the crystalline structure, and all
the signal is generated by the luminescence of the incorporated
Sb** ions. The influence of the organic moiety DMA* and the
inorganic host [BiCl;]*~ in the crystal on the emission appears to
be negligible (Figure 2c). The Inductively coupled plasma optical
emission spectrometer (ICP-OES) results indicated that the ac-
tual doping ratio is similar to the raw input ratio (Table S2, Sup-
porting Information). Upon increase of the Sb** activator con-
centration from 0% to 50 % (Figure 2d), the appearance of the
emission spectra did not change, indicating a negligible effect of
structural distortion upon incorporation of the Sb** ions into the
host structure.

2.3. Theoretical Calculations

The differences in the electronic structure of DMA,BiCl, and
DMA,BiCl,: Sb*" were addressed by density functional theory
(DFT) calculations. The electronic band structures of DMA, BiCl,
and DMA,BiCl,: Sb** are depicted in Figure S10a,b (Supporting
Information). The flat energy bands indicate that the electron dis-
tribution is highly localized, which is consistent with the sharp
peaks in the density of state (DOS) diagram (shown in Figure
S10c,d, Supporting Information). Based on the above calculation,
the electrons would be highly confined within the independent
structural units to form localized excitons and such a fact is in
good agreement with the 0D structure of the single crystal, as
analyzed by the structural analysis, where the isolated [MCl¢]*
(M = Bi/Sb) octahedra are anchored in a hydrogen bonding net-
work of DMA™. In addition, the CBM and VBM contain strong
contributions from the s or p orbitals of the s? ion Bi or Sb, re-
spectively, suggesting that the electronic transition is rather lo-
calized (Figure S10e,f, Supporting Information). This is in good
agreement with the previous interpretation of the luminescence
spectra.

Both DMA,BIiCl, and DMA,BICl,;: Sb** exhibit indirect
bandgaps in line with the observation from the Tauc plots (see
Figure 2d) with estimated values of 4.12 and 3.61 eV. Appar-
ently, the bandgap is reduced upon incorporation of Sb** ions
into the host structure. The valence band maximum (VBM) of
DMA,BiCl, mainly contains contributions from the inert 6s or-
bitals of Bi and the 3p orbitals of Cl, while the conduction band
minimum (CBM) is dominantly formed by contributions from
the Bi 6p orbitals and the CI 3p orbitals. After activation with
Sb**, the chemically less inert and thus, energetically raised 5s
orbitals of Sb take part in the contribution of the VBM, and its 5p
orbitals incorporate into the energy level of the CBM, resulting
in a generally lowered value of the bandgap.

2.4. Thermal Response and Mechanism Analysis
In order to investigate the functionality of the DMA,BiCl;:

Sb** as a ratiometric luminescent thermometer, temperature-
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dependent steady-state emission spectra were recorded upon ex-
citation with 304 and 377 nm, respectively (Figure 3a). In both
cases, the emission profiles become red-shifted as the tempera-
ture rises, and the Gaussian fitting peak-1 has gradually evolved
to peak-2 in Figure 2a. The entire transition process has been
demonstrated for each emission spectrum at different tempera-
tures in Figure S11 (Supporting Information) and the intensity
ratio of peak-2 versus peak-1 increases rapidly. Although peak-
2 exhibits temperature-dependent changes, the integrated inten-
sity for the whole fluorescent signal was severely suppressed, and
the emission curve moved toward the low-energy range.

The two separate signals are assigned as the A;- and Ay-type
emission of the incorporated Sb** ions,1*’~*] which is related to
the 3P, — 1S transition. Both emission bands are only observed
upon excitation at 304 nm (!P; < 'S,). In contrast, there is al-
most no visible emission at 77 K upon excitation at 377 nm (*P,
< 1S,). Generally, the observation of two emission bands is as-
cribed to a dynamical Jahn-Teller effect in the excited 3P, state
with two pronounced minima forming by coupling to a tetrago-
nal (A7) and trigonal (Ay) distorting mode. For Sb**, the explicit
observation of two emission bands is rather rare,*** and has
so far only been reported for xenotime-type rare-earth orthophos-
phates REPO,:Sb*" (RE =Y, Lu, Sc¢)l*¥l or organic—inorganic hy-
brid halides with isolated [SbCI;]*~ units,[**] while in most other
investigated hosts, only one broad band is observed.!**’] The de-
cay times (see Figure 3d) in the order of us additionally indicate
that emission dominantly arises from the 3P, level. The decay
curves at different temperatures are depicted in Figure 3d. A ther-
mally induced slight increase of the average decay time of the
3P,-based emission is observed. Since the two bands overlap each
other, A; band evolves to A, band by crossing the thermal barrier
(AE,) as the temperature increases (Figure 3e). A notable obser-
vation is the change in the luminescence color from yellow to
red with the shifts of the CIE chromaticity coordinates and peak
wavelengths of the sample at different temperatures (Table S3,
Supporting Information).[*84]

In line with this interpretation, the outcome of the tempera-
ture dependence of the luminescence depends on the chosen ex-
citation wavelength. Upon excitation with 304 nm (C band excita-
tion), the emission intensity shows a common thermal quench-
ing behavior. In addition, the lower energetic Ay-type emission at
706 nm gains intensity at elevated temperatures compared to the
higher energetic A;-type emission at 595 nm. Upon irradiation at
377 nm that the emission shows a record-high increase of its in-
tegral intensity when the temperature is raised from 77 to 277 K
(Figure 3b). Table S4 (Supporting Information) summarizes the
anti-thermal quenching properties of the emission derived from
the metal halide materials. This gigantic value is definitely the
most prominent one and exhibits more than one order of mag-
nitude increase compared with all the observed samples.

To vividly demonstrate the dual emission changes in
DMA,BiCl,: Sb**, Videos S1 and S2 (Supporting Information)
were also recorded for the evolution process. A luminescent film
was made by laminating DMA, BiCl,: Sb** with PDMS. The film
on a glass sheet was exposed to the liquid nitrogen to realize
the condition of 77 K and the surface temperature would rise
as liquid nitrogen evaporated. In Video S1 (Supporting Infor-
mation), the film was excited with a UV lamp at 300 nm, and
its luminescence vanished upon increasing temperature. But its
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Figure 3. a) Temperature-dependent emission spectra mapping (77 K-377 K, Ao, = 304 nm and 377 nm). b) The peak intensity at different temperatures
(Aex =304 nm and 377 nm). ¢) FWHM of DMA,BiCl,: Sb** as a function of temperature (4o, = 304 nm). d) Decay curve of DMA,BiCl;: Sb3* at different
temperatures. e) Luminescence mechanism schematic diagram of DMA,BiCl,: Sb3*, here DT refers to direct transition, TA refers to thermal activation.

emitting intensity was drastically improved as the temperature
was raised upon irradiation at 365 nm (Video S2, Supporting In-
formation). Such sharp difference in emission behavior by only
adjusting the excitation wavelength enlarges the intensity ratio
responsive to temperature and effectively solves the problem of
low thermalization rate and the lack of Boltzmann equilibrium
under cryogenic conditions. In general, the emission has been
additionally characterized by calculating the effective Huang—
Rhys—Pekar factor (S), and different emission bands from the
same emitter have diverse S values. Therefore, the S of the
two states is retrieved by the FWHM of the Gaussian fitting
band under different temperatures (Equation S2, Supporting
Information), as shown in Figure 3c. The results reveal that S,
= 32.44, how, = 23.38 meV, and S, = 42.51, hiw, = 25.65 meV,
respectively (A is the effective phonon energy of the mode that
is coupled to electrons).

The previously mentioned observation offers a way for dual-
excitation ratiometric luminescent thermometry with Sb** as a
new concept. From the temperature dependence of the emis-

Adv. Optical Mater. 2025, 13, €02180 €02180 (6 of 10)

sion spectra and the observation of two emission bands, it be-
comes evident that there is a thermal activation barrier with two
minima on the 3P,-based potential energy surface. Such an ad-
justing strategy concerning the inter-excited states varies greatly
from the multiple thermally-coupled energy levels within only
one cation (Ln** or M**) and is particularly useful for the cryo-
genic temperature range, for which the other mentioned emit-
ters often lack sufficiently fast thermalization compared to radia-
tive decay. Upon excitation at 377 nm, we could barely observe
the luminescence of the sample at 77 K without the activation
of the energy barrier, but the red emission becomes intensified
as the temperature rises. Under the excitation of different pow-
ers of laser, the luminescence intensity increases linearly with
the power (see Figure S12, Supporting Information). This means
that the anti-thermal quenching is not derived from the common
mechanism of traps (traps in some materials are able to supply
luminescence). Thus, according to the above analysis, we pro-
pose a new mechanism model for DMA,BiCl,:Sb** derived from
thermally-activated Jahn—Teller distortion. Under higher energy
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irradiation (304 nm), the electrons are excited to 'P; and the fur-
ther forbidden transition to 3P, is realized since spin-orbit cou-
pling relaxes the selection rule. At such a higher vibration en-
ergy state, it has been perturbed by Jahn-Teller distortion to in-
duce two minima emission states through direct transition (DT).
However, in the situation excited by 377 nm, the electrons in the
ground state translate to the bottom of *P, and they require some
phonon (thermal vibration) assistance to go beyond the crossing
point of two parabolas through thermal activation (TA) process
(Figure 3e). In this model, there are two energy barriers that con-
trol two thermally activated processes. The first one is between
the *P, and A} emission state (AE;), which is only present in the
case of 377 nm excitation, resulting in thermally enhanced lumi-
nescence. Another one (AEy) is between the A; and Ay, which
commonly exists within the two states, and will induce the ra-
tio change of Ay /At due to the temperature rise. The synergistic
effect of two thermally activated processes results in a unique fea-
ture of thermal response.

2.5. Kinetic Properties of Excited States

Excited states dynamics in semiconducting halides of the soft
ns? ions should manifest in transient absorption spectral anal-
ysis, and a strategy of femtosecond transient absorption (fs-TA)
was utilized to explore the kinetic properties of DMA,BiCl,:Sb**
(Figure 4) (the detailed sample pre-treatment procedure and ex-
perimental setup guidelines are given in Supporting Informa-
tion). Upon laser pulse irradiation (pump power = 25.6 mW),
a broad band covering a very wide range from 500 to 1000 nm

Adv. Optical Mater. 2025, 13, €02180 €02180 (7 of 10)

is observed. Such an excited state absorption (ESA) signal has
been assigned to the contribution by the existence of Ay /A; state
(Figure 4a).>01]

The mixed TA spectra were processed by the singular value
decomposition (SVD) method to perform global fitting, and the
analysis yielded four components (z; = 680 fs, 7, = 6.3 ps, 7,
= 286 ps, 7, = 7000 ps) (Figure 4b). The extremely rich spec-
tral dynamics were found within the first 1 ps, and clearly two
individual excited states (ESA1 and ESA2) were rapidly formed
in a rather short time scale, and the two positive signals were
substantially improved with increasing delay time from 100 to
750 fs (Figure 4c,d). Therefore, the fact firmly supports the two
emission states formed within ultrafast time (750 fs). In the time
range from 6.3 to 286 ps, the ESA signal decays (Figure 4c). Fi-
nally, the decay of the ESA signal evolves to a featureless broad-
band at a long-lived time scale in the nanosecond range, which
presents a slow decay rate and positive signal over the detecting
window (7000 ps). In principle, we have demonstrated how the
formation of two emission states can be employed for verifying
the physical processes behind the fact of anomalous temperature
response observed in DMA,BiCl,: Sb**. Immediately after pho-
toexcitation, the local lattice distortion can take place and leads
to the formation of Jahn-Teller distorted states in less than a pi-
cosecond.

2.6. Application

The most common way to study luminescent thermometry re-
lies on recording variations in the emission intensity, and the
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ratiometric approach offers enough stability or robustness in
measurement by suppressing negative influence from a variety
of factors, including excitation source intensity fluctuation, con-
centration of functional species, optical path change, or sample
scattering.[>?3] In this work, a Sb3*-activated hybrid metal halide
(DMA, BiCl,:Sb**) has been used, and its luminescence intensity
ratio (LIR) varies dramatically with temperature changes upon
dual excitation at 304 or 377 nm (Figure 5a,c). Its LIR changes at
different temperatures can fit Equation S3 (Supporting Informa-
tion) well (from 77 to 302 K). According to Equation S4 (Support-
ing Information), the absolute sensitivity (S,) and relative sen-
sitivity (S,) of the temperature measurement curve can be cal-
culated. The S, value has been determined to be 0.0207 K~! at
302 K, and it should be emphasized that the S, value retrieved 3
from available experimental data could reach up to 18.9% K~ at
77 K.

For most conventional luminescence thermometers, the range
of the temperature-sensing window is inversely related to the sen-
sitivity metrics. In this work, excitation at 304 nm results in lu-

Adv. Optical Mater. 2025, 13, e02180 €02180 (8 of 10)

minescence of the Sb** ions that is prone to common thermal
quenching, while excitation at 377 nm leads to the otherwise un-
common observation of thermally enhanced luminescence in the
deep red range. Figure S13 (Supporting Information) summa-
rizes the maximum reported relative sensitivities of some com-
mon phosphors, which give rise to the good performance of this
work. In addition to its high S, at 77 K, the relative sensitivity can
be maintained well above 1% K=! until 302 K. To verify the sta-
bility of the thermometer, the LIR at 77 and 277 K are assessed
in cycles, and the value remains essentially unchanged. Its rela-
tive uncertainty of the LIR (6LIR) is translated to the temperature
uncertainty (§T) (Equation S5, Supporting Information) with the
values of 0.065 K at 77 and 0.094 K at 277 K. In this regard, our
dual-excitation approach easily allows precise low-temperature
thermometry.

For the sake of integrating its function with artificial intelli-
gence (Al)-programming techniques, we have developed a new
approach to visualize a temperature distribution via grayscale
imaging tools. Based on the temperature sensing data above,
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the pixel gray scale can be used instead of the luminous in-
tensity to draw the temperature mapping (Figure 5). Initially,
a temperature-sensing flexible film was made by mixing poly-
dimethylsiloxane (PDMS) with DMA, BiCl,:Sb** (detailed prepa-
ration process given in the supplemental information). The ro-
bust film has outstanding mechanical properties, and its lumi-
nescence properties barely change due to the repetitive folding or
twisting operation (Figure S14, Supporting Information). Video
S3 (Supporting Information) also demonstrates its high water-
resistant capability.

A CCD camera is used to capture the luminescence of the flex-
ible film, and the grayscale conversion of the signal is performed
based on Python + OpenCV to isolate the subject from its back-
ground (the full code has been provided in Supporting Informa-
tion). In the next step, the temperature mapping can be com-
pared to the gray matrix data at two excitation wavelengths, and
the experimental analysis results are given in Figure 5e. As for
the operation, the luminescence film has been put onto the sur-
face of two cuvettes, one cuvette filled with liquid nitrogen cre-
ated a temperature difference, and finally, the temperature dis-
tribution on both sides of the film has been evaluated. It gives
rise to an obvious thermal quenching under the excitation at a
300 nm UV light source, whereas the irradiation at 365 nm leads
to the observation of thermally induced enhancement of photo-
luminescence, which could be fully consistent with the results
collected by a luminescence spectroscopy instrument. According
to the temperature change from low to high, a clearly discernible
temperature distribution image with remote detection has been
realized. In addition, a real sample derived from a stainless-steel
circular sheet was selected, and it was placed under a glass plate
after liquid nitrogen treatment in advance (Figure S15, Support-
ing Information). Its low-temperature region could be visualized
by the above temperature mapping method. In addition, a total
of 500 grayscale recordings were made at 77 K and room tem-
perature in a liquid nitrogen constant temperature chamber, as
shown in Figure S16 (Supporting Information), demonstrating
the long-term stability of the sensing film.

3. Conclusion

In summary, a 0D lead-free hybrid inorganic-organic halide
(DMA,BiCl,: Sb*") was synthesized, and the experimental pro-
cess could be controlled to grow a centimetre-scale single crystal
(1.5 cm X 1.0 cm) by stepwise cooling precipitation. Its highly
ordered individual octahedron units result in intensely localized
charge translation with the formation of Jahn-Teller distortion,
and the incorporation of Sb** ions leads to the observation of
typical 5s!5p! — 5s? luminescence with a broad band and large
Stokes shift. It dictates that the fine control over the two excited
state potential (A and A, minima of the 3P, level) related to a
dynamic Jahn-Teller distortion has a substantial impact on the
emission at cryogenic temperature. Upon excitation at 377 nm,
the sample exhibits invisible emission at 77 K in the absence of
thermal activation of the energy barrier. An increasing lumines-
cence intensity has been observed as the temperature rises. Such
a thermally activated process within the excited *P, level poten-
tial results in a 68-fold improvement of the luminescence when
the temperature varies from 77 to 277 K, whereas it also shows
conventional thermal quenching when the electron is excited to
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the 'P, level (4., = 304 nm). Based on these effects, the typical
decline of relative sensitivity with increasing temperature usu-
ally encountered in luminescent thermometers has been circum-
vented. A well acceptable sensitivity (S, > 1 %K') can be realized
at 302 K that significantly increases (S, = 18.9% K™!) at 77 K.
This demonstrates that the strongly temperature-dependent lu-
minescence in hybrid metal halides related to an exploitation of
the excited-state dynamic Jahn-Teller effect can be used for cryo-
genic thermometry on purpose if carefully adjusted.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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