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A series of La;_,Gapo9O3:Crgo1. Nd, phosphors (where x = 0.005, 0.01, 0.02) for luminescence
thermometry was synthesised by the solid-state method, structurally characterised using powder X-ray
diffraction data, and investigated by ambient and variable-temperature optical measurements. The
design principle relies on the use of a combination of transition metal and rare earth activator ions such
that the excitation and emission wavelengths fall within the near infra-red spectral region, notably in the
‘first biological window’ that is attractive for potential in vivo applications. The photoluminescence
spectra of the compounds feature the characteristic °’E phosphorescence of Cr®* at 729 nm and the

Received 16th May 2022, “Fz2 = Yo emission of Nd** around 890 nm. The Nd** emission is quenched at a higher rate than that

Accepted 22nd June 2022 of Cr** with increasing temperature. Thermometric analysis by monitoring the luminescence intensity ratio
(LIR) between the emissions of Cr** and Nd** from 300 K to 650 K shows a quasi-Boltzmann trend, with

a maximum relative sensitivity of ~2% K™%, high absolute sensitivity values over this entire temperature
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1. Introduction

The development of novel ways to accurately monitor small
temperature changes is important in numerous applications,
including in biomedical systems. Luminescence thermometry is
a non-contact method for monitoring temperature changes
through their effect on the light-emitting properties of a mate-
rial, for example, on the intensity of the emission, its decay time,
or the profile of the spectrum.'™ The use of a luminescence
intensity ratio (LIR) method is particularly attractive. Here, the
ratio of emission at two distinct wavelengths is monitored,
rendering the system self-referencing and less dependent on
fluctuations in the efficiency of delivery and collection of light.*
This approach can allow temperature measurements to be
recorded with high accuracy and sensitivity. Most commonly,
LIR is observed in systems that can emit from two thermally
coupled excited states, according to the following equation:>®

LIR(T) =

= B-exp(—AE/kgT) (1)

where Iy and I, are the intensities of the higher- and lower-
energy excited states, B is a pre-exponential factor, AE is the
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range, excellent temperature resolution of 0.04 K at room temperature, and high stability.

energy difference between the thermally coupled states, kg =
0.695 cm™' K ! is the Boltzmann constant, and T is the
temperature in K. The phosphorescence of one or more activator
metal ions doped into a suitable host material offers a potential
for luminescence thermometry using such a strategy. Selection of
the host material for a solid-state phosphor is critical in providing
both stability and control over many of the luminescence proper-
ties of the activators.” Perovskite-type lanthanum gallate (LaGaO5)
has been studied for potential applications in fuel cells, solar cells,
and light-emitting displays, amongst others.> ' Several LaGaO;-
based materials have been reported as hosts for LIR luminescence
thermometers that exploit either single or dual emissions from
activator ions. For example, LaGaO;:Cr*" was shown by Mondal
et al. to have a relative sensitivity of 2.07% K ' at 150 K."* Back
et al. demonstrated that LaGaO;:Nd®*" - which has a distinct
temperature marker at 417 K corresponding to the structural
phase transition from orthorhombic to rhombohedral - showed
a relative sensitivity of 1.59% K" at 300 K.'> Meanwhile, materials
of composition LaGaO3:V"*, Nd*" were reported by Kniec et al. to
offer relative sensitivities of 1.0% K" at 268 and 363 K, 0.49% K '
at 253 K, and 1.44% K" at 348 K for the V**, V**, and V*" doped
samples respectively."® Most recently, Li et al reported Sm*",
Mn**-doped LGO phosphors with a maximum relative sensitivity
of 2.09% K ' at 456 K.'* Our own recent work has shown that
deconvolution of the overlapped temperature-invariant, sharp *E
emission from the temperature-dependent, broadband T, emis-
sion of Cr’* in LaGaO, gives a relative sensitivity of ~2.50% K " at
300 K and a temperature resolution that is as good as 0.05 K.*®

This journal is © The Royal Society of Chemistry 2022
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Lanthanide ions (Ln*") are in some respects well-suited to
luminescence thermometry, owing to their narrow-band
emission.'®2* However, the requirement for thermally coupled
excited states restricts the choice of Ln®* dopant.* Moreover,
Ln*" ions suffer from low absorption coefficients such that the
population of their excited states by light absorption is ineffi-
cient. Transition metal ions typically have broader absorptions
and, usually, higher extinction coefficients, reflecting the greater
extent to which the Laporte selection rule is relaxed for d-d as
opposed to f-f transitions. LIR thermometers based on Cr**,
Mn**, and Ni*" have been investigated, both as single and dual-
doped systems.'**">® The Boltzmann equilibrium between the
closely separated “E and “T, excited states of d* ions such as Cr**
underpins them.?¢°

The aim of the present study was to combine the comple-
mentary advantages of lanthanide and transition metal ions in
the design of a luminescent thermometer that would function
in the near-infrared (NIR) region. The neodymium(ur) ion was
selected for investigation with Cr**, as Nd** not only emits in
the NIR but also has a number of excited states of energies that
overlap with the emission of Cr**, allowing for Cr**-to-Nd**
energy transfer.'® The narrow-band nature of the E emission of
Cr’", as well as that of the lanthanide ion, and their separation
of >200 nm ensures good discrimination for luminescence
thermometry readout. The characteristic Nd** line emissions
fall into the part of the NIR region known as the ‘first biological
window’ (biological tissue being relatively transparent to this
part of the spectrum), allowing for potential applications in
biomedical imaging, including in vivo temperature sensing.*’
Marciniak et al. have reported phosphors utilising the Cr**
Nd** combination; for example, the material LiLaP40,,:Cr*"g o1,
Nd**y.10 shows thermometric properties in the physiological
temperature range with a relative sensitivity of 4.89% K ' at
323 K.*"** Here, we report the solid-state synthesis, structural
characterisation, and photoluminescence (PL) properties of a
series of Cr’* and Nd**-doped LGO phosphors. Variable-
temperature photoluminescence measurements were performed
to investigate excitation, emission, and energy transfer of the
system. Extensive thermometric analysis - including sensitivities,
temperature resolution and repeatability - was undertaken to
characterise the luminescent thermometry performance.

2. Experimental methods
2.1 Synthesis

All samples were synthesised by conventional solid-state
reaction methods from stoichiometric quantities of reactants
to prepare 2 g of product.'” La,0O; powder (Aldrich, > 99.99%)
was pre-heated to 900 °C for 10 h to remove moisture. The pre-
dried La,03, Ga,0; (Aldrich, >99.99%), Cr,0; (Aldrich, 99.9%),
and Nd,O; (Aldrich, 99.9%) powders were ground for approxi-
mately 30 min with an agate mortar and pestle, pressed into
10 mm pellets, and placed into alumina crucibles with lids.
Samples were sintered in a muffle furnace at 1200 °C in air for
60-100 h with intermittent grinding.

This journal is © The Royal Society of Chemistry 2022
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2.2 Powder X-ray diffraction (PXRD)

PXRD was used to monitor the progress of the reactions and to
determine the purity of the products. All measurements were
carried out at room temperature using a Bruker AXS d8 Advance
diffractometer utilising CuKa radiation and a Lynx-Eye detector.
Patterns were recorded in a range of 10° < 26 < 90° with a step
size of 0.02° and step time of 0.5 s. All patterns were analysed
by Rietveld fitting in TOPAS academic software.**** Refined
parameters included background polynomial terms, zero-point,
pseudo-Voigt peak shape function terms, unit cell parameters,
and an overall isotropic atomic displacement parameter.

2.3 Photoluminescence spectroscopy

The PL properties of La; ,Gag.9903:Cr 01, Nd, (x = 0.005, 0.01,
0.02) were studied using a Horiba Jobin-Yvon Fluorolog-3
spectrometer. The excitation source was a 450W xenon lamp.
The emitted light was detected using either a red-sensitive
photomultiplier tube (Hamamatsu R928) or a CCD detector
(Horiba Synapse back-illuminated deep depletion) offering
good sensitivity up to 1000 nm. NIR emission at 1 >
1000 nm was monitored using a Hamamatsu NIR photomultiplier
tube. Samples were analysed either in 3 mm o.d. quartz capillary
tubes within the instrument’s sample compartment, or externally
using a Quanta-phi integrating sphere coupled to the instrument
with optical fibres. Long-pass 400 nm and 850 nm filters were
utilised to remove harmonic peaks in RT excitation and emission
spectra. Lifetime data were acquired using an Edinburgh Instru-
ments OB920 following excitation of the samples in 3 mm o.d.
quartz capillaries with a microsecond-pulsed flashlamp. Emitted
light was detected at right angles using an R928 detector
operating in multichannel scaling mode. The variation in PL
intensity with temperature over the range 300-650 K was investi-
gated for all Cr**, Nd*" doped compounds using an Ocean Insight
FX spectrometer with bifurcated fibre-optics and a custom-built
thermometry apparatus.®> Samples were excited at 473 nm using a
150 mW high-stability laser.

3. Results and discussion

3.1 Structural characterisation

All PXRD patterns were fitted using orthorhombic LaGaO; as the
initial structural model.*® Fig. 1 shows the final Rietveld fits obtained
and Table 1 summarises main crystallographic parameters.

Fig. 2 shows the perovskite-type structure of LaGaO;, made
up of a network of corner-sharing GaO, octahedra with inter-
spersed La** ions. Having a Goldschmidt tolerance factor ¢ =
0.973, LaGaO; is orthorhombic, crystallising in space group
Pnma (no. 62). The departure from the cubic symmetry is due to
the tilting of the GaOg octahedra - in Glazer notation, from
a%a%a’ to a'b b /a*a"a” - resulting in the change of the La*"
environment and a lowering of the La®>" coordination number
(CN) from 12 to 8. In space group Pnma, La*" and Ga** are
located on Wyckoff sites 4c and 4a, with site symmetry m and 1,
respectively. Given the ionic radii of the species involved, it can
be expected that Nd** (1.109 A, CN = 8) will readily substitute

J. Mater. Chem. C, 2022, 10, 10396-10403 | 10397


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc02011d

Open Access Article. Published on 23 June 2022. Downloaded on 7/27/2022 4:15:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

é 4,000 a) ‘ x =0.005
3 2,000 }
o i A.QL A )" Qﬂ‘ A A
» 4000 =
g b) x=0.01
S 2,000 } A
5 A J A A Wi }n .}k,___,
s 4000 C) x=0.02
5 |
3 2000 | “
ol A A A AL A o
T % w0 s e 10 8
26 ()

Fig. 1 Rietveld fits of the XRD data collected on La; ,Gagp9903:Crg o1, Ndy —
(@) x = 0.005, (b) x = 0.01, and (c) x = 0.02 samples. In each case the red
curve represents the calculated pattern; the green, purple, and blue repre-
sents the observed data, whilst the difference curve is depicted in grey.

for La®* (1.160 A, CN = 8), and that Cr*" (0.615 A, CN = 6) will
substitute for Ga*" (0.620 A, CN = 6).3*

3.2 Room temperature photoluminescence analysis

The emission spectra of all three samples upon the excitation at
590 nm (i.e., in the region of the spin-allowed *A,; — Ty,
absorption of Cr**) show two well-defined sets of bands: one set
in the 700-750 nm region attributable to the *E emission of Cr**
and the other in the 860-930 nm range due to the Py o op
transitions of the Nd** ion (Fig. 3c). The absence of broadband
fluorescence corresponding to the strongly field-dependent,
spin-allowed “T,, to “A,, transition of Cr’" indicates that the
Cr’* jons in the CrOg octahedra experience a strong-field local
environment, such that the “T,, state lies at significantly higher
energy than the ’E. The peak at 739 nm for all three samples
is indicative of an exchange-coupled Cr**-Cr*" pair N-line.***°
The contribution of the N-line to the spectrum should be
concentration-dependent but, as all three samples contain
1.0% Cr’*, the N-line peaks are of approximately equal relative
intensity in this instance. Stokes and anti-Stokes sidebands are
seen for each sample on either side of the ?E R-line emission.**

The distinct line-like emission of the Nd*" “F;, — ‘I
transition centred at about 890 nm increases with increasing
Nd** concentration relative to the Cr’" *E emission (Fig. 3c).
As the Nd*' concentration increases, there is also evidence
of an increasing contribution from the *Fs;, — “Io, transition
at around 800 nm (Fig. 3c). The *Fs, excited state is thermally
coupled to the “F;;, at room temperature due to the small
difference in energy between them.*’ Fig. 3d gives the NIR
emission spectrum of the samples, showing the *F;,, to 11/,
emission centred at 1070 nm, and *Fs, to *I;;,, emission
centred at 1360 nm. The observed Nd*" emissions could arise,
at least in part, from direct excitation of the “Io, — *Gs

View Article Online
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Fig. 2 Unit cell of LaGaO3:Crg 1, Ndgo2 viewed down the crystallo-
graphic c-axis. La*" is shown in purple, Ga* in green, and O®~ in red.

transition at the excitation wavelength used, although the
“Fs,, state could also be populated indirectly by energy transfer
from Cr’*, given the overlap of the Cr** ’E emission with
excitations of Nd** to the F;,,, *S;/,, and *F,, states.

Excitation spectra can help to determine whether or not
such energy transfer is significant. The excitation spectra of the
samples monitored for the Cr** >E emission at 729 nm and for
the *F3;, — “Io, of Nd** at 905 nm are shown in Fig. 3a and b,
respectively. The Cr*" excitation spectrum shows two broad
bands at 624 and 444 nm attributed to the Cr’" A,y — *T,, and
*A,q — Ty, transitions, respectively. There is also some evidence
of sharper line-like excitations at 665, 584, 537, 444, and 354 nm,
superimposed on the broad Cr** bands, most evident for the x =
0.02 sample with the highest Nd** concentration. The wave-
lengths of these peaks correspond well to the energies of the
4F9/2§ 4G5/2 and 2G7/2; 4G7/2; 4G9/z and 2K13/2; 2Ds/z and ZI')1/25 and
*D;/, and “Ds), excited states of Nd**. Their appearance in the
excitation spectrum of the Cr** ions suggests that some Nd** —
Cr’" energy transfer is occurring. The Nd*" excitation spectrum,
Fig. 3b, shows sharp peaks for excitation to the “F,,, at 880 nmy;
*H,,, and “Fs, at 810 nm; “F,, and *S;,, at 740 nm; *Fy), at
680 nm; “Gs,, and 2Gj, at 590 nm; Gy, 2Gop, and %K, 5, at
520 nm; *Ds,, and *P,;, at 440 nm; and “D;,, and D5, states
at 350 nm.*> Notably, the excitation spectrum of the Nd**
emission does also prominently feature the broad bands
associated with Cr**, suggesting that some Cr** — Nd** energy
transfer is occurring for these materials at room temperature.
Energy transfer between activator ions is illustrated schematically
in Fig. 4 showing the relative energies of pertinent states on Cr’**
and Nd*'. The decline in the relative intensity of the Nd** relative
to the Cr*" excitations with increasing Nd** content may be
indicative of a degree of quenching between Nd*" ions.

The lifetimes of the Cr*" emission at 729 nm were measured
for LaGag.os0;:Croo; and the Nd**-doped samples at room
temperature, Fig. 5. The data fitted well to a bi-exponential

Table 1 Refined unit cell parameters for the La;_Gag9903:Crg o1, Ndy (x = 0.005, 0.01, 0.02) series

Sample Ryp (%) a(A) b (A) c(A) Cell volume (A%
La.905Ndo.005G0.99Cr0.0105 5.52 5.4924(1) 7.7747(1) 5.5241(1) 235.895(8)
Lag.9oNdg.01Gag.99Crg.0103 5.35 5.49259[9) 7.7745[1) 5.52399(9) 235.890(7)
La.0sNdo.02Ga0.09CT0.0105 5.75 5.4923(1) 7.7745(1) 5.5227(1) 235.828(8)
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Fig. 3 Normalised spectra of La; ,GaOsz:Crg 01, Nd, (a) excitation spectra of Cr®* monitored at Zem = 729 nm, normalised at 622 nm; (b) excitation
spectra of Nd** monitored at Zem = 1071 nm, normalised at 622 nm; (c) normalised emission spectra of the three members of the LaGaOx:Cr, Nd series
normalised at 729 nm, Aex = 590 nm; (d) emission spectra in the NIR region >1000 nm, Aex = 590 nm.

decay with a y offset for dark-count, giving an average lifetime
of 4.2 ms for the -Cr*"-only sample, compared to values of 3.6,
3.0, and 2.5 ms for the x = 0.005, 0.01 and 0.02 samples. The
trend of decreasing lifetime of the Cr** *E state with increasing
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Fig. 4 Energy level diagram showing energy transfer between Cr* and
Nd** ions, with filled straight lines showing emission/excitation, and
dashed lines denoting energy transfer from Cr®* to Nd*' in red,
and Nd** to Cr** in black, respectively.

This journal is © The Royal Society of Chemistry 2022

Nd** doping supports the conclusion above that Cr** — Nd**
energy transfer is occurring. The energy transfer efficiency, #gr,
was calculated to be 14%, 28%, and 40% respectively using
eqn (2), where 7, is the lifetime of the chromium-only sample

and 1¢,_nq that of the dual-doped sample.*
TCr—Nd
gy =1-— — (2)
TCr

3.3 Luminescence thermometry

Temperature-dependent spectra of La; ,Gag9903: Crg 1, Nd,
phosphors (where x = 0.005, 0.01, 0.02) are presented in Fig. 6a—c.
As sample Lag 9sGag 9903:Crg 01, Ndg o, showed comparable inten-
sities from the Cr** and Nd*' ions, it was selected for thermo-
metric evaluation. The 808 nm emission band of Nd** overlaps
with the tail of the broad emission from the *T, level of Cr** and
was therefore excluded from the analysis. The pure Cr*" and Nd**
emissions are considered at A < 790 nm (N-lines, ’E) and /. >
850 nm, respectively. The Cr** emission experiences simultaneous
increase of emissions from the *T, level and decrease of intensity
of emissions from ’E level and N-lines with increasing tempera-
ture, such that the overall Cr** emission intensity is quenched
more slowly than the *F3, — “lo, emission of Nd**. The inten-
sities were fitted to eqn (1), where I; = I[Cr*"), and I, = [Nd**), and
the resultant LIR is presented in Fig. 6d. The energy gap used in

J. Mater. Chem. C, 2022, 10,10396-10403 | 10399
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Fig. 5 Lifetime data (circles) and bi-exponential fits (lines) of

LaGaOs3:Crgo; (x = 0.00) and of La;_,Gag99O03:Croor, Nd, (x = 0.005,
0.01, and 0.02).

eqn (1) does not represent the gap between the thermalised levels,
but instead the two emission centres - the Cr** and Nd** activator
ions. The quasi-Boltzmann relation to which the experimental
data are fitted is given by:

(et 1170(59)
LIR = 737 = 63.9(8) exp (kB—T) (3)

with a high quality of fit of adj. R* = 0.997. The fitted energy gap is
larger than that between the thermalised levels of all the lantha-
nides but Eu®*, meaning that the relative sensitivity will have a
relatively high value. The high value of the temperature-invariant
parameter B in eqn (1) is an indication of the high absolute
sensitivity of this probe. The absolute and relative sensitivities
respectively (Fig. 5e) were obtained by:

OLIR| AE AE
-17 _ _ I
Sa[K ]7' aT’ kBTzBexp( kBT) (4)
S AE
o1 — 2 o7 0
Sy [%K }_LIRlom kBTZwM (5)

The relative sensitivity, S;, was calculated as ~2.0% K * at
300 K, which is, as predicted, a value higher than achieved with
most of the lanthanides (see Table 2 in ref. 4).

The sensor stability was tested and confirmed by estimating
LIR while cycling between two temperatures in 10 periods (see
Fig. 5f). The LIR values at those temperatures remained
unchanged after each cycle. The repeatability was estimated
according to:>

RI%) = (1 _ Max(|Mean(LIR) — LIR;|)

Mean(LIR)

) x 100%  (6)

where i denotes the measurement count. For the measure-
ments presented in Fig. 5f, the repeatability is 99.92% and
99.88% at 350 K and 500 K, respectively.

Finally, the relative uncertainties (o,) were estimated from
30 consecutive measurements at 300 K and 435 K, with values
of 0.07% and 0.09%, respectively (see Fig. 5g and h).
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Corresponding temperature resolutions of 0.04 K and 0.1 K
were estimated using eqn (7).
Oy
AT = S, (7)

Although our material does not exhibit the same sensitivity as
some other Cr**, Nd*"-containing luminescence thermometers in
the literature, it provides high precision and therefore excellent
temperature resolution. The reason behind the low uncertainties
in temperature measurements using this probe is that both
emissions utilised for LIR have high intensities. Swieten et al.*
recently demonstrated that signal strength is directly proportional
to the precision of the temperature measurement. As already
mentioned, Cr’* emission in the strong crystal field is comprised
of the “T, and ’E bands, with opposite trends with change in
temperature. These bands overlap, but as the *T, band is broader,
there is always a spectral region which comprises only of the “T,
band. The emission of the entire Cr** emission, comprised of “T,
and *E bands, changes more slowly with temperature than each
individual band. By taking a narrow spectral range for LIR,
containing only *T, emission, the larger uncertainty is introduced
than by observing the entire Cr** emission as it is obvious that the
entire emission is more intense than any of its individual parts.
Thus, the higher sensitivity that can be obtained by employing
only “T, emission in LIR does not necessarily mean that the
temperature resolution is improved, as the increased relative
sensitivity can be compensated by the increased uncertainty.
The analogous demonstration is presented in our previous work
where we showed that by deconvolution of “T, and *E bands the
relative sensitivity can be significantly increased, but the tempera-
ture resolution stays invariant to the numerical method employed
for LIR®" In a YAG matrix, a high temperature sensitivity of
3.48% K ' was observed, but only a fraction of Cr’* emission
was employed for the integration used for the LIR calculation.”” In
a Cr*", Nd** doped Y;Al,Ga;O;, host, a relative sensitivity of
2.2% K" was observed with even narrower integrated areas.>® An
investigation of Gd;Gas0,, gave a relative sensitivity of 1.90% K"
by LIR, using only the ratio of the broad-band of Cr** to the Nd**
emission.>* An outstanding relative sensitivity of 4.89% K " was
reported for a Cr**, Nd*" co-doped system in LiLaP,0;, host, but
using 20 nm-wide integration windows for both Cr’** and Nd**, and
with high emission intensities only at lower temperatures.** Thus,
in Cr’*, Nd** co-doped systems, the sensitivity of LIR requires a
compromise between the precision of the measurement and the
sensitivity. A robust comparison of the most important figure of
merit in thermometry - the temperature resolution - in different
materials would necessitate measuring all the materials under the
same experimental conditions. For comparison of the most pro-
minent and highly performing probes for luminescence thermo-
metry by the LIR method with our sensor, please see Table 2.

Conclusions

Phosphors of composition La; ,Gag.9903:Crg 01, Nd, (x = 0.005,
0.01, 0.02) were successfully synthesised by the solid-state
method and structurally characterised by PXRD using Rietveld

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Emission spectra of (a) Nd** x = 0.005 sample, (b) x = 0.01, and (c) Nd** x = 0.02 all excited at 473 nm. (d) Fitted LIR of the x = 0.02 sample. (e)
Absolute (red) and relative (black) sensitivities of the x = 0.02 sample. (f) Repeatability of the x = 0.02 sample's LIR by cycling between 350 and 500 K.
Distribution curve of LIR after 30 consecutive measurements at (g) 300 K, and (h) 435 K.
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Table 2 Comparison of thermometric performance of Cr** or Nd** doped LGO, Cr®*,Nd** co-doped systems, or other prominent probes with

LGO:Cr¥* Nd**, by the LIR method

Host Activator ~ Trange [K] S:[% K '] @ 310 K Max (S,) [% K '] S,[K '] @ 310K AT[K] @310 K Min (AT) [K] Ref.
Zns Mn*",Eu®*t  303-423 NA 1.1 @ 303 K NA NA 0.02 44
YF, Er*'Yb*"  293-473 1.8 2@ 293 K 4.2 x 1073 1.1 1 45
ZnSe/CdSe Mn>* 200-370 1.2 1.2 @ 310K NA NA NA 46
MgAl,O, crt 300-540 3.4 3.5 @ 300 K 4.0 x 1073 0.3 0.3 26
7ZnGa,0, crt 300-700 2.8 3.2 @ 300 K 1.4 x 1073 0.4 0.4 47
Bi,Ga,0, crrt 150-450 0.7 0.75 @ 300 K NA 1.5 1.5 48
Sr,MgAl,,056 Cr?* 298-523 1.7 2 @ 300 K 45 x 107" NA NA 49
YVO, Eu®" 300-850 3.9 4.2 @ 300 K 5.8 x 1077 NA NA 50
La,0; Yb** Nd**  290-1230 2.9 3@ 300 K 1.4 x 107* 0.7 0.6 51
Al O, Sm>* 298-648 4.7 4.8 @ 298 K 3.3x107° 0.04 0.04 52
YAB pr*,Gd*"  30-800 0.8 10 @ 30 K NA 0.6 0.6 53
LiLuF, Er*",Yb*  300-525 1.2 1.3 @ 300 K NA 0.09 0.08 54
NaYF, Ert,Yb®>"  300-900 1.1 1.1 @ 300 K 3.6 x 103 1 1 55
Ga,S;:La,0;  Er*',Yb®  293-493 1.0 1.1 @ 293 K NA 0.3 0.3 56
LGO crt 150-300 0.7 2.07 @ 150 K 1.9 x 1072 0.7 0.2 11
LGO Nd** 280-830 1.5 1.8 @ 280 K NA 1.2 1.6 12
LGO VY Nd** 123-573 1.0 1.5 @ 350 K NA NA NA 13
LGO crrt 300-600 2.4 2.5 @ 300 K NA 0.05 0.05 15
Gd;Al;Ga0O,, Cr**Nd*" 123-573 1.2 1.9 @ 123 K NA NA NA 24
LaScO; cr' Nd*" 123-573 0.2 1.3 @ 400 K NA NA NA 25
LiLaP,0;, cr** Nd*"  113-473 3.6 3.9@ 323 K NA NA NA 31
LiLaP,O;, cr* Nd** 300-420 NA 49 @ 323K NA NA 0.05 32
YAG cr¥* Nd*"  100-850 3.3 3.5 @ 200 K NA NA NA 57
YAGG cr** Nd**  123-573 1.1 2.16 @ 220 K NA NA NA 58
LGO cr* Nd*" 300-625 1.8 1.9 @ 300 K 49 x 10°° 0.04 0.04 This work

refinement. The excitation into the spin-allowed absorption bands
of Cr’" at 590 nm gives rise to both the narrow-band, spin-
forbidden *E emission of Cr’* at 729 nm and the *F;, — Iy,
line-like emissions of Nd*" at around 890 nm. At room tempera-
ture, energy transfer both from Cr** — Nd** and from Nd** —
Cr*" was evident by examination of excitation spectra registered at
the well-separated Nd** and Cr*" emission wavelengths.

It is demonstrated that Lag¢sGagy.9905:Crg 91, Ndgo, can be
used as an efficient NIR thermometer. This binary probe follows
the Boltzmann relation, with good sensitivity values. Due to the
high intensities of both the Nd** and Cr’" emissions, the
absolute sensitivity has high values (S, ~ 2.0% K ' at 300 K)
and the uncertainties in measurement are low, leading to an
excellent temperature resolution (0.04 K at 300 K), even for
inexpensive non-state-of-the-art equipment. Demonstrating this
low uncertainty, and therefore high temperature resolution,
whilst employing instrumentation that is closer to that utilised
in industry, gives this probe the unique advantage of authenticity
in testing for potential real-world applications. The sensor also
shows potential to be used for temperature measurements of
biological samples in vivo, as both the excitation and emission
can be reached within the first biological window.
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