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A Ho?**-Based Luminescent Thermometer for Sensitive
Sensing over a Wide Temperature Range

Thomas P. van Swieten, Dechao Yu,* Ting Yu, Sander J. W. Vonk, Markus Suta,

Qinyuan Zhang, Andries Meijerink, and Freddy T. Rabouw*

Luminescence thermometry is used in a variety of research fields for non-
invasive temperature sensing. Lanthanide-doped micro-/nanocrystals are
exceptionally suitable for this. The popular concept of luminescence-intensity-
ratio thermometry is based on emission from thermally coupled levels in a
single lanthanide ion, following Boltzmann’s law. These thermometers can
measure temperature with low uncertainty, but only in a limited temperature
range. In this work, a Ho**-based thermometer is presented and quantitatively

on luminescence thermometry offers an
alternative that is capable of measuring heat
generation and diffusion on the microscopic
scale®! Among the various choices of
luminescent systems,** crystals doped
with lanthanide (Ln*) ions represent a par-
ticularly promising class of luminescent
thermometers, because their dimensions
can be tuned from a few nanometers to sev-

modeled with sustained low temperature uncertainty from room temperature
up to 873 K. The thermometer shows bright green and red luminescence with a
strong and opposite dependence on temperature and Ho** concentration. This
is the result of temperature-dependent competition between multi-phonon
relaxation and energy transfer, feeding the green- and red-emitting levels,
respectively, following excitation with blue light. This simple and quantitative
model of this competition predicts the output spectrum over a wide range of
temperatures (300-873 K) and Ho?* concentrations (0.1-30%). The optimum
Ho** concentration can thus be determined for reliable measurements over
any temperature range of interest. Quantitative modeling as presented here is
crucial to optimally benefit from the potential of energy-transfer thermometers
to achieve low measurement uncertainties over a wide temperature range.

1. Introduction

In many research fields, ranging from cell biology to catalysis, the
size and invasiveness of conventional thermometers hinders accu-
rate temperature sensing.l?) Remote temperature sensing based
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eral micrometers and their photolumines-
cence spectrum is sensitive to temperature.
A characteristic feature of Ln** ions is their
rich energy level structure, which results in
emission spectra with well-separated lines.
Typically, the luminescence intensity ratio
(LIR) between two of these emission lines
is used as a sensitive measure for the tem-
perature of the Ln3*-doped crystal. After
insertion of these ratiometric thermometers
into a system of interest, remote opera-
tion simply involves excitation by light and
detection of the luminescence with standard
spectroscopic equipment.

The performance of a ratiometric ther-
mometer is determined by how sensitively
the LIR reacts to temperature. In general, the performance at
a given temperature (T) is quantified in terms of the relative
sensitivity!1%)

5 —_L [dUR O
LIR| dT

with units of (% K). A high relative sensitivity allows for accu-
rate probing of small temperature differences. In addition, a
reliable temperature measurement requires high precision,
which depends on the signal-to-noise ratio of the measure-
ment.'"12 The precision improves with longer acquisition time
and higher brightness of the thermometer. The multitude of
temperature-dependent emission lines from Ln3** ions offers
many possibilities to optimize sensitivity and precision for the
temperature range of interest. The search for superior accu-
racies has already led to the development of a large variety of
ratiometric thermometers.[1%

A popular class of ratiometric thermometers relies on thermal
coupling between two excited states of individual Ln*" dopants.
The LIR of the emission lines from the two states follows Boltz-
mann statistics, as long as thermal coupling between them is
much faster than radiative decay.’¥! The relative sensitivity for
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Figure 1. Ho®" as a thermometer based on cross-relaxation. a) Photographs of the Na(Y,Gd)F, thermometer material doped with 12%-doped Ho3*
sample at various temperatures upon excitation with 358 nm. b) Scanning electron micrographs of the 12%-doped Ho*" sample. The scale bar cor-
responds to 10 um. c) Emission spectra of the 0.5%-doped Ho3* sample at various temperatures upon excitation with a 450 nm laser. The dominant
green luminescence around 540 nm is due to the °F,,>S, — °lg transition. The blue emission around 485 nm is due to °F; — I3 transition and the red
emission centered around 640 nm is due to the overlapping >Fs — °lg and 3F; — I, transitions. d) Energy level diagram of a single Ho*" ion.?2l The
wavy arrows represent multi-phonon relaxation and the straight arrows correspond to radiative decay. For more details of the energy level structure of
Ho* in Na(Y,Gd)F,, including the energy gaps between the different levels, Figure S3, Supporting Information. e) Emission spectra of the 12%-doped
Ho3" sample at various temperatures. f) Energy level diagram of an excited and a ground-state Ho* ion. The dashed arrows represent cross-relaxation
from the blue- or the green-emitting level of an excited Ho" ion, populating the °I; level in a nearby Ho* ion that was initially in the °lg ground state.

such “Boltzmann thermometers” follows a simple analytical
dependence on temperature of S, = AE/kgT?, where AE is the
energy separation between the coupled states. This relation
reveals a fundamental limitation of the Boltzmann thermom-
eter: they offer low relative sensitivities at high temperatures
(kT > AE) because the Boltzmann populations of the two cou-
pled states are nearly equal. On the other hand, the measure-
ment precision is low at lower temperatures (kzT < AE) because
the population of the upper level is negligible. Accurate and pre-
cise temperature sensing over a wide range thus requires a ratio-
metric thermometer with an alternative working mechanism.!*5!

Alternative ratiometric thermometers typically consist of a
material doped with different Ln*" ions, e.g., Eu** and Tb*", that
are connected by energy-transfer pathways with a strong tem-
perature dependence.'®®l This operating mechanism does not
lead to a thermal equilibrium of excited-state populations, which
makes higher relative sensitivities with yet appreciable lumines-
cence intensities from the different ions possible.l>?% Recently,
Ximendes et al. reported a similar concept using LaF; nanopar-
ticles doped with high concentrations of Tm3", which showed
cross-relaxation (i.e., partial energy transfer between two iden-
tical ions).’!l However, the working mechanism of energy-
transfer thermometers is complicated because it does not only
depend on relaxation processes within an ion but also involves
interactions between different ions. Consequently, it has not yet
been possible to develop a quantitative method that predicts the
accuracy and the precision of energy-transfer thermometers.

In this work, we introduce a Ho**-based cross-relaxation ther-
mometer, measure its temperature-dependent luminescence,
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and quantitatively model its performance. Our thermometer
operates via the competition between a temperature- and a
doping-concentration-dependent decay pathway that lead to
green and red emission, respectively. We construct a quanti-
tative model for the rates and efficiencies of the complex set
of decay pathways involved as a function of temperature and
Ho*" concentration. This model successfully predicts the red-
to-green LIR as well as the accuracy and the precision of tem-
perature measurements. It can thus serve as a design tool to
calculate the Ho*" concentration that enables the most reliable
temperature measurements for any temperature regime of
interest. Our method of thermometer evaluation is an impor-
tant step for the design of new energy-transfer thermometers
focused on and optimized for the desired application.

2. Results

Figure 1a demonstrates the potential of our Ho*"-based ther-
mometer, reflected by the strong color shift with increasing
temperature going from red through white to green.?>-20l
Specifically, we prepared microcrystalline fluoride com-
pounds doped with different concentrations of Ho’*, i.e.,
BNaY, s ,Gdg,sHo,Fy (Figure 1b).%7) Excitation of these sam-
ples with 450 nm light results in a blue, a green, and a red
emission band, which are due to the °F; — °Ig, °F,,°S, — °Iq,
and °Fs — °lIg + °F3 — °I, radiative transitions respectively.l?l
Competition between different temperature-dependent decay
pathways of an excited Ho*' ion, including energy-transfer

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Quantification of radiative decay, multi-phonon relaxation, and cross-relaxation. a) Decay curves of the red-emitting level (°Fs) measured
at 645 nm upon resonant excitation at 638 nm of the 0.1%-doped Ho*" sample, at two different temperatures chosen to illustrate the effect of multi-
phonon relaxation. The solid lines are fits to a model of single-exponential decay. The inset shows the decay rates obtained from the fits at various
temperatures. The black line is a fit to a model of temperature-dependent multi-phonon relaxation. b) Same as in panel (a) but for the green-emitting
level (°S, + °F,) measured at 542 nm upon excitation at 535 nm. The black line is a fit to a model of temperature-dependent multi-phonon relaxation
and thermal equilibrium between S, and 3F, populations. c) Same as in panel (b) but for the blue-emitting level (°F3) measured at 487 nm upon excita-
tion at 447 nm and thermal equilibrium between F3, 5F,, and 3Kg populations. d) Decay curves of the red-emitting level measured at room temperature
upon resonant excitation of samples with different Ho®" concentrations (0.5%, 1%, 3%, 5%, 12%, 20%, and 30% with decreasing darkness of the color).
The solid lines show the results of a global fit of all decay curves to a model of cross-relaxation providing one value for the “cross-relaxation strength”
C, (dashed line in the inset). The C, values in the inset are the result of fits of the individual decay curves to the cross-relaxation model. ) Same as in
panel (d) but for the green-emitting level. f) Same as in panel (d) but for the blue-emitting level.

pathways between neighboring Ho** ions, controls the relative
intensity of these emission lines. To quantitatively understand
and predict the performance of our Ho**-based thermometer,
we performed a systematic analysis of these various decay path-
ways and their temperature dependence.

First, we analyze the luminescence at low Ho?*" concentra-
tion, at which the ion-to-ion distances in the crystal are large
and energy-transfer interactions between ions are thus negli-
gible. In this concentration regime (< 0.5%), relaxation from the
blue-emitting (°F5), green-emitting (°S, + °F,), and red-emitting
(°Fs) levels of Ho* takes place only via radiative decay or multi-
phonon relaxation, i.e., coupling to phonons of the host lattice
to bridge the energy gap between levels. Phonon-mode occu-
pations increase with increasing temperature, which results
in faster multi-phonon relaxation. In the emission spectra of
the 0.5%-doped Ho*" sample following excitation at 450 nm
(Figure 1c), we observe intense luminescence at 540 nm, indi-
cating that multi-phonon relaxation to the green-emitting level
followed by radiative decay is the dominant relaxation process
(Figure 1d). The small energy gap AE between the blue- and the
green-emitting level (2000 cm™) already suggested that emis-
sion of only four to six phonons in a hexagonal fluoride host
can effectively bridge this gap.[?>2%3% Besides a weak blue emis-
sion, we notice a weak red emission that results from a combi-
nation of multi-phonon relaxation from the green- to the red-
emitting level over a larger 3000 cm™ energy gap, cross-relaxa-
tion from the blue- to the red-emitting level, and red emission
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from the blue-emitting level to the first excited Ho*" level °I,
(Zou et all® and Figure S4, Supporting Information).
Increasing temperature causes only a slight change of the lumi-
nescence spectrum (Figure 1c), reflecting poor thermometer
performance at low Ho®" concentration. At the same time, this
confirms that our thermometer is stable at elevated tempera-
tures up to 873 K, as changes of the host crystal structure would
affect emission peak positions and line shapes.

An increase of the Ho*" concentration decreases the distance
between ions and thus makes ion-ion interactions such as
cross-relaxation more likely. The red color in the photographs
of the 12%-doped Ho®" sample at room temperature (Figure 1a)
already hinted towards an efficient pathway to populate the
red-emitting level in samples with higher Ho** concentra-
tions. Instead of a dominant green luminescence observed at
low Ho*" concentrations (Figure 1c), the emission spectra of
the 12%-doped Ho*" sample (Figure le) indeed show a strong
red emission as compared to the blue and green emissions,
at low temperature. Based on the energy level structure of
Ho*" (Figure 1f),Y cross-relaxation from the blue- to the red-
emitting level can explain the strong red emission. The drastic
increase of the green luminescence at elevated temperatures is
due to faster blue-to-green multi-phonon relaxation competing
with temperature-independent cross-relaxation that feeds the
red-emitting level, as we quantify in detail below (Figure 2).
Such a temperature-dependent change of the dominant decay
pathways is beneficial for a high relative sensitivity of the

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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thermometer. An increase of the Ho** concentration from 12%
to 30% further changes the luminescence and its response to
temperature (Figure S1, Supporting Information). Overall,
these observations clearly indicate that the Ho*" concentration
is the key parameter to optimize thermometer performance for
the temperature range of interest.

Rational optimization of the Ho*" concentration for a spe-
cific temperature range requires a quantitative model that
accounts for the efficiencies of radiative decay, multi-phonon
relaxation, and cross-relaxation. Our first step in the develop-
ment of such a model was to analyze the effect of temperature
on the decay pathways in isolated ions, i.e., radiative decay
and multi-phonon relaxation. Figure 2a—c shows decay curves
at a Ho*" concentration of 0.1% for the red-, the green-, and
the blue-emitting level, respectively. The curves follow single-
exponential decay at all temperatures. This is a clear indication
for the absence of interactions between Ho®* ions, since this
would lead to multi-exponential decay. The total decay rate k(T)
increases with increasing temperature as

k(T) =k, +k,[14n(T)]*"" 2

Here, the radiative rate k, is assumed constant with tempera-
ture, which is an excellent approximation in the case of lan-
thanides, while the nonradiative contribution depends on the
zero-temperature multi-phonon relaxation rate k,,, the phonon
occupation n(T), the effective energy ha,, of the phonons
involved, and the number of phonons needed to bridge the
energy gap (AE/h@y,). 32734 In the inset of Figure 2a, we fit the
temperature dependence of the decay rates from the red-emit-
ting level to Equation (2). The fit matches the data well, yielding
a fitted phonon energy of 360 cm™, which corresponds well to
the expected value for hexagonal fluoride lattices.[?”) Notably, we
included a decay measurement at 4 K in the fitting procedure
to ensure reliable values for k, and k.. Similar procedures yield
models for radiative decay and multi-phonon relaxation from the
green- and the blue-emitting levels (Figure 2b—c; Discussion S1,
Supporting Information).*333°1 Multi-phonon relaxation from
the blue- and from the red-emitting level are both fast. Multi-
phonon relaxation from the green-emitting level is slower,
sets in at higher temperature, and shows a sharper onset than
multi-phonon relaxation from the blue- and red-emitting level.
This difference is caused by the larger energy gap that the
green-emitting level must bridge in multi-phonon relaxation
and explains the dominant green luminescence in samples
with a low Ho*" concentration. This explains the dominant
green luminescence of samples with a low Ho*" concentration
(Figure 1c). Besides this qualitative observation, our analysis
also enabled a quantitative description of the temperature-
dependent decay pathways in individual Ho*" ions.

The next step is the quantification of cross-relaxation in sam-
ples with higher Ho*" concentration. In general, cross-relaxa-
tion is a type of Forster resonance energy transfer via electric
dipole to electric dipole coupling. The cross-relaxation rate k,
scales with the distance R between an excited Ho*" donor ion
and a ground-state Ho®" acceptor ion as k, = C, R™%. Herein
Cy is the “cross-relaxation strength” that depends, among
other parameters, on the spectral overlap between the donor
and acceptor transitions.?? Figure 2d—f shows the effect of
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cross-relaxation on the decay dynamics from the red-, green-,
and blue-emitting levels, respectively. At a fixed temperature
(298 K), decay becomes faster with increasing Ho** concentra-
tion. The decay curves of the green- and blue-emitting levels
are multi-exponential at high concentrations, which is a signa-
ture of ion—ion interactions over a distribution of distances R.
While these observations are a clear demonstration of cross-
relaxation, the strength of cross-relaxation is different for the
three levels. Specifically, the decay of the green- and blue-emit-
ting levels (Figure 2e,f) accelerates much more strongly with
increasing Ho** concentration than that of the red-emitting
level (Figure 2d). Close resonance of the Ig — °I; acceptor tran-
sition with donor transitions from the green- and blue-emitting
levels (Figure 1f) explains this observation. No such resonance
is present for cross-relaxation from the red-emitting level
resulting in =10° times lower value of C,.

To model cross-relaxation quantitatively, we explicitly
account for the distribution of discrete ion-to-ion distances R
that occur when Ho?" ions randomly occupy lattice sites of the
host crystal at a certain doping concentration using our shell
model (Discussion S1, Supporting Information).l¢-8 The only
free parameter in our model is the cross-relaxation strength
C,, the value of which we determine by fitting the experi-
mental data for varying Ho** concentration (Figure 2d—f). The
photoluminescence decay curves of the blue-emitting level
contain a weak slow component that we excluded from the fit-
ting procedure (Figure S6, Supporting Information). For our
analysis, we first fitted the individual curves separately, which
resulted in a separate estimate for C, for each Ho* concentra-
tion. In the insets of Figure 2d-f, we compare these separate
estimates for C, with a global fitting procedure that includes
all decay curves at different Ho*" concentrations, yielding a
single value for C,. The solid black lines through the decay
curves show the results of the global fits. Our model captures
how cross-relaxation causes faster decay for increasing Ho**
concentration. A similar analysis at elevated temperatures
indicates that the rates of cross-relaxation from the three levels
are insensitive to temperature (Figure S7, Supporting Infor-
mation). Therefore, we use the C values from the global fits
to describe cross-relaxation interactions between Ho** ions at
all temperatures.

Our cross-relaxation thermometer relies on the effect of
temperature on the blue, the green, and the red luminescence
intensities (Figure 3a). The analysis of the decay dynamics
showed that the blue-emitting level undergoes fast depopula-
tion by two competing processes. One of them is multi-phonon
relaxation to the green-emitting level, which is sensitive to
temperature. The other process is cross-relaxation to the red-
emitting level, which depends on the Ho*" concentration. The
green-emitting level is relatively unaffected by multi-phonon
relaxation but experiences fast decay via cross-relaxation to the
°1, level.3! However, this does not influence the population
of the blue- or the red-emitting level. The red-emitting level
is only weakly affected by multi-phonon relaxation and cross-
relaxation. Competition between multi-phonon relaxation and
cross-relaxation from the blue-emitting level is thus the most
important contribution to color changes with temperature and
Ho*" concentration (Figure S8, Supporting Information). This
determines the working mechanism of our thermometer.

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Comparison of the calculated and the experimental emission intensities. a) A simplified schematic of the relevant feeding mechanisms to
calculate the efficiency of radiative decay (solid colored arrows) from °F; (B), °S, + °F, (G), and °Fs (R) levels. Multi-phonon relaxation (solid black
arrow) and cross-relaxation (dashed black arrow) connect these levels (Figure S6, Supporting Information, for the complete scheme). Comparison of
the experimentally measured (dots) and the calculated (lines) relative intensities of b) the blue, c) the green, and d) the red emissions as a function of
temperature for three different Ho®" concentrations. The experimental relative intensities were determined by integrating the emission spectra between
460-500 nm, 515-575 nm, and 625-670 nm, respectively. e) The CIE 1931 diagram plotted with the experimentally measured (dots) and the calculated
(lines) color coordinates at various temperatures for three different Ho** concentrations.

To evaluate the performance of our thermometer, we first
construct a model that calculates the relative emission inten-
sities of the blue-, green-, and red-emitting level. This model
takes all relevant decay pathways into account (Figure 3a) to
determine the efficiencies of radiative decay and combines
these with the branching ratios of the transitions to the ground
state (°Ig). These efficiencies depend on the rates of radiative
decay, temperature-dependent multi-phonon relaxation, and the
Ho*"-concentration-dependent cross-relaxation. We obtained
these parameters, which we need as an input for our model,
from the analysis of Figure 2 (Discussion S2, Supporting Infor-
mation).’% In this way, we are able to predict the emission
color of our thermometer for any arbitrary temperature and
Ho?" concentration.

As a test of our model, Figure 3b—e compares the calcu-
lated blue, green, and red emission intensities with the
experimentally measured intensities. We observe an overall
match between the calculated and the measured intensities,
which validates this model as a basis for quantitative ther-
mometer evaluation. As observed in the experimental spectra
(Figure 1c,e; Figure S1, Supporting Information), the blue
intensity is weak over the whole temperature range and for
all concentrations due to strong competition of multi-phonon
relaxation and cross-relaxation with radiative decay. The
effect of temperature and concentration is more pronounced
for the green and the red intensity—they even follow oppo-
site trends. At low temperatures, high Ho*" concentrations
cause a weak green emission and a strong red emission
because cross-relaxation dominates over multi-phonon relaxa-
tion within the blue level. Elevated temperatures compen-
sate this effect, since they enhance multi-phonon relaxation
leading to an increase of the green intensity and a decrease
of the red intensity. We attribute the small difference between
the measured and calculated intensities for the 30%-doped
Ho*" sample to an overestimation of multi-phonon relaxa-
tion from the blue-emitting level in the model (Figure 2c). In
addition, thermal excitation of the °I, population might also
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lead to an increase of the red emission. Using the sensitivity
curves of the human eye, we convert each combination of red,
green, and blue intensity to a coordinate in the CIE diagram
(Figure 3d), which shows a similar match between model and
experiment.[]

Based on the models of the blue, green, and red intensi-
ties (Figure 3), we can calculate the relative sensitivities of
our thermometer as a function of temperature and Ho*" con-
centration. The LIR between the red and the green emission
has the largest potential for achieving a high sensitivity, since
these two emissions show a strong and opposite temperature
dependence at higher Ho** concentrations (Figure 3c,d). The
potential of the red-to-green LIR becomes evident when we plot
it against temperature (Figure 4a). For high Ho3" concentra-
tions, this LIR changes by approximately two orders of mag-
nitude in the evaluated temperature range, corresponding to a
relative sensitivity (Equation (1)) of S, = 1.0% K~! at 300 K.[*-20]
Comparison of the calculated and the experimental ratios again
confirms that our model predicts the effect of temperature and
dopant concentration well with only a limited number of input
parameters.

Figure 4b shows that our Ho*"-based cross-relaxation ther-
mometers offer the highest relative sensitivities at high Ho*
concentrations. In fact, we achieve a superior relative sensitivity
over a much wider temperature range compared to the typical
Boltzmann thermometer [B-NaYFiEr3 .4 Arguably more
importantly than a high sensitivity, reliable temperature meas-
urements require high precision, i.e., low temperature uncer-
tainty[’% (Discussion S3, Supporting Information)

_ 10w
S, LIR ()

Figure 4c demonstrates how the Ho*" concentration affects
the temperature uncertainty. While the relative sensitivity
consistently increases with increasing Ho’* concentration
(Figure 4D), the lowest temperature uncertainty is achieved at
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Figure 4. Evaluating thermometer performance. a) Temperature dependence of the experimentally measured (dots) and the calculated (lines) red-to-
green LIR for different concentrations. The experimental red-to-green LIR was determined using the same integration boundaries as in Figure 3c,d.
b) Calculated relative sensitivities for a Ho** concentration of 4% (red), 8% (orange), 12% (yellow), 20% (green), and 30% (blue), as a function of
temperature. The black solid line is the relative sensitivity of the widely used Boltzmann thermometer, based on the 453/2 and ZHH/Z levels of Er** ions in
the f-NaYF, host. c) Calculated temperature uncertainties (6T). The same color scheme applies as in (b). All T values were normalized to the minimum
of the curve referring to 4% Ho?*. While comparing thermometers with different Ho*" concentration, we account for the higher emission intensity per
amount of thermometer material at higher Ho** (Discussion S3, Supporting Information). d) 3D plot of the normalized temperature uncertainty for
the Ho3* fractions and temperatures within the range of this study. The dashed line traces the minimum achievable T as a function of temperature.

The contour lines correspond to normalized OT values of 1.3, 1.9, 2.5, and 10.

different Ho" concentrations depending on the temperature.
The trend in temperature uncertainty of our cross-relaxation
thermometers becomes clearer in the color map of Figure 4d.
This figure can serve as a clear guide to achieve an optimized
performance of the Ho*'-based luminescent thermometer
over a range of 300-873 K. Around 300 K, the lowest tempera-
ture uncertainties are achieved at a Ho** concentration of 4%.
At higher temperatures, a minimum temperature uncertainty
requires higher Ho*" concentrations, increasing by =1% for
every 30 K step in temperature. Importantly, by choosing
the optimal Ho*" concentration for the temperature regime
of interest, our cross-relaxation thermometers can cover the
temperature range between 300 and 900 K with a consistently
low temperature uncertainty, increasing by no more than a
factor 2.5 over the entire range. This is a clear advantage of
our temperature concept compared to Boltzmann thermom-
eter like FNaYF,:Er**, for which the temperature uncertainty
increases by as much as a factor 8.5 over this temperature
range.

3. Conclusions

Our results have revealed that quantitative modeling of the
decay pathways is a unique and powerful tool to evaluate the
performance of luminescent thermometers based on cross-
relaxation. An understanding of their concentration-dependent
luminescent properties helps to adjust the design of such ther-
mometers to the temperature regime of interest for minimum
temperature uncertainty. While this work focused on cross-
relaxation between Ho**, our type of modeling provides a uni-
versal tool to quantify, predict, and tune the performance of
many other types of energy-transfer thermometers. This ena-
bles the rational design of new Ln*"-based thermometers, but
it is also indispensable in the optimization of existing energy-
transfer couples.
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4. Experimental Section

Chemicals: YF3 (99.99%), HoF; (99.9%), and GdF; (99.99%)
were purchased from chemPUR. NaF (298%) and NH,F (298%) were
purchased from Sigma-Aldrich. All chemicals were dried in the oven and
used without further purification.

Synthesis of Microcreystalline  NaYq75_,Gdg osHoFy:  The  solid-
state procedure of Aarts et all?’] was adjusted for the synthesis of
NaYp75.,Gdo2sHo,Fy. As starting materials, 0.25 equiv. GdF;, 0.75-x
equiv. YF3, x equiv. HoF3, 1 equiv. NH,F, and 1.2 equiv. NaF were mixed
with a pestle and mortar. The ground mixture was added to an alumina
crucible and placed in a tube oven, which was fired in N, atmosphere
in an excess of NH,F. The mixture was first heated to 300 °C for 2 h
followed by an additional 10 h at 600 °C. After cooling the samples to
room temperature, the powders were crushed.

Characterization: X-ray diffraction (XRD) patterns were recorded with a
Philips PW1700 X-ray powder diffractometer using Cu Ky (A = 1.5418 A)
radiation. The measurement range in terms of 26 was 10°-80° with
a step size of 0.02°. Using the XRD patterns, the sole presence of the
hexagonal phase in the samples was confirmed and the lattice parameters
(@ =b=0.5973 nm, ¢ = 0.3549 nm) were extracted (Figure S2, Supporting
Information). Only minor variations in the lattice parameters were
observed for samples with different Ho** concentrations. Scanning electron
microscopy images were obtained using a Phenom ProX microscope with
an acceleration voltage of 10 kV. Emission spectra were measured with an
Edinburgh Instruments FLS920 spectrophotometer equipped with TMS300
monochromators, a R928 photomultiplier tube (PMT), and a 450 nm CW
laser (1 W) or a Xe lamp (450 W) as excitation source. All emission spectra
were corrected for the spectral response of the detector, monochromator,
and longpass filter. Photoluminescence decay curves were recorded using
an Ekspla NT342B OPO laser (10 Hz), a Triax 550 monochromator, and a
Hamamatsu R928 PMT. Depending on the decay rate, the average count
rate was kept at 1-50 counts per pulse to prevent detector saturation.
Heating and cooling of the samples was achieved with a Linkam THMS600
microscope stage and a liquid He cooled cryostat, respectively.

Supporting Information

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