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Beyond the Energy Gap Law: The Influence of Selection
Rules and Host Compound Effects on Nonradiative
Transition Rates in Boltzmann Thermometers

Philip Netzsch, Matthias Hdmmer, Erich Turgunbajew, Thomas P. van Swieten,

Andries Meijerink,* Henning A. Héppe,* and Markus Suta*

Apart from the energy gap law, control parameters over nonradiative tran-
sitions are so far only scarcely regarded. In this work, the impact of both
covalence of the lanthanoid-ligand bond and varying bond distance on the
magnitude of the intrinsic nonradiative decay rate between the excited °Ps,
and °P;, spin—orbit levels of Gd** is investigated in the chemically related
compounds Y;[B,(SO,4)¢] and LaBOj;. Analysis of the temperature-dependent
luminescence spectra reveals that the intrinsic nonradiative transition rates
between the excited ®P; (J = 5/2, 7/2) levels are of the order of only 10 ms™

range from biothermal imaging,>¢ tem-
perature monitoring in catalysis,/1%
microelectronics,' or molecular logics!']
to the investigation of fundamental
thermodynamic phenomenal® at the
micro- and nanoscale. One of the concep-
tually simplest ways of optical tempera-
ture sensing, also in terms of the required
setup, is the exploitation of the lumines-
cence intensity ratio (LIR) of two emission

(Y2[B2(SO4)¢]:Gd>*: 8.9 ms™"; LaBO;:Gd**: 10.5 ms™) and differ due to the
different degree of covalence of the Gd—O bonds in the two compounds.
Comparison to the established luminescent Boltzmann thermometer Er**
reveals, however, that the nonradiative transition rates between the excited
levels of Gd** are over three orders of magnitude slower despite a similar
energy gap and the presence of a single resonant phonon mode. This hints

to a fundamental magnetic dipolar character of the nonradiative coupling in
Gd3*. These findings can pave a way to control nonradiative transition rates
and how to tune the dynamic range of luminescent Boltzmann thermometers.

1. Introduction

Remote temperature sensing with noninvasive optical methods
becomes increasingly popular.'™ Potential application areas

bands due to radiative transitions from
two thermally coupled excited levels of
an ensemble of non-interacting ions. In
case of efficient thermal coupling between
these levels by (multi) phonon transitions,
the LIR follows Boltzmann’s law.'J Triva-
lent lanthanoid ions with the rich energy
level structure arising from their partially
filled 4f* (n = 1-13) configuration are pri-
mary representatives for this type of lumi-
nescence thermometry, with Er®* and
its green-emitting “Hy;j, and *S;;, levels
being the most prominent examples.”!
Boltzmann-type equilibrium between the two excited
levels critically depends on the interplay between the depopu-
lating radiative decay and the nonradiative multiphonon ther-
malization pathways.'16l The rate-determining step is the
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nonradiative absorption from the lower-excited to the higher-
excited emissive level, which competes with radiative or any
additional quenching transition.l”!] Only if the nonradiative
thermalization is much faster than any depopulation channel
of the excited levels, Boltzmann equilibrium is sustained and,
thus, luminescence thermometry can be performed.'*1°1 Oth-
erwise, the two excited levels decouple, and the Boltzmann
temperature sensing concept is invalidated. While control over
the radiative decay rate has opened a whole scientific branch of
photonics and includes ways of local electric field enhancement
in, e.g., nanocrystals immersed in strongly dielectric media,!
or local density of states enhancement by the Purcell effect in a
small high-quality cavity,?%l control over the nonradiative transi-
tion rates has not been as well established so far. It has been
both experimentally and theoretically realized that the intrinsic
nonradiative multiphonon decay rate from a higher excited
level roughly scales exponentially with the number of required
effective phonon modes to bridge an energy gap between two
electronic states, which is commonly referred to as the energy
gap law.?'-23] Ermolaev and Sveshnikoval?*?°] as well as van Dijk
and Schuurmans,! later indicated that the nonradiative tran-
sition rate could also be dependent on the lanthanoid-ligand
distances in a host compound. The former authors interpreted
the nonradiative transition as a resonant Forster-type energy
transfer between the transition dipole moment coupling the
two electronic levels and the vibrational mode of a surrounding
solvent molecule resonant with the energy gap. This was
recently used to explain and model solvent quenching and the
reduced upconversion efficiency of SNaYF,:Er**, Yb** upcon-
version nanocrystals compared to microcrystals.’”! Van Dijk
and Schuurmans explained the expected distance dependence
of the intrinsic nonradiative decay rate in terms of a multipole
expansion.?l Some of us have recently proposed an alternative
view on a nonradiative rate that would intuitively allow us to
distinguish between electric and magnetic dipolar-type nonra-
diative transitions. Here, the collective vibrational motion of the
surrounding ligands serves as a source for induced electromag-
netic fields due to the acceleration of charge density to which
the transition dipole moment between the two electronic levels
can couple, thus mediating the nonradiative transition. This
model also allows us to explicitly distinguish electric and mag-
netic dipolar transitions by means of the distance dependence
of the respective nonradiative rate. For the idealized case of cou-
pled point dipoles, electric-dipole-type nonradiative transitions
expectedly follow a d=° dependence with d as the metal-ligand
distance, similarly to what the Forster-type energy transfer
model by Ermolaev and Sveshnikova predicts, while magnetic
dipolar nonradiative transitions should depend on the metal-
ligand distance as d™*. In addition, magnetic dipolar nonradia-
tive transitions are expected to be much slower (by a factor of
around 107*-107%) due to the much weaker induced magnetic
field by the vibrational motion of the surrounding ligands in
the near field.'"*2#25] A similar concept of selection rules for
nonradiative transitions is known for intersystem crossing in
organic molecules in terms of El-Sayed’s rules, which state that
intersystem crossing becomes fast if the type (and thus, the
orbital angular momentum projection on a defined molecular
axis) of molecular orbital changes during this transition to con-
serve total angular momentum.?8l
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While the concepts for nonradiative transitions of the lan-
thanoid ions are theoretically established, they still lack experi-
mental evidence. So far, it has only been demonstrated that the
energy transfer-type interpretation of nonradiative transitions
works well to explain the quenching behavior in different sol-
vents for lanthanoid-based coordination compounds or lanth-
anoid-doped nanocrystals.?#2>?72% Evidence for the validity of
the previously described models would be an experimentally
observed dependence of the intrinsic nonradiative decay rate
on the metal-ligand distance d and a significant difference
between magnetic and electric-dipole-type nonradiative transi-
tion rates. An experimental verification of these concepts and
better fundamental understanding of the nature of the nonradi-
ative rates provide insights that help steer the thermal sensing
behavior of lanthanoid ions by variation of the local surround-
ings in a host compound.

In this work, these theoretical considerations are experimen-
tally verified for the case of nonradiative coupling of the UV-
emitting °P; (J = 5/2, 7/2) levels of Gd*". This ion is an ideal
model system to address these questions because it has no
additional electronic levels between the °P; levels and the 8S;),
ground level. Gd*" was doped into borosulfate Y,[B,(SOy)¢] and
orthoborate LaBOs;. Both compounds offer similar low sym-
metric coordination spheres for the incorporated Gd** ions to
avoid any potential impact of symmetry-based selection rules.
Orthoborates are well-known host compounds for lanthanoid
ions. In contrast, borosulfates are not as well known and have
a so-called weak coordination behavior due to the additional
electron-withdrawing character of the sulfate groups containing
S(VI).B%3U Thus, these compounds are ideally suited to simul-
taneously test the counteracting impacts of the chemical nature
on the one hand, and the length of the lanthanoid-ligand bond,
on the other hand, on the intrinsic nonradiative rate coupling
two excited levels.

2. Results and Discussion
2.1. Crystal Structures of LaBO; and Y,[B,(SO,)¢]

LaBOj crystallizes in an aragonite (CaCOs)-type structure in
the orthorhombic crystal system with space group Pnma (No.
62).321 The lanthanum atoms occupy the special 4c Wyckoff
positions and are ninefold coordinated by oxygen atoms in
form of a distorted tricapped trigonal prism with C; site sym-
metry. Y,[B,(SO,)¢] crystallizes in the Gd,[B,(SO,)¢] structure
typel**! in the monoclinic crystal system with space group C2/c
(No. 15).3% The yttrium atoms are located on the general 8f
Wyckoff sites and are eightfold coordinated by oxygen atoms
in form of an approximate square antiprism with C; site sym-
metry. Given the more Lewis-acidic nature of the attached
sulfate groups around the yttrium atom in the borosulfate
compared to the oxidoborate groups around the lanthanum
atom in the orthoborate, the oxygen ligands expectedly have
a weaker o-donating character in the borosulfate compound.
This introduces a lower degree of covalency of a lanthanoid—
oxygen interaction in the borosulfates, which results in a
rather weak coordination strength. On the other hand, La®*
has a larger ionic radius than Y**, which renders the average

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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La—O bond lengths in LaBO; longer than the Y—O bond
lengths in Y,[B,(SO4)¢]. Since the crystal structures of other
aragonite-type lanthanoid orthoborates LnBO; (Ln = Ce, Pr,
and Nd) were refined much more reliably from powder,3*3°!
or single-crystal X-ray diffraction,/*>¥! data at room tempera-
ture than LaBO; and show a linear correlation with the ionic
radius of the lanthanoid ions, the average La—O bond length
in LaBO; at room temperature was estimated by extrapolation
yielding (di, _ o) = (2.581 + 0.050) A. The average Y—O bond
length in Y,[B,(SO,)s] based on single-crystal structure data at
room temperature is (dy _ o) = (2.346 % 0.029) A3

2.2. Photoluminescence of Gd3* in LaBO; and Y,[B(SO,)]

Figure 1a shows the relevant energy level scheme of Gd**
used as a model system to probe various impacts on a non-
radiative thermalization rate. The photoluminescence exci-
tation and emission spectra of LaBO3:Gd** (2 mol%) and
Y,[B5(SO4)¢):Gd*" (2 mol%) at 83 K are depicted in Figure 1b,c.
The emission spectra are dominated by a sharp zero-phonon
line (ZPL) at Aep, = 310.0 nm (LaBO3:Gd*") and A, = 310.2 nm
(Y,[B,(SO4)6]:Gd>*"), respectively, which is assigned to the radia-
tive °P;, — 8S;, transition of Gd*. The excitation spectra
recorded upon monitoring the °P;,, — 8S;, transition of Gd**

www.advopticalmat.de

at around 310 nm reveal excitation transitions into the "I]’
(J' =7/2-17/2) levels and the °Dy ), level of Gd*".

In both emission spectra, also vibronic fine structure is
detectable despite the particularly weak vibronic coupling of
Gd3* with its 47 configuration among the trivalent lanthanoid
ions.3¥4 The energies of the vibronic bands with respect to
the zero-phonon line (see Figure 1c,d) are in excellent agree-
ment with the reported infrared absorption bands of LaBO; and
Y,[B5(SO4)¢)-2%* The vibronic bands with maximum separation
of 1275 cm™ (LaBO3:Gd*") and 1215 cm™ (Y,[B,(SO4)¢:Gd*),
respectively, are assigned to coupling to the asymmetric B—O
stretching vibration.’®*l The lower value in the borosul-
fate compared to the borate indicates a slightly weaker B—O
bond, in agreement with the expected more ionic nature of
the respective bond and the weaker o-donating nature of the
oxygen atoms in the borosulfate compared to the orthoborate.

Figure 2 shows the photoluminescence decay traces
of the P, level of Gd** in LaBO;:Gd** (2 mol%) and
Y,[B3(SO4)):Gd*>" (2 mol%), respectively, recorded upon
pulsed excitation into the SPs), level of Gd** at 8 K. Both
decay curves show purely single-exponential behavior as also
the residual plots of the fitting functions clearly indicate. The
decay rates of the °P, level can be identified as purely radia-
tive because the large energy gap between °P;/, and the next
lower-lying level (the 8S;/, ground level) prevents nonradiative

Figure 1. a) Relevant part of the energy level scheme of Gd** (4'). Curly arrows indicate the nonradiative transitions between the 5P; , and ®Ps, levels.
Photoluminescence excitation and emission spectra of b) LaBO;:Gd>" (2 mol%) and c) Y,[B;(SO4)6):Gd** (2 mol%) at 83 K. Set emission and excitation
wavelengths for recording of the spectra are indicated. The observed vibronic fine structure in the emission spectra is plotted in an energy scale with
respect to the zero-phonon line (ZPL) for d) LaBO3:Gd>* and e) Y,[B,(SO,)¢):Gd3*. Spectrally resolved vibronic lines are indicated.
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Figure 2. Photoluminescence decay curves of Gd** recorded upon excitation into the ®Ps, level and monitoring the emission of the ®P;, level at 8 K
of a) LaBO;:Gd>* (2 mol%) and b) Y,[B,(SO4)¢]:Gd** (2 mol%). The solid lines represent fits to single-exponential decay functions, while the insets

depict the corresponding residual plots.

processes. The radiative rates are rather small (LaBO;:Gd>":
k:(°Py/2) = (0.292 £ 0.001) ms™" and Y,[By(SO4)e:Gd*": k,(°P7)5)
= (0.205 £ 0.001) ms™) as is often observed for Gd*".*4 This
reveals the strong magnetic dipolar nature of the °P;, — 8S;),
transition, as also implied by the high reduced [[(L + gS)||?
matrix element (|[(L + gS)||?> = 0.2704) for the magnetic dipole
transition compared to the small values for the higher-rank
unit tensor matrix elements (|[{U@)||?2 = 0.0012; ||[{UM)||? <
0.0001; and ||{ U®)||2 < 0.0001),* which govern the probability
of the induced 4f"—4f" electric dipole transitions in Judd-Ofelt
theory.*) The strong magnetic dipolar nature of the °P;, —
8S) transition of Gd** has also been recently experimentally
demonstrated by systematically varying the refractive index of
the solvent surrounding Gd*" in shelled S-NaYF, nanocrys-
tals to tune the radiative decay rate.”] The higher radiative
emission rate of the °P;), level of Gd** in LaBO; compared to
Y,[B,(SOy)¢] is also a reflection of the slightly more covalent
nature of the Gd—O bond in the orthoborate, which mostly
affects the Q, Judd-Ofelt parameter connected to the ||{ U®?)||?
reduced matrix element.

2.3. Temperature-Dependent Nonradiative Coupling of the P,
(J =5/2, 7/2) Levels of Gd3*

To investigate thermal coupling between the °P; levels, tem-
perature-dependent emission spectra of LaBO;:Gd** and
Y,[By(SO4)¢]:Gd** were recorded upon excitation into the
SI/ (J' = 11/2-15/2) level at 272 nm (see Figure 3a,b). With
increasing temperature, a second emission peak at around
304 nm emerges in the spectra of both compounds, which
stems from the thermal population of the higher excited °Ps),
level of Gd*". The LIRs between these levels reveal a deviation
from Boltzmann behavior and emergence of a temperature-
independent plateau below 150 K (see Figure 3c,d). The con-
stant LIRs imply a decoupling of the two excited °P; (] = 5/2,
7/2) levels of Gd**, which is a consequence of competition
between radiative decay from the °Ps, level to the ®S;,, ground
level and nonradiative °Ps/,—°P;, relaxation giving rise to a rela-
tive intensity of the ®Ps/, emission that is higher than expected
based on Boltzmann equilibrium. At the same time, faster
radiative decay from the lower energetic °P;, level compared to

Adv. Optical Mater. 2022, 10, 2200059 2200059 (4 of 9)

the nonradiative (multiphonon) absorption rate into the higher
excited °Ps, level is slowed down at these low temperatures.
This becomes evident from the theoretical temperature depend-
ence of multiphonon relaxation?!%2

kir® (T) = gokur (0)(n)” U

with g, = 6 as the ] degeneracy of the ®Ps), level, k,,(0) as an
intrinsic nonradiative rate governed by the properties of the
electronic transition as well as coupling with resonant vibra-
tions, and

1
- (hwph)_l
Pkt

as the average thermal occupation number of phonons of
energy hayy at the temperature T, and kg as the Boltzmann
constant. The exponent p denotes the expected number of effec-
tive phonon modes of this energy to bridge the energy gap
between the two excited levels, i.e., A Ey; = phay,.

In the case of Gd*, the interlevel energy gap derived from
the luminescence spectra (see Figure 3a,b) is in the order of
600630 cm™!, which can be resonantly bridged by a single
phonon mode of both LaBO; and Y,[B,(SO4)¢]. This allows a p =
1 (one-phonon) thermalization for Gd** doped into these host
compounds. The kinetics of the two thermally coupled excited
levels in the steady-state regime gives the generalized tempera-
ture dependence of the LIR, Ryy(T)*1!

(2)

Ogoki, + Zoko (0)(n)”
(1 — 0y )er + glkm (O)(l + <n>)p

Ry (T) =C (3)

with C = ky,/ky, in the specific case of Gd*', k;, and k,, as the radi-
ative rates of the Py, (1)) and °Ps, (|2)) level, respectively, and
o, as the so-called feeding ratio from the auxiliary level °I;; 12 (|a))
initially populated during lamp excitation. This formula evolves
into the conventional Boltzmann law if the nonradiative rates
dominate over the radiative rates,™ which is the case at higher
temperatures (see also Figure 3c,d). Under the assumption of

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Temperature-dependent photoluminescence spectra of a) LaBO3:Gd*" (2 mol%) and b) Y,[B,(SO4)¢]:Gd>* (2 mol%) upon excitation into the
81/ levels () = 11/2-15/2; A = 272-273 nm) of Gd**. The insets depict the evolution of the higher energetic %P5, (]2)) — 2S;/, (|0)) emission in the
regarded temperature range. The temperature-dependent luminescence intensity ratios (LIRs) Ry /(T) between the intensities of the ®Ps, (|2)) — Sy,
(10)) and ®P,;, (1)) — &S, (|0)) radiative transitions are depicted below for ¢) LaBO;:Gd** (2 mol%) and d) Y,[B;(SO4)¢]:Gd** (2 mol%). Note the
logarithmic scale on the y axis. The red lines represent least-squares fits to Equation (4). Onset temperatures for the Boltzmann behavior (see Equa-

tion (6)) with propagated uncertainties are also depicted.

dominant feeding of the higher excited level |2), i.e., or;; — 1 and
with p =1, it is possible to simplify Equation (3) to

Ky gszr k. J ( AEM)
Ru(T)= + - exp| - =2
21( ) glknr(o) (glklr glkm’(o) Xp kBT (4)
AEy
=B+(A-B -
+( )eXP( kBT)

which is just a modified Boltzmann law with constant low-
temperature offset. As becomes evident from Figure 3c,
Equation (4) fits the measured data very well and indicates the
validity of the approximations. This is additionally confirmed by
the close agreement between the energy gaps from the fits and
the values extracted from the luminescence spectra. From the
fitting parameters A and B, it is possible to extract the intrinsic
nonradiative rate and thus, gain information about the elec-
tronic influence of the local ligand coordination on the nonra-
diative coupling between the two excited °P; levels of Gd** in
the host compounds LaBOj; and Y,[B;(SOy)¢]

ko (0)=—=— 5)

Adv. Optical Mater. 2022, 10, 2200059 2200059 (5 of 9)

With the radiative decay rates of the lower excited °P;, level
of Gd*" (see Figure 2a,b) and the A and B values from the fit-
ting procedure, we derive an intrinsic nonradiative coupling
rate of ky, (0) = (10.5 £ 0.7) ms™! for LaBO3:Gd*" and k,, (0) =
(8.9 £ 0.6) ms™! for Y;[B,(SO,)6:Gd>" (see Figure 3c,d). Both
the covalence of the lanthanoid-ligand bond and the average
Gd—O bond lengths have an impact on nonradiative rates.
The slightly higher value in the orthoborate implies that the
longer average Gd—O distances in the orthoborate do not have
the major influence on the intrinsic nonradiative rate as this
would give rise to a lower intrinsic nonradiative rate in the
orthoborate. The observed trend in the intrinsic nonradiative
rates must therefore originate from a lower degree of cova-
lence of the Gd—O bond and the weaker o-donating character
of the borosulfate anions, which results in a lower nonradia-
tive transition rate in that compound. A similar explanation
was given for the difference in the radiative decay rates above
(see Figure 2). However, the similarity of the two nonradia-
tive transition rates also shows that this effect is rather subtle.
Future extensive structure—property studies are required to
establish general influences of the chemical composition and
structurally imposed lanthanoid-ligand distances on non-
radiative rates.

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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2.4. Nature of the Nonradiative Thermalization and Implications
for Gd** as a Luminescent Thermometer

The derived intrinsic nonradiative coupling rates of the °P;
levels of Gd3* are very small, especially since resonant bridging
via a single phonon mode is possible in these two host com-
pounds. It is insightful to compare these results to other lan-
thanide ions. For example, the intrinsic nonradiative rate for
the coupling of the green-emitting 2Hyy, and *S;, levels in
YVO.Er** (ky,(0) = 3 x 10* ms™) is over three orders of mag-
nitude higher than for Gd3*, while both the energy gap and
the number of phonons needed to bridge the gap are very
similar.“®l This implies that the nonradiative rate for coupling
between the SP; levels of Gd*" is fundamentally small, and
hints to the relevance of selection rules, as was originally also
proposed by Weber.! Given the high reduced |(L + gS)||?
matrix element for the nonradiative °Ps;, <> °P;, transition of
Gd** (|I{L + gS)||> = 5.7412) compared to the higher-rank unit
tensor matrix elements (|[{U@)||2 = 0.0180; || U}||? < 0.0001;
and [[(U®)||? < 0.0001),¥%] an intrinsically dominant magnetic
dipolar contribution is expected. According to theory, the nonra-
diative rate of Gd** is a factor of 107~107° lower than the rate of
an induced electric-dipole-type nonradiative transition.!*242]
This is in very good agreement with the previously mentioned
experimentally measured nonradiative thermalization rate
of the green-emitting levels of Er** in YVO, that has a domi-
nant electric dipolar character as also implied by the respec-
tive reduced matrix elements (|[{U?)||? < 0.0001; [[(U™)||? =
0.2002; and [{U®H||2 = 0.0097).484! Another instructive
example is the gap between the NIR-emitting *Fs), and *F;),
levels of Nd** (AE = 1000 cm™) in LaPO,, which can also be
resonantly bridged by a single phonon mode in that host com-
pound. The corresponding intrinsic nonradiative transition
rate was reported as k,(0) = 60 ms™!, which appears small for a
resonant one-phonon transition compared to the previously dis-
cussed example of YVO4Er** and is rather similar to the found
nonradiative rates of Gd** within this work.[7*l Again, this is
understandable given the substantial magnetic dipolar nature
of the respective nonradiative transition (|[(L + gS)||?> = 9.6446)
compared to the respective reduced unit tensor matrix ele-
ments (|[{U)]|2 = 0.0795; [|[{UW)||> = 0.0523; and |[{UO)||? <
0.0001).18-°01 This also indicates a strong magnetic dipolar char-
acter of the nonradiative transition.

A quantitative correlation between the intrinsic nonradia-
tive transition rates and the average bond length between the
lanthanoid atoms and oxygen ligands is to be taken with cau-
tion as the bond lengths are also temperature dependent and
would formally require the structural data at low temperatures
(T < 10 K) to make such a comparison reliable. Moreover, the
expected power dependences of the intrinsic nonradiative tran-
sition rates on the lanthanoid-to-ligand distance (k,,(0) ~ d~ for
an electric dipolar and k,(0) ~ d* for a magnetic dipolar tran-
sition) only strictly apply to the case of a point dipole, which
is a good approximation for the electronic 4{"—4f" transitions
given the shielded nature of the 4f orbitals from their chemical
environment but not for the phonon modes, which involve dis-
placement of nuclei relative to the valence electron density of
cations and anions surrounding and including the lanthanoid
ion in the host lattice.[#242]
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From the intrinsic nonradiative transition rates k,(0), it is
also possible to estimate the onset temperature for kinetic sus-
tainment of Boltzmann equilibrium and, thus, the dynamic
working range as a luminescent thermometer. It is defined by
the condition k;ES(T =T,,) =k, i.e., it is the threshold at which
the nonradiative absorption rate from the lower excited level |1)
to the higher excited level |2) becomes similar to the radiative
depopulation rate of level |1). Usage of Equations (1) and (2)
leads to

AE; _ AR, ©

- A
kg ln(1+7gzklé‘r (0)) ky 1n(1+ E)

1r

Ton

With the data from the time-resolved measurements (see
Figure 2) and the temperature-dependent LIR, it follows T, =
162 K for LaBO5;:Gd** and Ty, = 156 K for Y,[B,(SO,)e):Gd>*.
Although they should be regarded as estimate values, the
onset temperatures are in line with the observed trend of
the evolution of the LIR with temperature (see Figure 3c,d).
Despite the slightly higher intrinsic nonradiative transition rate
between the °P; (J = 7/2, 5/2) levels of Gd** in LaBO; based
on the more covalent Gd—O bond, the onset temperature for
Boltzmann behavior of the measured LIR is still higher than
that of Y,[B,(SO,)¢):Gd>". This is related to the compensating
effect of a higher radiative depopulation rate of the °P;, level
(see Figure 2a) and the consequent lower ratio. In general,
careful selection of the host compound and tuning of the cova-
lence of the lanthanoid-ligand bond thus offer the possibility
of extending the dynamic range of a luminescent Boltzmann
thermometer.

It is again instructive to compare to the example of Er** in
YVO, and thermal coupling between the green-emitting *Hy;,
and *S;; levels. Following Equation (6), the onset temperature
of Boltzmann equilibrium in YVO.Er** is 113 K, which is in
excellent agreement to the observed onset at around 100 K.[!
Thus, an electric dipolar nonradiative transition kinetically
extends the temperature range of a luminescent Boltzmann
thermometer enormously because of the over three orders of
magnitude higher nonradiative transition rates. In turn, this
means that, although the energy gap of around 630 cm™ is
thermodynamically suited for the measurement of tempera-
tures in the range of room temperature,¥ the dominant mag-
netic dipolar nature of the nonradiative coupling between the
SP; (J=7/2,5/2) levels of Gd** can yet pose fundamental kinetic
limitations to the application of this ion over a wide tempera-
ture range for remote temperature sensing.

3. Conclusion

We investigated the impact of the ligand field on the nonradia-
tive coupling of the excited °P; (J = 5/2, 7/2) levels of Gd**. For
that purpose, we doped Gd** into LaBO; and Y,[B,(SO,)]. Both
host compounds offer low symmetric coordination spheres
for lanthanoid dopants, which differ in the average lantha-
noid-to-oxygen distance. The low-temperature luminescence
spectra (T = 83 K) in the UV range reveal the presence of weak
vibronic fine structure next to the most intense zero-phonon
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line of the °P;;, — ®S;, transition of Gd*". The lower value
of the highest-energetic vibrational mode (1215 cm™) in the
case of the borosulfate confirms the weaker and less covalent
chemical bond between Gd** and the surrounding O~ ions in
that compound. Temperature-dependent luminescence spectra
and luminescence decay measurements demonstrated that the
intrinsic nonradiative rate is slightly higher for LaBO;:Gd3*
due to the higher degree of covalence. This analysis shows that
the dynamic working range of a luminescent thermometer can
be controlled by careful choice of an appropriate host com-
pound and tailoring of the nature of the surrounding ligand
field of a lanthanoid ion. These fundamental aspects are highly
relevant for the kinetically controlled design and optimization
of luminescent thermometers in general.

Compared to the well-established thermally coupled *S;;,
and ?Hy); levels in Er*, the nonradiative transition between
the °P;/, and °Ps), levels in Gd*" is over three orders of mag-
nitude slower. This is caused by the strong magnetic dipole
character of coupling in Gd*', while coupling in Er** has a
dominant electric dipole character. As a result, Boltzmann ther-
mometry in LaBO;:Gd*" and Y,[B,(SO,)¢]:Gd**, respectively, is
only possible above at least 160 K compared to a much lower
onset value of 100 K for YVO,:Er3*. Similarly, slow nonradiative
coupling related to a dominant magnetic dipolar character of
the electronic 4f"—4f" transition is known for the *Fs), and *F;),
levels in the case of LaPO,:Nd>**. This shows that nonradiative
transitions also follow selection rules similar to radiative ones.
These insights demonstrate that the choice of the lanthanoid
ion, a specific 4"—4f" transition, and host compound are clearly
relevant for the targeted control of the dynamic working range
of a luminescent Boltzmann thermometer.

4. Experimental Section

Synthesis of LaggsGdy,BO3: Microcrystalline Lag9gGdg,BO3; powder
was prepared in a conventional solid-state synthesis. La,O; (Merck,
99.9%) was pre-fired at 1000 °C overnight to remove any traces of
La(OH); or LaOOH and thoroughly mixed in respective amounts with
Gd,05 (Highland Chemicals, 99.999%) and H3;BO; (Merck, 99.8%) in
a mortar for around 10 min. The solid mixture was transferred to an
alumina crucible and heated at 300 °C for 3 h. After natural cooling to
room temperature, the powder was reground for 10 min, and finally
heated at 850 °C for 12 h.

After natural cooling to room temperature, the obtained colorless
residue was ground to a fine powder, and its phase purity was
verified by X-ray powder diffraction (Philips PW391, Cu Kol radiation
(A = 1.54056 A), U = 40 kV, | = 20 mA, reflection mode). The X-ray
diffraction pattern was scanned in a 26 range between 10° and 80° with a
step size of 0.02° (see Figure S1in the Supporting Information).

Synthesis of Y196Gdo.0a[B2(SOu)e]: Y196Gdo.04[B2(SO4)g] was prepared
by the synthesis method given in ref. [30]. 0.49 mmol Y,0; (Alfa
Aesar, 99.9%) and 0.01 mmol Gd,O; (Applichem, 99.99%)—pre-fired
at 1000 °C for 10 h—were added to the superacid H[B(HSO,),]
prepared from 1 mmol B,O; (Sigma—Aldrich, 99%), 2.5 mL H,SO,
(Merck, 95-97%), and 0.3 mL oleum (VWR, 65% SO;) prior to the
solvothermal synthesis in a sealed silica glass ampoule (length: 15 cm,
outer diameter: 1.2 cm, and wall thickness: 0.1 cm) in a muffle furnace
at 300 °C for 80 h with ramps of 100 °C h™'. The ampoule was opened
after cooling with liquid nitrogen (Caution! During and even after
the reaction the ampoules are under remarkable pressure and must
therefore be handled with great carel). After decantation of the excess
sulfuric acid, it was heated at 300 °C for 14 h inside a muffle furnace.
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The dry and hygroscopic product was taken out of the furnace at 150 °C
and immediately transferred into an argon-filled glovebox. For further
investigations, it was stored under inert conditions.

Phase purity was verified by X-ray powder diffraction (see Figure S1
in the Supporting Information). The sample was ground and filled into
a Hilgenberg glass capillary (outer diameter: 0.3 mm and wall thickness:
0.01 mm) inside the argon-filled glovebox. The data were collected with
a Bruker D8 Advance diffractometer with Cu Ko radiation (1=1.54184 A)
with a 1D LynxEye detector, steps of 0.02°, and transmission geometry.
The generator was driven at 40 kV and 40 mA. The background at lower
diffraction angles was due to the absorption of the glass capillary.

Optical Spectroscopy and Temperature-Dependent Measurements:
Emission and excitation spectra were acquired on an Edinburgh FLS920
spectrofluorometer equipped with a 450 W continuous Xe lamp, a
0.25 m double Littrow-configuration grating monochromator blazed at
300 nm, and a Hamamatsu R928 photomultiplier tube (PMT) for photon
detection. All emission spectra were corrected for grating efficiency
and detector sensitivity, while the excitation spectra were additionally
corrected with respect to the lamp intensity. Temperature-dependent
measurements between 77 and 473 K were performed by placing the
sample into a Linkam THMS600 microscope stage (£0.1 °C temperature
stability). The temperature was externally controlled by a thermocouple
in immediate contact with the sample holder. Photoluminescence
decay curves at 8 K were measured with an Ekspla NT342B optical
parametric oscillator (OPO) laser with a repetition rate of 10 Hz, a
Triax 550 monochromator, and a Hamamatsu R928 PMT. The laser
synchronization and detection signals were recorded with a PicoQuant
Timeharp 260 time-correlated single-photon counting module. For those
measurements, the sample was placed into a cold finger He liquid flow
cryostat (Oxford Instruments) with an external temperature control unit.

Supporting Information

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