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Thermometry
Robin G. Geitenbeek, Harold W. de Wijn, and Andries Meijerink*
Condensed Matter and Interfaces, Debye Institute for Nanomaterials Science, Utrecht University,
Princetonplein 1, 3584 CC Utrecht, Netherlands
(Received 14 July 2018; revised manuscript received 17 September 2018; published 4 December 2018)
Luminescence (nano)thermometry is an important technique for remote temperature sensing. The recent
development of lanthanide-doped nanoparticles with temperature-dependent emission has expanded the
ﬁeld of applications, especially for ratiometric methods relying on the temperature variation of relative
emission intensities from thermally coupled energy levels. Analysis and calibration of the temperature
dependence is based on a Boltzmann equilibrium for the coupled levels. To investigate the validity of
this assumption, we analyze and model thermal equilibration for Eu3+ 5 D1 and 5 D0 emission in NaYF4 .
The results show that for low Eu3+ concentrations, temperature-dependent multiphonon relaxation can
accurately explain both the intensity ratio and emission decay dynamics. The analysis also reveals that a
Boltzmann equilibrium is not realized in the temperature regime investigated (300–900 K). By increasing
the Eu3+ concentration, cross relaxation between neighboring Eu3+ ions enhances 5 D1 –5 D0 relaxation
rates and extends the temperature range in which emission intensity ratios can be used for temperature
sensing (500–900+ K). The results obtained are important for recognizing, understanding, and controlling
deviations from Boltzmann behavior in luminescence (nano)thermometry. By varying the dopant concentration, the range for accurate temperature sensing can be adjusted. These insights are crucial in the
development and understanding of reliable temperature sensors.
DOI: 10.1103/PhysRevApplied.10.064006

I. INTRODUCTION
Luminescence thermometry [1–4] is a powerful tool for
remote temperature sensing. Potential applications range
from bio-imaging [5–9] at lower temperatures (<350 K)
to nano-electronics [10,11] and chemical reactors [12–
15] at elevated temperatures (up to 1500 K). In recent
years, nanothermometry using luminescent nanoparticles
has become an active ﬁeld of research as this technique
oﬀers excellent spatial and temporal resolution for remote
temperature sensing with high accuracy. Methods based
on monitoring the intensity ratio between two or more
emission peaks to determine the temperature are especially
widely used [16]. The ratio is not aﬀected by ﬂuctuations
of the overall intensity, e.g., by changes in alignment,
light absorption, and scattering, or the concentration of
luminescent species. Changes in the intensity ratio may
arise from the temperature dependence of a variety of processes such as energy transfer between luminescent ions
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and relaxation rates between levels. In many cases, the
ﬂuorescence intensity ratio (FIR) changes with temperature as it is determined by the thermal population of two
thermally coupled excited states separated by an energy
diﬀerence E. If E is of the order of several kT, emission can be observed from both levels. The intensity of the
emission is proportional to the population and as the temperature is raised the relative intensity of emission from the
higher energy level will increase.
In the analysis of the intensity ratio, it is commonly
assumed that the population of the two states follows a
Boltzmann distribution [17]. The temperature regime in
which the ratiometric thermometry has the highest accuracy is related to E. The higher the temperature regime of
interest, the larger E should be. Depending on the application, temperature range, and sensitivity that are required,
luminescent probes with diﬀerent values for E must
be selected. A necessary condition for reaching Boltzmann equilibrium, however, is that equilibration of two
thermally coupled states is fast in comparison with other
processes aﬀecting their population, notably optical feeding and decay channels to the ground state. For larger
E, relaxation between thermally coupled levels becomes
slower, so that deviations from Boltzmann equilibrium
tend to occur. In the common analysis of the temperature dependence of the intensity ratio, it is not always
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recognized that the population does not follow Boltzmann
equilibrium and deviations from calibration curves are
sometimes misinterpreted [18–20].
We analyze deviations from Boltzmann equilibrium for
lanthanide-based temperature sensors which are among
the most widely used ratiometric temperature probes.
Our prototypal example will be NaYF4 :Eu3+ . Deviations
from Boltzmann equilibrium aﬀect the temperature range
that can be probed. We furthermore show how the temperature range can be extended by inducing additional
relaxation paths, namely by cross-relaxation interaction
between lanthanide (Ln) ions at higher Ln-doping concentrations. Insight into the validity of the Boltzmann
equilibrium is crucial in the application of ratiometric
(nano)thermometry.
In a broader sense, Ln dopants in inorganic host materials are ideal for ratiometric (or bandshape) thermometry.
The partly ﬁlled inner 4f shell of Ln ions gives rise to a
large number of closely spaced energy levels [21]. Eﬃcient
sharp-line emissions can be observed in various spectral
regions (IR, visible, and UV) for diﬀerent Ln3+ ions. Many
of the energy levels from which emission is observed have
additional levels at higher energies, which are exploited for
luminescence thermometry. The sharp-line emission from
diﬀerent closely spaced levels can be easily observed and
separated, which allows for a highly accurate determination of intensity ratios. Advantages of Ln-doped inorganic
host materials over other optical probes (e.g., quantum
dots [22] or organic complexes [23]) are the high quenching temperature of emission [24,25], thermal stability of
the material, and the insensitivity of the optical properties
to variations in the environment (such as pH, embedding
medium or solvent, pressure, etc.). For bio-imaging and
other applications in the temperature range 300–600 K,
Er3+ is a popular probe [26–28]. The 4 S 3/2 and 2 H 11/2
levels of Er3+ are separated by approximately 700 cm−1
and eﬃcient green emission is observed from these levels.
At temperatures above 600 K, deviations from the Boltzmann equilibrium for the 4 S 3/2 and 2 H 11/2 levels were
observed [17], probably as a result of thermal population of
even higher levels [29] (e.g., 4 F 7/2 ). Dy3+ and Eu3+ with
larger energy gaps (1100 cm−1 for the 4 F 9/2 –4 I 15/2 gap
for Dy3+ and 1800 cm−1 for the 5 D0 –5 D1 gap for Eu3+ )
are promising candidates for ratiometric thermometry at
higher temperatures [30,31]. At present there is, however,
a lack of understanding on how deviations from Boltzmann equilibrium and cross-relaxation processes aﬀect
the thermal response of Ln-based ratiometric temperature
sensors.
Here, we consider in detail the temperature-dependent
Eu3+ emission in microcrystalline NaYF4 [32,33] and
investigate the temperature range in which a Boltzmann
equilibrium is established. Emission from the thermally
coupled 5 D0 and 5 D1 states is measured and analyzed
for a low-dopant concentration (0.4% Eu3+ ) by using

models for the temperature dependence of multiphonon
relaxation (MPR) processes. Both steady-state and timeresolved measurements are reported and quantitatively
explained using the same set of parameters. At higher
dopant concentrations (>1% Eu3+ ), cross-relaxation processes start to contribute to 5 D1 –5 D0 equilibration and the
temperature-dependent luminescence can be explained by
including an extra term to account for cross relaxation.
The present study provides fundamental insight into thermal equilibration processes in the promising class of Lndoped temperature sensors. The present work is focused
on NaYF4 :Eu3+ , but the model and conclusions are valid
for other Ln-based (nano)thermometers. A better insight
into the non-Boltzmann behavior and the use of dopant
concentration to extend the eﬀective temperature range are
important in the application of luminescence thermometry
for remote temperature sensing.
II. Eu3+ EMISSION IN NaYF4
We ﬁrst assess to what extent Boltzmann equilibration is
established. To this end, the temperature dependence of the
5
D1 and 5 D0 [Fig. 1(a)] Eu3+ luminescence in NaYF4 for a
low-dopant concentration (0.4% Eu3+ ) is studied to characterize the temperature-dependent emission for Eu3+ ions
that are isolated from one another. Emission spectra are
recorded at diﬀerent temperatures between 300 and 900 K
(from black to orange) with intervals of 25 K as shown in
Fig. 1(b). Following excitation in the 5 L6 state at 395 nm,
the system relaxes to the 5 D1 and 5 D0 states (indexed
throughout with 2 and 1, respectively) whose characteristic
luminescences can be observed around 530 nm (5 D1 –7 F 1 )
and 615 nm (5 D0 –7 F 2 ).
In the case where the 5 D1 and 5 D0 states are strongly
coupled through fast equilibration, their populations, N 2
and N 1 , follow Boltzmann statistics:
N2
g2
=
exp(−E/kT),
N1
g1

(1)

in which g 1 and g 2 are the level multiplicities. Toward
higher temperatures, the ratio N 2 /N 1 then would increase
and so would the luminescence intensity of the 5 D1 –7 FJ
(J = 0–6) transitions relative to the 5 D0 –7 FJ transitions.
Instead, we initially observe the opposite, a decrease of
the relative 5 D1 emission intensity, indicating that the
conditions for Boltzmann equilibrium are not met.
To make this more quantitative, luminescence intensities are calculated by integrating the total luminescence
intensity between 548–586 nm (I 2 , mainly 5 D1 emission)
and 586–640 nm (I 1 , mainly 5 D0 emission). The ratio of
I 2 /I 1 is plotted logarithmically vs the reciprocal temperature 1/T in Fig. 1(c). Emission intensity scales linearly
with the population of an emitting state. This results in
an expected (Boltzmann) temperature dependence of the
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FIG. 1. Emission spectra of NaYF4 :Eu3+ (0.4%) upon excitation at 395 nm taken at diﬀerent temperatures ranging from 300 K
(black) to 900 K (orange) with 5 DJ –7 FJ transitions (a) labeled by the J numbers between brackets (b). The ratio between the integrated
emission peaks originating from the 5 D0 and 5 D1 peaks are plotted vs 1000/T (c). The cyan line is a ﬁt as discussed in Sec. V.

luminescence intensity ratio given by:
I2
A2 hν2 N2
=
= exp(−E/kT).
I1
A1 hν1 N1

(2)

Here, Ai is the spontaneous emission rate and ν i is the
frequency of the transition from state i to the ground
state. The temperature-independent constant C accounts
for diﬀerences in emission rates of luminescence transitions, the restrictions in the integration boundaries in the
spectrum [cf. Fig. 1(c)], and any residual optical dispersion. The constant C is around 0.5, as determined from
ﬁts to theory as presented below. By plotting the logarithm
of the luminescence intensity ratio vs reciprocal temperature, a linear downward trend should be observed. Clearly,
for NaYF4 :Eu3+ 0.4%, this is not observed. Only above
approximately 700 K (1000/T < 1.4 K−1 ) is the expected
trend apparent, showing that the luminescence intensity
ratio of 5 D1 and 5 D0 emission fails to satisfy Boltzmann
statistics below 700 K.

determined by dividing the energy gap E by the maximum energy of vibrations (phonons) in the lattice [34].
MPR can be viewed as resonant energy transfer to a resonant overtone vibration in the host lattice or a combination
of diﬀerent phonons to bridge the gap between the 5 D1
and 5 D0 states. Multiphonon relaxation has been studied
in the past in pioneering work by Riseberg and Moos [35]
and Layne, Lowdermilk, and Weber [36]. The energy gap
E between the 5 D1 and 5 D0 states is ca. 1800 cm−1 as
calculated from the 5 D1 –7 F 1 and 5 D0 –7 F 1 emission peak
positions from Fig. 1. Since the maximum phonon energy
in ﬂuorides is ca. 500 cm−1 , it is expected that around
four phonons are involved in MPR between the 5 D1 and
5
D0 excited states. Cross relaxation involves partial energy

III. MODEL
To understand and model the observed temperaturedependent luminescence, the populations N 1 of the 5 D0
and N 2 of the 5 D1 state are evaluated as they evolve over
time at a given temperature. The populations are governed
by feeding optical pumping into an even higher state, subsequent relaxation (α and β) to the 5 D1 and 5 D0 states,
the radiative decay rates from these states to the 7 F multiplet (τ 2 and τ 1 ), phonon-induced relaxation processes
connecting the 5 D1 and 5 D0 excited states, and at higher
concentrations of Eu3+ (see Sec. VI), cross relaxation (X 1
and X 2 ). The various processes are depicted in Fig. 2.
Bridging the energy gap E between 4f 6 states of an isolated Eu3+ ion generally has to occur via phonon emission
and phonon absorption, which is known as MPR. The number of phonons that is needed to bridge the gap is p and is

FIG. 2. Excited-state dynamics upon excitation in 5 L6 energy
level at 395 nm. The processes that determine excited-state populations are excitation, direct relaxation to 5 D1 and 5 D0 levels with
a degeneracy of g 2 and g 1 , (α and β, respectively), 5 D1 –7 FJ and
5
D0 –7 FJ emission (I 2 and I 1 , respectively), multiphonon relaxation from the 5 D1 to the 5 D0 level (Mρg 2 np ) and from the 5 D0 to
the 5 D1 level [Mρg 1 (1 + n)p ], and ﬁnally, cross relaxation from
the 5 D1 to the 5 D0 level (X 1 ) and from the 5 D0 to the 5 D1 level
(X 2 ).
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transfer between neighboring ions. For Eu3+ , this can
occur due to the similar energy diﬀerence between the 5 D1
and 5 D0 excited states and the 7 F 0 and 7 F 3 ground states.
An Eu3+ ion can relax from the 5 D1 excited state to the 5 D0
excited state by transferring the excess energy to a second
Eu3+ , which is excited from the 7 F 0 to the 7 F 3 level or
vice versa. At elevated temperatures, as higher-energy 7 F
levels are thermally populated, additional cross-relaxation
processes may contribute as well.
To evaluate the excited-state populations, diﬀerential
equations for the populations of the 5 D0 and 5 D1 states (N 1
and N 2 ) are considered:
dN1
N1
+ M ρ[(1 + n)p g1 N2 − np g2 N1 ]
= βN ∗ −
dt
τ1
+ X1 N2 − X2 N1 ,

(3)

dN2
N2
− M ρ[(1 + n)p g1 N2 − np g2 N1 ]
= αN ∗ −
dt
τ2
− X1 N2 + X2 N1 .

(4)
*

Here, the ﬁrst term describes the ratio of feeding N into
the 5 L6 level and the subsequent relaxation to the 5 D1 and
5
D0 states (β and α, respectively). Here, we assume that all
excited ions relax to the 5 D1 or 5 D0 level, so that α+β = 1.
The second term accounts for the radiative relaxation,
which depends on the population of the state and the radiative lifetime (τ i ). The third and fourth terms in Eqs. (3)
and (4) are of prime importance to the present analysis
as they account for the multiphonon-induced relaxation
connecting the two emitting states. The ﬁnal two terms
become important at higher dopant concentrations and represent cross-relaxation processes, which depend on the
population of the states involved and the eﬀective rate of
cross relaxation (Xi ) between neighboring Eu3+ ions. The
multiphonon relaxation rate from the 5 D1 to the 5 D0 level
and vice versa (third and fourth terms) [37] scale with Mρ,
the product of the net interaction matrix element of the
two-level system with the density of phonon states resonant with the two-level system and gi the degeneracy
of state i. The MPR rates depend exponentially on p, the
number of phonons needed to bridge the energy gap E.
Important for the present analysis is the temperature dependence of the multiphonon relaxation processes. Phonon
emission scales with (n + 1)p and phonon absorption with
np [38], where n is the Bose-Einstein phonon-occupation
number, which is deﬁned as [39]
n=

1
.
exp(E/pkT) − 1

emission-intensity ratio under continuous excitation [as
shown in Fig. 1(c)]. Note that in Eqs. (3) and (4), degeneracy g 1 of 5 D0 comes in combined with N 2 , because the
system, when residing in a particular sublevel of 5 D1 may,
in accordance with MPR, relax to each of the g 1 sublevels
of 5 D0 , and similarly g 2 of 5 D1 is combined with N 1 . Inclusion of g 1 and g 2 in Eqs. (3) and (4) combined with Eq. (5)
ensures conformity with Boltzmann statistics in the case of
dominant thermal relaxation. In addition, the time dependence of the luminescence intensity for emission from
both the 5 D0 and 5 D1 states can be modeled as a function
of temperature and provide information on the temperature dependence of the relaxation rates between the 5 D0
and 5 D1 levels. Below, we analyze both the temperaturedependent excited-state dynamics and intensity ratio based
on Eqs. (3) and (4). First, results for the low Eu3+ concentration (0.4%) are considered to obtain information on the
parameters for isolated Eu3+ ions and then the role of additional relaxation processes by cross-relaxation processes at
higher Eu3+ concentrations is discussed.

(5)

The model presented can be applied to quantitatively
model the observed temperature dependence of the

IV. EXCITED-STATE DYNAMICS
Since the population in an excited state is proportional
to the luminescence intensity from that state [Eq. (2)], it
is possible to validate Eqs. (3) and (4) using luminescence
decay measurements. In Fig. 3, the luminescence decay is
presented for the 5 D0 state upon excitation in 5 D0 (panel a)
and 5 D1 (panel b) as well as for 5 D1 emission upon excitation in 5 D0 (panel c) and 5 D1 (panel d). The panels show
decay curves for a series of temperatures starting at 300 K,
followed by 373 K to 873 K in 100 K steps (colors varying
from dark blue to orange). An exception is panel c, because
below 573 K, the emission from 5 D1 is too weak for a
measurable signal. The data is ﬁtted with a bi-exponential
ﬁt for Figs. 3(a)–3(d). The parameters obtained from the
ﬁtting are summarized in Tables S1–S4 [40].
Upon excitation in the 5 D0 state, the 5 D0 emission intensity decays bi-exponentially for all temperatures with an
initial fast decay time and a subsequent lifetime of ca. 6 ms
[Fig. 3(a)], comparable to radiative lifetimes for Eu3+ 5 D0
emission in NaYF4 found in other works [31,41]. Similar lifetimes are found upon excitation in the 5 D1 state in
addition to an initial rise time, which become faster with
increasing temperature. In the case of a signiﬁcant contribution from cross relaxation between an Eu3+ ion in the
5
D0 excited state and a neighboring ion in the 7 F 3 ground
state, multi-exponential decay is expected based on the
random distribution of the ions in the lattice. However,
this multi-exponential decay is not observed, and therefore,
cross relaxation (X 2 ) is negligible, as expected for systems
with such a low-dopant concentration [42].
The 5 D1 emission for 5 D0 excitation, shown in Fig. 3(c),
shows an initial rise and a subsequent decay in intensity.
The long decay lifetime is comparable to the radiative

064006-4

NON-BOLTZMANN LUMINESCENCE IN NaYF4 :Eu3+ . . .
(a)

(b)

(c)

(d)

FIG. 3. Luminescence decay
measurements in NaYF4 :Eu3+
(0.4%) at temperatures ranging
from 300 K (dark blue) to 900 K
(orange) while exciting in the
5
D0 and 5 D1 states and monitoring the 5 D0 level (a and b, respectively) and while exciting in the
5
D0 and 5 D1 levels and monitoring the 5 D1 level (c and d,
respectively). Biexponential ﬁts
are shown in gray.

lifetimes of the 5 D0 state. Again, the initial rise becomes
faster with increasing temperature. Upon direct excitation in the 5 D1 level, as shown in Fig. 3(d), a fast,
temperature-dependent decay is observed and a longer
decay component is observed for temperatures higher than
473 K. The long component has a lifetime of ca. 6 ms and
the fast component shows the same temperature dependency as the rise time in Fig. 3(b). Consequently, the short
component is attributed to fast initial 5 D1 –5 D0 decay. In
the case of cross relaxation between an ion in the 5 D1
excited state and an ion in the 7 F ground multiplet, this fast
component is expected to be multi-exponential as a result
of a variation in cross-relaxation rates for diﬀerent local
environments (variations in distances to neighboring Eu3+
ions). Since the fast component is of mono-exponential
nature, cross relaxation from the 5 D1 excited state (X 1 ) is
not observed, as expected for systems with a low 0.4%
dopant concentration homogeneously distributed in the
host lattice.
For a precise analysis of the decays in Fig. 3, we apply
the model developed in Sec. III. The diﬀerential Eqs. (3)
and (4) can be solved analytically to obtain N 1 and N 2 vs
time. The resulting expression can be simpliﬁed because
radiative lifetimes from the 5 D0 and the 5 D1 states are both
ca. 6 ms and because of this coincidental similarity, we can
replace τ 1 and τ 2 in Eqs. (3) and (4) with τ R . Upon ignoring cross relaxation (X 1 = X 2 = 0), the solution becomes
N1 = C1 exp(−r1 t) +

g1 (1 + n)p
C2 exp(−r2 t),
g2 np

N2 = C1 exp(−r1 t) + C2 exp(−r2 t),

PHYS. REV. APPLIED 10, 064006 (2018)

(6)
(7)

in which C1 and C2 are integration constants and the decay
rates r1 and r2 are deﬁned as
1
1
+
,
τR τNR

(8)

1
,
τR

(9)

= M ρ[g1 (1 + n)p + g2 np ].

(10)

r1 =

r2 =
with 1/τ NR deﬁned as
1
τNR

Fitting Eqs. (6) and (7) to each set of decay curves in Fig. 3
yields the decay rates r1 and r2 , which can be rewritten as
τ R and τ NR using Eqs. (8) and (9). The resulting values of
τ R and τ NR are plotted vs the temperature in Fig. 4 for the
four diﬀerent sets of temperature-dependent decay curves
[5 D0 emission upon excitation in the 5 D0 and 5 D1 (blue
and red) and 5 D1 emission upon excitation in the 5 D1 and
5
D0 (orange and green)] and collected in Tables S1–S4 of
the Supplemental Material [40].
The agreement between the temperature-dependent values for τ R and τ NR from the four diﬀerent sets of
decay curves is good. The radiative decay times are
at ﬁrst approximation temperature independent, but do
show a small decrease with temperature (approximately
7% decrease from 300–900 K), which is explained by
a small increase of the radiative transition probability
for vibrationally induced forced electric-dipole transitions
(increases with 2n + 1) [43,44]. The nonradiative decay
time shows a much stronger decrease with temperature
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FIG. 4. Values of τ R and τ NR as function of temperature as
obtained from the ﬁts in Fig. 3 and calculated using Eqs. (8)
and (9). The gray ﬁt through the τ NR values is according to
Eq. (10) and yields Mρ = 0.22 ± 0.03 ms−1 and p = 3.7 ± 0.2.

and closely follows the theoretically expected temperature dependence [Eq. (10), gray curve]. The parameters
for the ﬁt, Mρ and p are 0.22 ± 0.03 ms−1 and 3.7 ± 0.2,
respectively. Since the maximum phonon energy in ﬂuoride lattices is ca. 500 cm−1 and the energy gap between
the 5 D1 and 5 D0 excited states is ca. 1800 cm−1 , the number of phonons needed to bridge the energy gap, p, is in
good agreement with the expected results. The good ﬁt
indicates that the theory for multiphonon relaxation adequately describes the temperature dependence of the decay
dynamics for Eu3+ emission in NaYF4 . The ﬁt parameters and Eqs. (3) and (4) can now be used to obtain an
expression for I 2 /I 1 and ﬁt the results for the measured
temperature dependence of the steady-state intensity ratio
shown in Fig. 1(b).
V. STEADY-STATE MEASUREMENTS
Temperature-dependent luminescence as shown in
Fig. 1 is measured under cw excitation in the 5 L6 level.
Under cw excitation, the system reaches a steady state and
the population in the excited states N 1 and N 2 is constant
in time (dN 1 /dt = 0 and dN 2 /dt = 0). Under these conditions, Eqs. (3) and (4) can be solved, in the absence of cross
relaxation, resulting in
I2
(α/τR ) + M ρg2 np
=C
.
I1
(β/τR ) + M ρg1 (1 + n)p

(11)

Equation (11) is ﬁtted to the data in Fig. 1(c) (cyan line).
The ﬁt is in good agreement with the obtained values for
I 2 /I 1 over the full range of temperatures with ﬁtting parameters C = 0.45 ± 0.02, α = 0.77 ± 0.08, β = 0.23 ± 0.08,
Mρ = 0.17 ± 0.03 ms−1 , and p = 3.63 ± 0.15. The ﬁtting
parameter C correlates N 2 /N 1 and I 2 /I 1 , as I 2 and I 1 are
intensities integrated over only a part of the total luminescence from the 5 D0 and 5 D1 in the emission spectra
(Fig. 1). The time τ R , needed in these ﬁts, is determined by

averaging the long-lifetime components of Fig. 4 with the
result of 6.0 ± 0.1 ms. The fractions α and β, which govern
the feeding fraction of the 5 D1 and 5 D0 levels, respectively,
are consistent with expectations: relaxation from the 5 L6
excited state to the 5 D1 and 5 D0 states goes via multiple
steps, resulting in a more eﬃcient relaxation to the higher
energy 5 D1 state compared to the 5 D0 state.
The value of Mρ, 0.17 ms−1 , closely matches the
value of Mρ determined from the excited-state dynamics,
0.22 ms−1 . The p values (number of phonons involved
in the 5 D1 to 5 D0 MPR) obtained from the time-resolved
and steady-state measurements, 3.7 and 3.63, are in good
agreement and are consistent with the maximum phonon
energy in ﬂuorides (approximately 500 cm−1 ) and the
energy diﬀerence between the 5 D1 and 5 D0 states (approximately 1800 cm−1 ).
In summary of Secs. IV and V, the temperature dependence of both time-resolved and stationary-state measurements are consistently accounted for by the model
presented in Sec. III based on pure multiphonon relaxation between 5 D1 and 5 D0 states. In addition, we establish
that phonon bottlenecking of zone-boundary phonons [45]
is absent by measuring luminescence decay at diﬀerent
excitation powers. In the case of phonon bottlenecking, a
limited number of available phonons inﬂuences the relaxation process resulting in slower equilibration between the
5
D1 and 5 D0 states. However, time-resolved luminescence
measurements show no diﬀerence when varying the excitation power, indicating that phonon bottlenecking is not
present (data not shown here). The model of Sec. III is
also extended by incorporation of Raman relaxation processes, but this did not improve the ﬁts. The fact that
the temperature-dependent properties for time-resolved
and steady-state measurements can be explained using
the same parameters indicates that the multiphonon relaxation model accurately describes the relaxation processes
between the 5 D1 and 5 D0 levels.
Interestingly, the results show that even at the highest temperatures probed, a true Boltzmann equilibrium
is not yet realized for the low-doped 0.4% sample. This
is evident from Fig. 1 where the intensity ratio starts
to increase toward Boltzmann equilibrium only between
700 and 900 K. Between 300 K and 700 K, the intensity ratio decreases while an increase of the ratio would
be expected based on Boltzmann statistics predicting a
higher 5 D1 population at higher temperatures. Conclusive
evidence is obtained from the time-resolved data. These
show that even at 900 K, bi-exponential decay curves
are observed. For a true Boltzmann equilibrium where
relaxation rates between two thermally coupled levels are
much faster than radiative decay, a single exponential
decay is expected that is identical for emission from both
levels. Clearly, for Eu3+ , this has not been realized at
900 K. In general, it is important to verify the validity
of a Boltzmann equilibrium in luminescence thermometry

064006-6

NON-BOLTZMANN LUMINESCENCE IN NaYF4 :Eu3+ . . .

PHYS. REV. APPLIED 10, 064006 (2018)

when temperature-dependent data and calibration curves
are based on Boltzmann statistics. In the past, this has
not always been the case [18–20], especially for ratiometric analysis relying on emission from states separated by
a larger E, as for example, in Dy3+ and Eu3+ . Deviations from Boltzmann behavior sometimes go unnoticed
or are not explained correctly [18–20]. The present analysis shows that the temperature dependence of the emission intensity ratio outside the Boltzmann regime can be
accurately modeled and used to understand and predict
deviations from Boltzmann behavior.
VI. CROSS-RELAXATION
To extend the temperature range for luminescence thermometry toward lower temperatures, it is desirable to
make the equilibration among the coupled levels faster
than MPR allows for levels separated by a large E. A
potential mechanism to induce relaxation is cross relaxation (partial energy transfer between neighboring ions).
This can be observed for Eu3+ at elevated doping levels.
At higher concentrations of Eu3+ , the distance between
Eu3+ neighbors decreases and the eﬀect of the cross relaxation becomes important. For Eu3+ , cross relaxation can
occur as the energy diﬀerence between the 5 D0 and 5 D1
excited states and the 7 F 0 and 7 F 3 ground states is similar.
The 5 D1 –5 D0 energy can be transferred to a neighboring Eu3+ in the 7 F 0 ground state that is raised to the
7
F 3 state. There is a small energy mismatch between the
5
D0 –5 D1 and 7 F 0 –7 F 3 gaps and the small energy mismatch
can be overcome by emission or absorption of low-energy
phonons.
The cross-relaxation rates depend on the distribution of
Eu3+ ions. As a result, every Eu3+ with a unique distribution of Eu3+ neighbors gives rise to a unique relaxation
pathway. Subsequently, the average relaxation time of an
ensemble of Eu3+ ions is governed by the distribution
of conﬁgurations resulting in a multi-exponential decay
during time-resolved luminescence as shown in Figs. S3
and S4 for samples with Eu3+ concentrations of 5.5% and
8.4%, respectively [46]. The time-resolved luminescence
measurements cannot be ﬁtted properly with a simple
model with a ﬁxed value for cross-relaxation rates X 1 and
X 2 because of diﬀerent conﬁgurations of the Eu3+ ions
in the lattice, and indeed a clear deviation from singleexponential behavior is observed for the rise and initial
decay part of the luminescence decay curves for the 5.5%
and 8.4% Eu-doped samples.
Stationary-state measurements, on the other hand, have
the virtue of integrating the decays over time. The temporal
dependences of the various relaxation processes are thus
integrated out. To explore the eﬀect of the Eu3+ concentration on the temperature-dependent 5 D1 /5 D0 intensity ratio,
the luminescence of two samples with higher Eu3+ concentrations of 5.5% and 8.4% has been measured. The results

FIG. 5. Log of the luminescence intensity ratio plotted vs
1000/T for the samples with Eu3+ concentrations of 0.4% (blue),
5.5% (red), and 8.4% (orange). The curves are ﬁts of Eq. (11) to
the 0.4% data in Sec. V, and of Eq. (12) with Eqs. (S1), (S2), and
(S3) inserted for the 5.5% and 8.4% data [46].

(colored red and orange) are presented in Fig. 5 in comparison with the results for 0.4% (colored blue) duplicated
from Fig. 1(c).
We can rewrite Eq. (11) to include the temperaturedependent cross-relaxation processes, resulting in
I2
(α/τR ) + M ρg2 np + X2
=C
.
I1
(β/τR ) + M ρg1 (1 + n)p + X1

(12)

Here, X 1 and X 2 are the cross-relaxation terms for the
D1 –5 D0 and 5 D0 –5 D1 relaxations, respectively. The modeling is furthermore made to include the transition connecting the 7 F 2 and 7 F 4 levels, which involves approximately
the same energy (ca. 1800 cm−1 ), and indeed contributes
signiﬁcantly at elevated temperatures. The thermal populations of the 7 F 2 and 7 F 4 are admittedly smaller, but
the transition matrix elements connecting them are signiﬁcantly larger, because J = ± 2 as compared to J = ±3.
To test the inﬂuence of Eu3+ concentration on the
temperature-dependent 5 D1 /5 D0 intensity ratio, Eq. (12) is
ﬁtted to the temperature-dependent luminescence of two
samples with higher Eu3+ -dopant concentrations, 5.5%
and 8.4% [46]. It is evident that the temperature dependence of the intensity ratio is strongly inﬂuenced by the
Eu3+ concentration. For a higher concentration, the ratio
I 2 /I 1 is much lower at room temperature as a result of
faster 5 D1 –5 D0 relaxation and the temperature-dependent
5
D1 /5 D0 intensity ratio can be used to probe temperatures
above ca. 500 K.
The analysis of the concentration dependence of the
intensity ratio shows that the useful temperature range for
luminescence thermometry can be controlled and extended
through the dopant concentration. It also reveals that the
dopant concentration is an important parameter in the evaluation of the performance of (nano)thermometers based
5

064006-7

GEITENBEEK, DE WIJN, and MEIJERINK

PHYS. REV. APPLIED 10, 064006 (2018)

on Ln-doped luminescent materials and the temperature
regime in which a Boltzmann equilibrium is reached.
The obtained relative sensitivities/temperature uncertainties are 0.05% K−1 /50.0 K, 0.09% K−1 /23.9 K, and
0.12% K−1 /19.2 K for the 0.4%, 5.5%, and 8.4% samples,
respectively.
Implications of the present analysis are schematically
depicted in Fig. 6 for Eu3+ as well as two other lanthanide
ions (Er3+ and Dy3+ ) commonly used for luminescence
thermometry. Three diﬀerent temperature regimes can be
discerned: nonradiative relaxation much faster than radiative decay (Boltzmann regime, left-hand side), nonradiative and radiative decay rates are similar (middle), and
radiative decay faster than nonradiative decay (right-hand
side). For the latter two regimes, the temperature dependence of the emission intensity ratio I 2 /I 1 does not follow
Boltzmann statistics. The relative intensity of the upper
level I 2 can even decrease with increasing temperature,
opposite to what is expected from Boltzmann statistics.
The regime that is applicable strongly depends on the
energy gap E between the thermally coupled levels. The
lines at the bottom mark the valid regime (300–900 K) for
the three ions, where the starting point at the right-hand
side of the line marks room temperature. The schematic
shows that for Er3+ with the smallest E (approximately
700 cm−1 for 2 H 11/2 –4 S 3/2 ), the Boltzmann behavior
already starts below room temperature. For Dy3+ with a
larger E (approximately 1000 cm−1 for 4 I 15/2 –4 F 9/2 ),
Boltzmann behavior is realized at temperatures higher than
room temperature but well below 900 K. For Eu3+ with
the largest E (approximately 1800 cm−1 for 5 D1 –5 D0 ),

FIG. 6. Fluorescence intensity ratio plotted vs 1/T for three Ln
ions commonly used in luminescence thermometry. The energy
gap E between the thermally coupled levels increases from
Er3+ to Dy3+ to Eu3+ . The drawn lines at the bottom indicate
the temperature regimes that apply to these ions. In the case of
1/τNR  1/τR , the FIR will decrease with increasing temperature (right-hand side), in the case of 1/τ NR ≈ 1/τ R , there is a
local minimum in the FIR (middle) and in the case of 1/τNR 
1/τR, Boltzmann behavior determines an increase of FIR with
increasing T (left-hand side).

Boltzmann equilibrium is not realized even at the highest
temperatures investigated in this study (900 K). However, by introducing additional relaxation pathways, e.g.,
through cross relaxation at higher Eu3+ concentrations, the
temperature regime for luminescence thermometry can be
shifted toward lower temperatures. The present analysis
shows that the validity of Boltzmann statistics needs to be
considered in the application of luminescence thermometry based on both E [Eu3+ − (this work), compared to
Dy3+ -doped samples [18,19,47,48] and Er3+ -doped samples [17,26–28,49]] and the dopant concentration (Fig. 5).
For example, in our work [Fig. 1(c)], a deviation from
Boltzmann behavior can be observed for all measured
temperatures (300–900 K), a deviation from Boltzmann
behavior can be observed from 300–500 K in ref. [47] for
Dy3+ , and ﬁnally, a deviation from Boltzmann behavior
can be observed above 800 K in [17] for Er3+ .
VII. CONCLUSIONS
To investigate the validity of Boltzmann equilibrium
in Ln-based luminescence thermometry, the temperature
dependence of the 5 D1 and 5 D0 emissions of Eu3+ in
NaYF4 is investigated between 300 and 900 K. Both
steady-state and time-resolved luminescence spectroscopy
experiments are reported for three diﬀerent Eu3+ concentrations (0.4%, 5.5%, and 8.4%). For 0.4% doping, all
decay curves for 5 D1 and 5 D0 emissions (upon both 5 D1
and 5 D0 excitation) show a consistent behavior that can
be explained by 5 D1 –5 D0 and, at higher temperatures,
5
D0 –5 D1 multiphonon relaxation. Upon raising the temperature, relaxation rates increase as predicted by theoretical models for multiphonon relaxation. The temperature
dependence measured for the 5 D1 /5 D0 emission intensity
ratio is in good quantitative agreement with the relaxation
parameters determined from the temperature-dependent
emission decay curves. The results reveal that even at the
highest temperatures (up to 900 K), relaxation between
the 5 D0 and 5 D1 levels is not fast enough to establish
Boltzmann equilibrium. This limits the temperature range
in which NaYF4 :Eu3+ can be used for ratiometric luminescence thermometry. To extend the temperature range,
faster 5 D1 –5 D0 relaxation can be realized by increasing
the Eu3+ -doping concentration to induce cross relaxation
between Eu3+ neighbors. Modelling of the temperaturedependent luminescence intensity ratio indicates that both
5
D1 –5 D0 to 7 F 0 –7 F 3 and 5 D1 –5 D0 to 7 F 2 –7 F 4 cross relaxations contribute.
The present study gives insight into processes that determine equilibration between thermally coupled levels of
Ln emitters used in ratiometric luminescence thermometry.
Upon increasing the energy diﬀerence E between levels,
which is required for accurate sensing of high temperatures, relaxation rates decrease and deviations from Boltzmann equilibrium occur in the lower temperature regime.
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Models for the temperature dependence of multiphonon
relaxation rates can be used to quantitatively model the
temperature dependence and give insight into the practical
temperature range. The temperature range can be optimized by varying the Ln-dopant concentration to enhance
relaxation rates through cross relaxation. In the development of Ln-based luminescent (nano)thermometers, it is
important to evaluate the validity of Boltzmann equilibration and understand deviations from Boltzmann behavior to extend and improve the accuracy of temperature
calibration curves.
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