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Abstract In the present work, we make a comparison
of Pr3+:LaF3 and Pr3+:LiYF4 luminescent nano- and
microthermometer performances. We studied Pr3+:LaF3
nanoparticles, synthesized via co-precipitation method
(further Pr3+:LaF3 (co-precipitation)), Pr3+:LaF3 nano-
particles, synthesized via hydrothermal method (further
Pr3+:LaF3 (hydrothermal)), and Pr3+:LaF3 microparti-
cles as well as Pr3+:LiYF4 nanoparticles, synthesized
via hydrothermal method (further Pr3+:LiYF4 nanopar-
ticles) and Pr3+:LaF3 microparticles. According to the
X-ray diffraction, Pr3+:LaF3 (co-precipitation) and
Pr3+:LaF3 (hydrothermal) nanoparticles are hexagonal-
structured nanocrystals. Pr3+:LiYF4 nanoparticles are
tetragonal-structured nanocrystals. The average diame-
ters of Pr3+:LaF3 (co-precipitation), Pr3+:LaF3 (hydro-
thermal), and Pr3+:LiYF4 nanoparticles are 13.9, 19.4,
and 33.3 nm, respectively. The Pr3+:LaF3 (co-
precipitation) and Pr3+:LaF3 (hydrothermal) nanoparti-
cles demonstrate broadband luminescence caused by
crystal lattice defects (luminescence background). This
luminescence background notably decreases the temper-
ature sensitivity of these samples. The luminescent
background removing procedure significantly compli-
cates the signal processing procedure. Pr3+:LaF3 micro-
particles, Pr3+:LiYF4 nanoparticles, and Pr3+:LaF3 mi-
croparticles do not demonstrate this undesirable phe-
nomenon. The absolute temperature sensitivity Sa of

Pr3+:LiYF4 nanoparticles, Pr3+:LiYF4 microparticles,
and Pr3+:LaF3 microparticles at 300 K are 0.0117 ±
0.0010, 0.0106 ± 0.0010, and 0.0102 ± 0.0012 K−1,
respectively. Although the values of Sa are very close
for these samples, the nanosized dimensionality of
Pr3+:LiYF4 nanoparticles allows achieving high spatial
resolution and expanding the fields of application of
Pr3+:LiYF4 nanoparticles.
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Introduction

Luminescent nanothermometry is a modern highly de-
veloping contactless method which allows making tem-
perature mapping with the high spatial and temporal
resolution, where the conventional methods are ineffec-
tive (Runowski et al. 2019a, b, Liu et al. 2019, Piñol
et al. 2019, Brites et al. 2019, Pudovkin et al. 2017).
Such specific temperature measurements are required in
thermometry of living cells (Yang et al. 2011), temper-
ature mapping of microcircuits (Savchuk et al. 2016),
(Liu et al. 2019)(Geitenbeek et al, 2019). The lumines-
cent nanothermometry is based on the temperature-
dependent luminescence parameters (intensity, lifetime,
band shape, band width, polarization, and spectral posi-
tion) of special nanosized luminescent materials (Jaque
and Vetrone 2012). The known temperature dependence
of the luminescent parameter allows performing
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temperature reading. In turn, nanosized dimensionality
of the thermometers and operation in UV, visible of
infrared spectral range provide high spatial resolution.
One of the most widespread and effective classes of
luminescent nanothermometers is based on the temper-
ature dependence of the band shape. In other words, the
spectral shape is temperature-dependent. There is a great
number of physical mechanisms explaining the temper-
ature dependence of the bandshape luminescent
nanothermometer. Briefly, temperature dependence of
the bandshape luminescent nanothermometer can be
explained by multiphonon relaxation from exited elec-
tron levels (Gharouel S et al. 2018), by different pro-
cesses of energy exchange between optically exited ions
(Bednarkiewicz et al. 2015), and by the Boltzmann law
(Pudovkin et al. 2017) et al. Specifically, physical back-
ground of thermometers based on the Boltzmann law is
related to the presence of two thermally coupled electron
levels of doping ions which share their electronic pop-
ulations according to the Boltzmann law. For example,
3P1 and

3P0 levels of Pr
3+ in LaF3 (Pudovkin et al. 2017)

and YF3 (Runowski et al. 2019a, b) hosts, 4I15/2 and
4F9/2 levels of Dy

3+ in LaF3 (Bu et al. 2015) and BaYF5
(Liu et al. 2013), and 2H11/2 and

4S3/2 of Er
3+ in NaYF4

(Dong et al. 2014) are thermally coupled. This mecha-
nism leads to changing in spectral shape in a specific
temperature range. Indeed, according to the Boltzmann
law, the population of the higher level increases upon
warming which leads to increasing of emission intensity
of this level. In this case, the studied temperature-
dependent parameter is integrated intensity ratio of
emission intensities of these two thermally coupled
levels. This ratio defines absolute and relative sensitiv-
ities described in many works (Pudovkin et al. 2017;
Dong et al. 2014; Bu et al. 2015). If this changing in
intensities is fully described by the Boltzmann, the
temperature sensitivity depends on energy gap between
these two levels only. The energy gap is affected by
several factors including host matrix. The temperature
sensitivity can be optimized by choosing the doping ion
and the host matrix.

However, such parameters as photostability, brightness,
and easiness of the luminescence signal procession no less
important than the temperature sensitivity. Among lumi-
nescent materials, rare earth-doped fluoride bulk and
nanomaterials hold special role because of their excellent
photostability and chemical stability (Feng et al. 2010;
Clement et al. 2015; Jia et al. 2013), long luminescent
lifetimes, sharp emission bands (Rahman and Green

2009), low possibility of nonradiative transitions (Li and
Lin 2010), and low toxicity (Nizamutdinov et al. 2007;
Pudovkin et al. 2018; Semashko et al. 2018; Pudovkin
et al. 2016). However, such nanomaterials differ between
each other by brightness, peak positions, presence of un-
desirable luminescence background, etc. Indeed, low
brightness leads to low signal-to-noise ratio which is a
common source of inaccuracies. The presence of lumines-
cence background is observed in a list of works devoted to
optical properties on nanomaterials (Kuznetsov et al. 2018;
Zhou et al. 2014). This phenomenon is explained by
relaxation processes of the excited crystal lattice defects
(Rakhmatullin et al. 2019). These relaxation processes can
be temperature-dependent and make positive or negative
contributions into temperature sensitivity simultaneously
complicating signal processing procedure. The physical
mechanism of luminescence background is related to
many factors including defects. The description of this
mechanism is complex. Indeed, the number of defects
and their nature depend on the chemical composition of
the materials as well as on the synthesis procedure. For
instance, the nature of defects of LaF3 and DyF3 nanopar-
ticles is different. Additionally, the number of defects in
nanoparticles can be restricted by hydrothermal treatment
(Pudovkin et al. 2019a, b), annealing (Kuznetsov et al.
2018), or simultaneous hydrothermal andmicrowave treat-
ment (Vanetsev et al. 2017). Hence, the luminescence
background should be removed during the signal process-
ing procedure or prevented by the synthesis procedure.
The comparison of luminescent thermometer perfor-
mances can help in the choice of proper andmost effective
material for a specific task. In this work, LaF3 and LiYF4
as host matrices were chosen. These matrices are consid-
ered very promising for many brunches of science (Kim
et al. 2015; Wang et al. 2010; Yu et al. 2014; Khiari et al.
2008; Becerro et al. 2015). Particularly, rare earth-doped
LaF3 nanomaterials are relatively well-studied. However,
such features as luminescent background and easiness of
signal processing procedures are not discussed enough. In
contrast, LiYF4 nanomaterials are not such well-studied.
Moreover, according to (Ye et al. 2015; Mahalingam et al.
2009), LiYF4 host generates additional emission lines
which can contribute to the temperature sensitivity of
LiYF4-based thermometers. The Pr

3+-based thermometers
demonstrates good thermometer performances (Gharouel
et al. 2019, Pudovkin and Rakhmatullin 2020).

Here we make a comparison of Pr3+-doped LaF3 and
LiYF4 luminescent nano- andmicrothermometer perfor-
mances. We studied Pr3+:LaF3 nanoparticles,
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synthesized via co-precipitation method (further
Pr3+:LaF3 (co-precipitation)), Pr3+:LaF3 nanoparticles,
synthesized via hydrothermal method (further Pr3+:LaF3
(hydrothermal)), and Pr3+:LaF3 microparticles, as well as
Pr3+:LiYF4 nanoparticles, synthesized via hydrothermal
method (further Pr3+:LiYF4 nanoparticles), and
Pr3+:LaF3 microparticles. (Note that Pr3+:LiYF4 nano-
particles cannot be synthesized via co-precipitation
method.) LaF3 and LiYF4 hosts differ between each
other by many factors including symmetry, phonon
energy, number of defects, etc. We analyze the possibil-
ity of using Pr3+ doped LaF3 and NaYF4 nano- and
microparticles in luminescent thermometry by several
criteria such as temperature sensitivity, presence of un-
desirable luminescence background, and easiness of
signal processing.

The aim of the work is to choose the best luminescent
thermometer among the studied ones by such criteria as
absolute temperature sensitivity, easiness of signal pro-
cessing, size of the thermometers, and presence of lu-
minescent background.

Materials and methods

Materials

All the chemicals used are of analytical grade. The
Ln(NO3)3・6H2O (Ln = Y, and Pr), oleic acid, ammo-
nium fluoride, lithium hydroxide, ethanol, nitric acid,
and cyclohexane were purchased from Sigma–Aldrich.
All the chemicals were used without further purification.

Synthesis of the sample

The doping concentrations of Pr3+ were set as 1.0 mol%
for all the samples.

The Pr3+:LiYF4 nanoparticles were prepared by the
modified solvothermal method (Fedorov et al. 2011).
First, 2.898 g LiOH∙H2O and 30mL deionized water, 54
mL oleic acid, and 90 ml ethanol were mixed by vigor-
ous stirring at 55 °C for 30–40 min until a transparent
solution appeared. Second, 12ml of an aqueous solution
containing 1.084 g of Y(NO3)3∙5H2O and 0.013 g of
Pr(NO3)3∙6H2O was added to the mixture. Third,
0.444 g of NH4F in 12 ml of deionized water was added
drop by drop to the homogeneous solution and vigor-
ously was stirred for 5 minutes. Without any adjustment
of the pH of the resulting stock, solution was 7.0.

Finally, this mother solution was transferred into
Teflon-lined autoclave and heated at 130 °C for 5 h.
The precipitated nanoparticles were collected by centri-
fugation, washed using water–ethanol mixture and eth-
anol several times, and dried at the air at 60 °C for 24 h.
The dried powder samples were pressed into disks of
2 nm thick and 5 nm in diameter for the spectral
measurements.

The Pr3+:LaF3 (CPr = 1%) nanoparticles were syn-
thesized via co-precipitation from aqueous solution
(Semashko et al. 2018). In order to synthesize Pr3+:LaF3
(C

Pr
= 1%) nanoparticles, 0.041 g of Pr2O3 and 4.007 g

La2O3 were added to 85 mL of 10% nitric acid in a glass
beaker. The mixture was heated to 50 °С and stirred for
45 min until a transparent solution appeared. Then the
solution was filtered, poured in a polypropylene glass,
and put on the magnetic mixer (400 rpm). The solution
of NaF was prepared by adding of 3.8 g of NaF into 500
mL of deionized water. After filtration of the NaF,
solution was swiftly poured. Then the pH was adjusted
to 4 by adding 25% solution of ammonium hydrate.
Then the mixture was stirring for 30 minutes (400
rpm) and then the nanoparticles were washed by centri-
fugation (Janetski K24; 12000 rpm) using deionized
water for several times. The nanoparticles were dried
at the air at 60 °C for 24 h.

The Pr3+:LaF3 and the Pr
3+:LiYF4 crystals with dop-

ing concentration of 1 at.% were grown from a mixture
of commercial high purity powders (99.999%) in a
carbon crucible in Ar atmosphere with Teflon burning.
In the case of Pr3+:LaF3, the crucible was heated by
inductive heating above the melting point of LaF3 to
about 1530 °C and cooled down for 96 h to room
temperature. The Pr3+:LiYF4 crystal was grown by the
Bridgman technique from the melt containing 52% LiF
and 48% YF3 at the rate of 1.3 mm/hr (Shavelev et al.
2014; Lyapin et al. 2016). The crystals were milled in an
automatic mill (Minpribor-0309). The obtained crystal-
line particles were sieved with the 0.45 mm pore size
sieve in order to remove big (> 0.45 mm) particles.

Characterization of the samples and thermometric
experiments

The structure of the material was characterized by X-ray
diffraction method (XRD) with Shimadzu XRD-7000S
X-ray diffractometer. Transmission electron microscopy
(TEM) experiments were carried out in a transmission
electron microscope Hitachi HT7700 Exalens. Sample
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preparation: the suspension (10 microliters) was placed
on a formvar/carbon lacey 3 mm copper grid; drying
was performed at room temperature. After drying, the
grid was placed in a transmission electron microscope
using a special holder for microanalysis. The analysis
was held at an accelerating voltage of 100 kV in TEM
mode. The luminescence spectra were recorded using
CCD spectrometer (StellarNet), which detects the emis-
sion in 200–1100 nm spectral range with a spectral
resolution of 0.5 nm. The optical parametric oscillator
laser system (420–1200 nm) from JV LOTIS TII was
used for excitation of the luminescence of the samples.
The pulse width and the pulse repetition rate were 10 ns
and 10 Hz, respectively. The spectral width of laser
radiation was less than 0.15 nm. The experiments were
carried out in 80–320 K temperature range. The temper-
ature control was carried out via thermostatic cooler
“CRYO industries” having LakeShore Model 325 tem-
perature controller. The liquid nitrogen was used as a
cooling agent.

Results and discussion

Characterization of the samples

According to the TEM data, Pr3+:LiYF4 nanoparticles
have an average diameter of 38 ± 2 nm. It can be
observed that the shape of the nanoparticles varies from
almost spherical to rhombic (Fig. 1a). Herewith, the
shape becomes more rhomb-like with increasing of the
size of the nanoparticles. The same phenomenon was of
observed in [3]. High-resolution TEM (HRTEM) image
reveals the crystalline nature of the Pr3+:LiYF4 nanopar-
ticles (Fig 1b). The HRTEM image also shows lattice
fringes with observed d-spacing of ~0.46 nm corre-
sponding to lattice spacing in the (011) planes of tetrag-
onal phase LiYF4.

TEM and HRTEM images of the Pr3+:LaF3 (co-
precipitation) nanoparticles are represented in Fig.
2a and b, respectively. The nanoparticles have rela-
tively irregular shape without the preferred direction
of growth as it is commonly expected for co-
precipitation method (Ma et al. 2007; Pudovkin et al.
2018). The average diameter of the nanoparticles is
equal to 13.9 nm. The TEM and HDTEM images of
the Pr3+:LaF3 (hydrothermal) nanoparticles are repre-
sented in Fig. 2c and d, respectively. The shape of the
nanoparticles became significantly more regular. The

average diameter of the nanoparticles is 19.4 nm. In
some nanoparticles, the 3–8 nm clusters can be clearly
observed. According to the work (Alakshin et al.
2012), these clusters may contain water which is typ-
ical for this kind of hydrothermal synthesis (Wang and
Li 2003). The HRTEM image (Fig. 2b, d) also shows
lattice fringes with observed spacing of around
0.35 nm corresponding to lattice spacing in the (111)
planes of hexagonal phase of LaF3 for both kinds of
Pr3+:LaF3 nanoparticles. The increase in size of the
nanoparticles after hydrothermal treatment can be re-
lated to the recrystallization–dissolution process and
the Ostwald ripening (Ma et al. 2007).

The XRD patterns of Pr3+:LaF3 and Pr3+:LiYF4 nano-
particles are represented in Fig. 3. According to the XRD
data, the Pr3+:LaF3 nanoparticles are hexagonal-structured
nanocrystals that corresponds to the structure of matrices
of LaF3 and PrF3. In case of Pr

3+:LiYF4 nanoparticles, all
the diffraction peaks can be well indexed in accordance
with tetragonal LiYF4 crystal (JCPDS file No. 81-2254),
indicating the formation of tetragonal phase of the LiYF4
nanoparticles. Sharp peaks and lack of peaks from impu-
rities are observed, suggesting the high purity of these
samples. The lattice parameters a and c of both types of
the Pr3+:LaF3 nanoparticles and the Pr

3+:LiYF4 nanoparti-
cles are listed in Table 1. The slight difference in obtained
lattice parameters and values of the lattice parameters from
JCPDS can be related to the presence of doping ion Pr3+.
Indeed, the ionic radius of Pr3+ (1.05Å) is smaller than that
of La3+ (1.13 Å) due to the lanthanide contraction, so the
cell volume of Pr3+:LaF3 reduces with more Pr

3+ replacing
La3+, which results in changing of the lattice parameters.
The ionic radii of Y3+ and Li+ are equal to 2.4 and 1.82 Å,
respectively; hence the cell volume changing may also
take place. The increased role of surface as well as pres-
ence of defects can also affect the lattice parameters
(Guozhong 2004, Rao et al. 2006).

The information concerning the sizes of coherent
scattering domains can be extracted from the XRD
patters. The comparison of sizes of the coherent scat-
tering domains at different crystallographic orienta-
tions (determined by the Miller indices (hkl)) allows
estimating the degree of the shape isotropy. In order to
estimate sizes of coherent scattering domains of the
nanoparticles, the Debye–Scherrer method is used
(Scherrer 1918):

D ¼ Kλ
βDCosθ

ð1Þ
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where D is a size of the coherent scattering domain of a
nanoparticle, K is a shape factor (we used K = 0.9), λ is
the X-ray wavelength (0.15418 nm), βD is the line
broadening at half the maximum intensity (FWHM) in
radians, and θ is the Bragg’s angle. The diffraction
peaks having the highest values of the signal-to-noise

ratio are chosen. The calculation of values of D at
different crystallography orientations (Dhkl) allows
estimating shape isotropy and revealing the preferred
growth direction of nanocrystals (Pudovkin et al.
2019a). Particularly, in work (Pudovkin et al. 2019a)
an i so t rop ic in shape , p la t e - l ike Pr3+ :LaF3

Fig. 1 a TEM image of the Pr3+:LiYF4 nanoparticles. b High-resolution TEM image of the Pr3+:LiYF4 nanoparticles

Fig. 2 a TEM image of the Pr3+:LaF3 nanoparticles synthesized
via co-precipitation method. b HRTEM image of the Pr3+:LaF3
nanoparticles synthesized via co-precipitation method. c TEM

image of the Pr3+:LaF3 nanoparticles synthesized via hydrother-
mal method. d HRTEM image of the Pr3+:LaF3 nanoparticles
synthesized via hydrothermal method
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nanoparticles demonstrate notable dependence of all
Dhkl values on crystallography orientation for several
directions (hkl). The standard deviation for the list of
Dhkl values in (Pudovkin et al. 2019a) is 5.1 nm which
characterize notable difference of Dhkl between each
other. The sphere-like Pr3+:LaF3 nanoparticles do not
demonstrate such tendency (Pudovkin et al. 2019a).

Here we also estimate the values of Dhkl at different
crystallography orientations in order to additionally
characterize the morphology of the studied nanoparti-
cles. The sizes of Dhkl in different crystallography ori-
entations (hkl) for Pr3+:LaF3 (co-precipitation),
Pr3+:LaF3 (hydrothermal), and Pr3+:LiYF4 nanoparticles
are listed in Tables 2 and 3, respectively.

The sizes of coherent scattering domains at different
crystallographic directions (hkl) Dhkl of Pr

3+:LaF3 (co-
precipitation) nanoparticles slightly differ between each
other. However, it seems that there is no any preferred
growth direction of Pr3+:LaF3 (co-precipitation) nano-
particles. The difference of Dhkl for Pr3+:LaF3

(hydrothermal) nanoparticles is more pronounced. The

difference in the values of the standard deviation (SD)
for Pr3+:LaF3 (co-precipitation) (1.1 nm) and Pr3+:LaF3
(hydrothermal) (2.7 nm) confirms this fact. Indeed, ac-
cording to the TEM data , some Pr3+ :LaF3

(hydrothermal) nanoparticles have slightly prolate form.
Probably, the notable difference in D002 (21.1 nm), D300

(16.5 nm), and D113 (13.6 nm) additionally confirms this
slight shape anisotropy. The TEM data do not reveal
such a tendency for Pr3+:LaF3 (co-precipitation)
nanoparticles.

The values of Dhkl for Pr
3+:LiYF4 nanoparticles do

not demonstrate a significant difference (SD = 1.8 nm).
The TEM data also confirm this tendency. Although
there are some rhombic nanoparticles, their amount is
small in comparison with spherical-like nanoparticles. It
should be noted that the physical size and the coherent
scattering domains are not the same. However, close
amounts of average Dhkl and physical sizes (DTEM) for
all the nanoparticles indicate that each nanoparticle is
the whole unified crystalline formation instead of small-
er particle or domain agglomerates, which is good for
luminescence purposes.

Performances of the luminescent thermometers based
on Pr3+:LiYF4 nanoparticles and Pr3+:LiYF4
microparticles

The normalized luminescent spectra of Pr3+:LiYF4
nanoparticles and Pr3+:LiYF4 microparticles obtained
at 300 K are shown in Fig.4. It can be seen that the
spectra are identical. It seems that the size effect caused
mostly by the increased role of the surface do not
influence the luminescence properties. Indeed, accord-
ing to (Vanetsev et al. 2017) for the nanoparticles having
average size more than 10–15 nm, the role of the surface
is not significant. Thus, the surface Pr3+ ions located into
reduced symmetry crystal field do not affect much the
luminescence properties of the nanoparticles. The lumi-
nescent spectra have the emissions bands which are
interpreted as the result of the transition from the 3Pj (j
= 0, 1) excited states to 3H4 and

3H5 states of Pr
3+ions

(Müller et al. 2012).
The normalized luminescent spectra of Pr3+:LiYF4

nanoparticles and Pr3+:LiYF4 microparticles as a func-
tion of temperature are shown in Fig. 5a and b, respec-
tively. It is clearly seen that the emission from 3P1 state
is not observed in 80–120 K temperature range. Then,
the 3P1 emission increases with the increase of the
temperature in 140–320 K temperature range. This

Fig. 3 X-ray diffraction patterns of the Pr3+:LaF3 nanoparticles,
synthesized via co-precipitation method, Pr3+:LaF3 nanoparticles,
synthesized via hydrothermal method, and Pr3+:LiYF4

nanoparticles

Table 1 Lattice parameters of Pr3+:LaF3 and Pr3+:LiYF4
nanoparticles

Sample/parameter a (nm) c (nm)

Pr3+:LaF3 nanoparticles (co-precipitation) 0.7197 0,7375

Pr3+:LaF3 nanoparticles (hydrothermal) 0.7201 0.7432

Pr3+:LiYF4 nanoparticles 0.5161 1.0805

LaF3 (JCPDS–32–0483) 0.7186 0.7352

LiYF4 (JCPDS 81-2254) 0.5171 1.0748
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phenomenon can be attributed to the fact that 3P1 and
3P0 states share their electronic populations according to
the Boltzmann process (Runowski et al. 2019a, b).
Indeed, according to the experimental data, the thermal-
ization of 3P1 state begins at around ~140 K and
operates more and more efficiently upon warming. For
such luminescent thermometers, the luminescence in-
tensity ratio (LIR) of two thermally coupled emission
peaks is taken as a temperature-dependent parameter
(Jaque and Vetrone 2012; Brites et al. 2016). If in the
studied system only Boltzmann law is responsible for
temperature sensitivity of the LIR can be described as
(Brites et al. 2016):

LIR ¼ Bexp
ΔE
kBT

� �
þ C ð2Þ

where B and C are constants, ΔE is activation energy
(here the energy difference between the 3P1 and 3P0
states), kB is the Boltzmann constant, and T is the
absolute temperature. Two distinct emission bands in
the 510–536 and 536–570 nm spectral ranges, corre-
sponding to the 3P1 →

3H5 and
3P0 →

3H5 transitions,
respectively, were chosen for calculations of the LIR.
The LIR plots for Pr3+:LiYF4 nanoparticles and
Pr3+:LiYF4 microparticles are shown in Fig. 6a. The
LIR curves for both Pr3+:LiYF4 nanoparticles and
Pr3+:LiYF4 microparticles can be described by Eqs. 3
and 4, respectively:

LIR nanoparticlesð Þ ¼ 15:3� 0:5ð Þexp 691� 6

T

� �
þ 0:24

ð3Þ

LIR microparticlesð Þ ¼ 14:0� 03ð Þexp 699� 7

T

� �
þ 0:13

ð4Þ

The values of ΔE of Pr3+:LiYF4 nanoparticles and
Pr3+:LiYF4microparticles are 480 ± 4 and 486 ± 4 cm−1,
respectively. Both LIR functions are almost identical
within the accuracy of the calculations. Absolute (Sa)
and relative (Sr) temperature sensitivities can be written
as (Jaque and Vetrone 2012, Brites et al. 2016):

Sa ¼ 1

R
d LIRð Þ
dT

¼ ΔE
kBT 2 ð5Þ

Sr ¼ d LIRð Þ
dT

¼ R
ΔE
kBT 2

� �
ð6Þ

Sa and Sr plots of both Pr
3+:LiYF4 nanoparticles and

Pr3+:LiYF4 microparticles are represented in Fig. 6b.
The Sa values of Pr3+:LiYF4 nanoparticles and
Pr3+:LiYF4 microparticles at 300 K are equal to
0.0106 ± 0.001 K 1 and 0.0117 ± 0.001 K 1.

Nanothermometers’ performances of Pr3+:LaF3
(co-precipitation), Pr3+:LaF3 (hydrothermal)
nanoparticles, and Pr3+:LaF3 microparticle

The normalized luminescent spectra of Pr3+:LaF3 (co-
precipitation) nanoparticles, Pr3+:LaF3 (hydrothermal)
nanoparticles, and Pr3+:LaF3 microparticles obtained at
300 K are shown in Fig. 7. The luminescent spectra have
the emission bands which are interpreted as the result of

Table 2 The sizes of coherent scattering domains Dhkl of the Pr
3+:LaF3 nanoparticles in different crystallography orientations (hkl), the

values of standard deviation (SD) (nm), and the physical size of the nanoparticles DTEM (nm) obtained from TEM data

Sample/(Dhkl (nm) D002 D110 D111 D300 D113 SD Average Dhkl DTEM (nm)

Pr3+:LaF3 nanoparticles (co-precipitation) 14.6 17.4 15.2 15.9 14.5 1.1 15.3 13.9

Pr3+:LaF3 nanoparticles (hydrothermal) 21.1 17.3 16.4 16.2 13.6 2.7 17.0 19.4

Table 3 The values of coherent scattering domains Dhkl of the Pr
3+:LiYF4 nanoparticles in different crystallography orientations (hkl), the

values of standard deviation (SD) (nm), and the physical size of the nanoparticles DTEM (nm) obtained from TEM data

Sample/(Dhkl (nm) D110 D112 D221 D114 D105 D123 D204 D220 SD Average Dhkl DTEM

(nm)

Pr3+:LiYF4 nanoparticles 34.2 33.3 30.7 33.7 32.0 30.2 29.9 29.4 1.8 31.6 33.3
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the transition from the 3Pj (j = 0, 1) excited states to 3H4,
3H5,

3H6,
3F2, and

3F4 states of Pr
3+ions (Müller et al.

2012). Any unidentified emission peaks are not ob-
served. The peak positions of Pr3+:LaF3 nanoparticles
and Pr3+:LaF3 microparticles do not differ between each
other as it is observed for Pr3+:LiYF4 samples discussed
above. However, clear broad luminescence background
in 500–600 nm spectral range is observed for both
Pr3+ :LaF3 (co-precipi ta t ion) and Pr3+:LaF3

(hydrothermal) nanoparticles. However, the lumines-
cent background is more pronounced in the case of
Pr3+:LaF3 (co-precipitation) nanoparticles. This phe-
nomenon can be explained by the relaxation processes
of the excited crystal lattice defects of the investigated
particles (Kuznetsov et al. 2018; Rakhmatullin et al.
2019). Indeed, the fluoride nanoparticles synthesized
via co-precipitation method contain a larger number of

defects in comparison with nanoparticles subjected to
hydrothermal treatment (Pudovkin et al. 2019a;
Vanetsev et al. 2017; Fedorov et al. 2011). Additionally,
the average diameter of the Pr3+:LaF3 (hydrothermal)
nanoparticles is bigger than the average diameter of
Pr3+:LaF3 (co-precipitation) nanoparticles. It means that
the role of surface defects is reduced in the case of
Pr3+:LaF3 (hydrothermal) nanoparticles in comparison
with Pr3+:LaF3 (co-precipitation) nanoparticles. The lu-
minescence spectrum of Pr3+:LaF3 microparticles does
not demonstrate the luminescent background. Indeed,
the bulk crystals contain significantly less number of
defects (Vanetsev et al. 2017). The luminescent back-
ground can affect the temperature sensitivity of the
luminescent materials.

It should be noted that the background luminescence
phenomenon for optical inorganic materials is consid-
ered undesirable. According to the literature data, it can
be related to the presence of defects, impurities, as well
as to the optical properties of the host. Specifically, in
(Fu et al. 2015) for the Eu3+,Tb3+:Ca5(PO3)3F micro-
particles synthesized via citrate-assisted method, the
broad blue emission peak was observed under 299 nm
laser excitation. The authors suggested that this blue
light emission of the host matrix might originate from
the CO2 radical-related defect produced by Cit

3- groups.
In (Pan et al. 2008), terbium-activated lithium–lantha-
num–aluminosilicate oxyfluoride scintillating glass
(LLASOF) also demonstrates the luminescence back-
ground. The authors suggested that it can be related to
the presence of nonbridging oxygen defects in the glass.
These nonbridging oxygen defects in LCASOF are a
strong source of charge traps and may be responsible for

Fig. 4 Normalized luminescence spectra of the Pr3+:LiYF4 nano-
particles and the Pr3+:LiYF4 microparticles at 300 K (normalized
at 480 nm, λex = 444 nm). Negligible luminescent background
takes place in case of Pr3+:LiYF4 nanoparticles

a b

Fig. 5 Normalized luminescence spectra of the Pr3+:LiYF4 nanoparticles (a) and the Pr3+:LiYF4 microparticles (b) as a function of
temperature (normalized at 480 nm, λex = 444 nm)
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the reduced luminescence of doping ions. In
(Rakhmatullin et al. 2019), it was made a suggestion
that the origin of the background for Pr3+:LaF3 nano-
particles depends on the synthesis procedure. In this
work, it was prepared with two Pr3+:LaF3 samples.
The first sample was Pr3+:LaF3 nanoparticles synthe-
sized via co-precipitation method and then dried in air
and annealed in a vacuum chamber at 300 °C. The
second sample was not annealed. The annealed sample
became brown which can be related to oxyfluoride
formation. This sample demonstrates intense lumines-
cence background which is attributed to the excitation
energy transfer from Pr3+ to oxygen. The sample which
was not annealed with the luminescence background is
less intense and can be related to the relaxation

processes of the excited crystal lattice defects (here
fluoride vacancies). Davies et al. 2017 studied optical
properties of a new Eu3+-based metallasilsesquioxane
species. They also observe a baseline which is attributed
to the presence of hydrocarbon defects, which becomes
enhanced by thermal treatment.

The luminescent spectra of Pr3+:LaF3 (co-precipitation)
nanoparticles, Pr3+:LaF3 (hydrothermal) nanoparticles, and
Pr3+:LaF3 microparticle as a function of temperature are
shown in Fig. 8a, b, and c, respectively. As it is clearly
seen, the emission from 3P1 state is not observed in 80–120
K temperature range. Then, the 3P1 emission increases
with the increase of temperature in 140–320K temperature
range. This phenomenon can also be attributed to the fact
that 3P1 and

3P0 states share their electronic populations
according to the Boltzmann process. These processes look
similar for all the Pr3+:LaF3 samples. However, in the case
of samples Pr3+:LaF3 (co-precipitation), Pr3+:LaF3
(hydrothermal) luminescence background becomes more
pronounced in the 280–320 K temperature range.

The LIR plots of Pr3+:LaF3 (co-precipitation),
Pr3+:LaF3 (hydrothermal) nanoparticles, and Pr3+:LaF3
microparticle are shown in Fig. 9a. The LIR plots differ
between each other notably. Specifically, the LIR plot of
the Pr3+:LaF3 (hydrothermal) nanoparticles seems to be
less temperature-dependent in comparison with the LIR
plot of Pr3+:LaF3microparticles.Moreover, the LIR plot of
Pr3+:LaF3 (co-precipitation) nanoparticles does not even
demonstrate temperature dependence into 240–320K tem-
perature range. It seems that the luminescence background
decreases the degree of temperature dependency of the
LIR plots of both Pr3+:LaF3 (co-precipitation) and
Pr3+:LaF3 (hydrothermal) nanoparticles. It can be conclud-
ed that the resulting LIR curve of both Pr3+:LaF3 (co-

a b

Fig. 6 a Integrated intensity ratio of Pr3+:LiYF4 nanoparticles and the Pr
3+:LiYF4 microparticles as function of temperature. bAbsolute and

relative temperature sensitivity curves of Pr3+:LiYF4 nanoparticles and the Pr3+:LiYF4 microparticles

Fig. 7 Normalized luminescence spectra of the Pr3+:LaF3 samples
at 300 K (normalized at 480 nm, λex = 444 nm). Negligible
luminescent background takes place in case of Pr3+:LaF3 nanopar-
ticles synthesized via hydrothermal method, the notable lumines-
cent background takes place in case of Pr3+:LaF3 nanoparticles
synthesized via co-precipitation method
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precipitation) and Pr3+:LaF3 (hydrothermal) nanoparticles
is a function of the Boltzmann process and a set of the
physical processes triggering the luminescence back-
ground. The theoretical description of these physical pro-
cesses is nontrivial. Hence, in order to obtain optimized
thermometer performance, the luminescence background
should be minimized or removed. However, the removing
procedure gives rise to uncontrolled mistakes as well as
complicates signal processing procedures. Hence, it seems
that the best decision is to construct luminescence ther-
mometer which performs without the luminescence
background.

Indeed, after luminescence background removing of the
Pr3+:LaF3 (hydrothermal) nanoparticles, the LIR curves of
Pr3+:LaF3 (hydrothermal) nanoparticles and Pr

3+:LaF3 mi-
croparticles became almost identical (Fig. 9b).

It’s fair that in case of Pr3+:LaF3 samples, the
Boltzmann law can be applied for Pr3+:LaF3

microparticles. The LIR plot of the Pr3+:LaF3 micropar-
ticles is described by Eq. 7:

LIR Pr3þ : LaF3 microparticles
� � ¼ 14:3� 0:1ð Þexp 729� 11

T

� �
þ 0:11

ð7Þ
The value ofΔE of Pr3+:LaF3 microparticles is 507 ±

6 cm−1. According to the theoretical calculation, the
values of ΔE for Pr3+:LaF3 and Pr3+:LiYF4 are equal
to 587 cm−1 (Carnall et al. 1969) and 556 cm−1

(Esterowitz et al. 1979), respectively. The Sa and Sr
curves are represented in Fig. 9c. The values of Sa and
ΔE are listed in Table 4.

It can be seen that the values of Sa and ΔE do not
differ between each other significantly. Indeed, the Sa is
mostly determined by ΔE in the model based on
Boltzmann law. Hence a slight difference in ΔE gives
rise to a slight difference in Sa. However, the difference
between theoretical ΔE and ΔE determined in the

a

c

b

Fig. 8 a, b, c Normalized luminescence spectra of the Pr3+:LaF3
nanoparticles synthesized via co-precipitation method (a),
Pr3+:LaF3 nanoparticles synthesized via hydrothermal method

(b), and the Pr3+:LaF3 microparticles (c) as a function of temper-
ature (normalized at 486 nm, λex = 444 nm)
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present work is notable. This fact can be explained by
the bands overlap between 3P1 →

3H5 and
3P0 →

3H5

emissions. Indeed, in work (Cao et al. 2014) LIR be-
tween the overlapping 4I15/2 → 6H15/2 (455 nm) and
4F9/2 →

6H15/2 (478 nm), emission peaks of Dy3+ gives
rise to ΔE = 1046 cm−1 between 4I15/2 and

4F9/2 ther-
mally coupled levels. However, LIR between spectrally
separated 4I15/2 →

6H15/2 (455 nm) and 4F9/2 →
6H13/2

(573 nm) emission peaks gives rise to another value of
ΔE = 1373 cm−1 between the same thermally coupled
levels. In the case of Pr3+-doped LiYF4 and LaF3, the
chosen 3P1 →

3H5 and
3P0 →

3H5 emission peaks seem

to show the same tendency. However, these chosen
emission peaks demonstrate the best degree of spectral
separation among the registered emission peaks.

Although the studied samples demonstrate close valued
of Sa, these samples differ between each other by other
properties. As it was discussed above, the spectra of both
Pr3+:LaF3 (co-precipitation) and Pr

3+:LaF3 (hydrothermal)
nanoparticles demonstrate undesirable luminescence back-
ground which hinders their thermometric properties. The
utilization of luminescence background removing proce-
dures can be a source of mistakes. Additionally, this re-
moving procedure significantly complicates the signal

a

c

b

Fig. 9 a Integrated intensity ratio of the Pr3+:LaF3 nanoparticles
synthesized via co-precipitation method, Pr3+:LaF3 nanoparticles
synthesized via hydrothermal method, and the Pr3+:LaF3 micro-
particles (c) as a function of temperature. b Integrated intensity

ratio of the Pr3+:LaF3 (hydrothermal) before and after removing of
the luminescence background, Pr3+:LaF3 microparticles as a func-
tion of temperature. cAbsolute and relative temperature sensitivity
curves of Pr3+:LaF3 and Pr3+:LiYF4 microparticles

Table 4 The values of Sa and ΔE for Pr3+:LiYF4 nanoparticles, Pr
3+:LiYF4 microparticles, and Pr3+:LaF3 microparticles

Sample Sa (K
−1) at 300 K Sr (%K−1) *10−4

at 300 K
ΔE (cm−1)
determined here

ΔE (cm−1)
theoretical

Pr3+:LiYF4 nanoparticles 0.0117 ± 0.0010 6.4 ± 0.2 480 ± 4 556

Pr3+:LiYF4 microparticles 0.0106 ± 0.0010 6.6 ± 0.2 486 ± 4 556

Pr3+:LaF3 microparticles 0.0102 ± 0.0012 6.6 ± 0.2 507 ± 6 587
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processing procedure. Hence, the use of Pr3+:LaF3 lumi-
nescent nanothermometers seems to be effective only for
microsized particles. The same tendency is observed in
(Zhou et al. 2014). The Pr3+:NaYF4 microparticles dem-
onstrate good performance, in turn, Pr3+:NaYF4 nanopar-
ticles show the undesirable luminescent background. The
presence of the luminescence background limits the use of
Pr3+:LaF3 luminescent nanothermometers in some specific
areas such as biology and medicine. Unlike, the spectra of
both Pr3+:LiYF4 nanoparticles and microparticles do not
demonstrate the luminescence background. In turn, the
ability to obtain both nanosized and microsized particles
expands the fields of application.

Conclusions

In the present work, we make a comparison of Pr3+:LaF3
and Pr3+:LiYF4 luminescent nano- and microthermometer
performances. We studied Pr3+:LaF3 (co-precipitation),
Pr3+:LaF3 (hydrothermal), and Pr3+:LaF3 microparticles
as well as Pr3+:LiYF4 nanoparticles and Pr3+:LaF3 micro-
particles. According to the X-ray diffraction, Pr3+:LaF3
(co-precipitation) and Pr3+:LaF3 (hydrothermal) nanopar-
ticles are hexagonal-structured nanocrystals. Pr3+:LiYF4
nanoparticles are tetragonal-structured nanocrystals. The
average diameters of Pr3+:LaF3 (co-precipitation),
Pr3+:LaF3 (hydrothermal), and Pr3+:LiYF4 nanoparticles
are 13.9, 19.4, and 33.3 nm, respectively. The Pr3+:LaF3
(co-precipitation) and Pr3+:LaF3 (hydrothermal) nanopar-
ticles demonstrate broadband luminescence caused by
crystal lattice defects (luminescence background). In the
case of Pr3+:LaF3 (co-precipitation) nanoparticles, lumi-
nescence background is more pronounced. This lumines-
cence background notably decreases the temperature sen-
sitivity of these samples especially for Pr3+:LaF3 (co-
precipitation) nanoparticles. The luminescent background
removing procedure significantly complicates the signal
processing procedure. Pr3+:LaF3 microparticles,
Pr3+:LiYF4 nanoparticles, and Pr3+:LaF3 microparticles
do not demonstrate the luminescence background. The
absolute temperature sensitivity Sa of Pr

3+:LiYF4 nanopar-
ticles, Pr3+:LiYF4 microparticles, and Pr

3+:LaF3 micropar-
ticles at 300 K are 0.0117 ± 0.0010, 0.0106 ± 0.0010, and
0.0102 ± 0.0012 K−1, respectively. Although the values of
Sa are very close for these samples, the nanosized dimen-
sionality of Pr3+:LiYF4 nanoparticles allows achieving
high spatial resolution and expanding the fields of appli-
cation of Pr3+:LiYF4 nanoparticles.
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