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Though Pr** doped LiYF, (LiYF4:Pr®*) bulk crystals are a well-known
laser gain material with several radiative transitions, their nanocrystal
counterparts have not been investigated with regards to these.
Through downsizing to the nanoscale, novel applications are ex-
pected, especially in composite photonic devices. For example,
nanocrystals in stable colloidal form with narrow size distribution are
highly desirable to reduce scattering in such composites. Herein, we
synthesized monodispersed LiYF4:Pr®* nanocrystals having a size of
10 nm resulting in colorless clear stable colloidal dispersions and
conducted an extensive optical characterization for the first time. We
observed unexpected yet intense emission with excited state lifetimes
comparable to bulk crystals in the visible spectrum through excitation
at 444 nm and 479 nm. In macroscopic bulk crystals, this emission is
only exploitable through excitation of a different, subjacent energy
level. A comprehensive comparison to the bulk crystals provides
deeper insight into the excitation mechanism and performance of
these nanocrystals. The presented results pave the way for developing
application-oriented LiYF4:Pr®* nanocrystals as emitters with tailored
properties for quantum optics or biomedical applications.

Just like sodium rare earth tetrafluorides (NaREF,; where RE =
Y, Gd, Lu), their lithium counterparts, LiREF,, are considered
ideal host lattices due to their low phonon frequency when
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compared to oxides, phosphates, oxysulphides, and vanadates."
For example, Haase, Gilidel, and their co-workers demonstrated
an efficiency increase of the upconversion luminescence in
NaREF, compared to rare earth phosphate.> This, and the
possible exploitation of radiation in the visible spectrum, are
the main reasons why upconversion LiREF, nanocrystals have
been investigated profusely and found to be promising for life
science, photovoltaic and sensing applications.®* However,
visible transitions in upconversion nanocrystals based on
NaREF, and LiREF, show quite low quantum yield. Even if they
are provided with an inert shell to reduce quenching, the
quantum yield is lower than 10%.*

Generation of photons in the visible spectrum has attracted
a large number of researchers within several areas of optical
applications. For instance, organic dyes are applied as fluores-
cence marker in microscopy.® Furthermore, semiconductor
quantum dots are used in display technology® or as single
photon sources’” while light sources based on nonlinear effects
can be exploited in spectroscopy as in the present work.
Compared to previously mentioned options, generating visible
photons using lanthanide ions offers high long-term stability,
robustness against environmental conditions, and excellent
spectroscopic properties. Among the lanthanides, Pr** shows
intense emissions from the vacuum ultraviolet up to near
infrared spectral regions, which found application in laser
physics,® phosphors,¥® or microscopy.®

Most of these applications require not only excellent spec-
troscopic properties but also high optical-to-optical efficiencies
which cannot be obtained with upconversion nanocrystals due
to their low quantum yield. To evaluate the potential for such
applications, the optical properties of Pr*" doped NaREF, have
been characterized.”” However, high quantum yields of Pr**
doped NaREF, nanocrystals were not reported yet, to the best of
our knowledge. A striking fact is that the respective crystal
structures of Na and Li based rare earth tetrafluorides are very
different: while for NaREF, the cubic and hexagonal crystal
phases dominate, LiREF, exists only in tetragonal form.
However, it is the tetragonal host lattice that reveals novel and
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important possibilities such as quantum cutting properties, e.g.
of Eu*" doped LiGdF, bulk crystals with a quantum efficiency of
nearly 200%."

Downsizing of tetragonal Pr**doped LiREF, to the nanoscale
is an interesting path to reduce scattering in photonic
composite media. Moreover, the available literature on LiYF,:-
Pr** nano- and microparticles specifies the necessity of devel-
oping high quality nanoparticles of these materials as they are
polydisperse with a size above 30 nm."”” On the other hand,
syntheses of LiYF, upconversion nanocrystals co-doped with
Yb**, Er¥', Tm**, and Ho®" have been reported by different
groups,® and size tuning as well as core@shell nanostructures
have also been demonstrated by some of them. The syntheses
reported include a simple one pot synthesis method: rare earths
chlorides in presence of oleic acid are heated, forming oleates in
situ, which avoids a separate synthesis of precursor materials.*
In the case of Pr** doped LiYF, however, we observed a lattice
disintegration into tri-fluoride as evident from the XRD and
TEM data provided in the ESI (Fig. S11). Additionally, by
changing the amount of oleic acid, a polydisperse size distri-
bution was observed as well as presence of other phases (refer
Fig. S2t). We concluded that the right amount of oleic acid, in
combination with right heating temperature and heating
duration to form in situ-oleates are all playing a crucial role to
obtain high quality LiYF,:Pr’* nanocrystals.

Of another concern is a yellowish/brownish coloration of the
reaction mixture during heat-up in an oleic acid-based
synthesis, which imparts coloration of the purified particles
too. Often we witnessed it even inert atmosphere was assured
during the heating. Though a detailed study of this effect is out
of scope of this work, we speculate on oxidation of other fatty
acids present in the oleic acid or formation of more complex
structures among those in presence of oxygen at higher
temperatures. This may not be a big concern in the case of
upconversion nanoparticles as they are excited in the NIR
region. However, as our goal is to produce high quality LiYF,:-
Pr** nanocrystals, which are being excited in the blue spectrum,
the optical properties would suffer significantly due to
unwanted absorption and loss of transparency. This concern is
justified by a simple experiment where we measure absorption
and emission spectra of slightly (left for several hours at room
temperature) and strongly (heated to 300 °C for 4 h) colored
oleic acid containing LiYF,:Pr’* nanocrystals as shown in Fig. 1.
The colored solutions exhibit strong absorption at short wave-
lengths, expanding towards longer wavelengths. When exciting
such a sample, respective emission lines appear in the visible
spectrum and intensify for strongly colored oleic acid. In
improperly synthesized LiYF4:Pr*" nanocrystal dispersions, the
characteristic absorption and emission lines of the Pr** ions
and colorized oleic acid are superimposed, thus distorting the
optical properties of the Pr** emission.

We have found how to handle these problems and developed
high quality LiYF,:Pr’" nanocrystals having an average size of
10 nm, which allowed us to conduct a detailed spectroscopic
characterization for the first time. Details on the synthesis
method are provided in the ESL.f Compared to macroscopic
bulk crystals, the nanocrystalline counterparts show a strongly
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Fig. 1 Absorption (a) and emission (b) of strongly (black) and lightly
(grey) colorized oleic acids.

broadened absorption, and we developed a novel fitting method
to quantify the spectral broadening. Most interestingly, the
nanocrystals exhibit an additional strong emission line at
595 nm from the intermediate 'D, energy level when excited
between 444 nm and 479 nm. In bulk crystals, emission from
this level only occurs through excitation between 575 nm and
600 nm. However, the lifetime of the intermediate ‘D, level in
the nanocrystals is well comparable to the bulk crystals' life-
time. We infer that the understanding of the emission mecha-
nism presented here further offers an additional degree of
freedom for tuning the spectroscopic properties to a specific
application.

Since the optimum doping concentration of Pr** ions in the
nanocrystals depends on the particle size and correlations have
not yet been thoroughly studied, we have chosen four Pr**con-
centrations, 0.65, 1, 1.3, and 1.5 at%, for doping the LiYF,
nanocrystals. The range of these values include the optimum
doping concentration of 0.65 at% reported for bulk crystals,
which is mainly limited by concentration quenching.®” Due to
the strong impact of surface ions in nanocrystals, the concen-
tration quenching is expected to be lower and hence the pro-
jected optimum doping concentration is somewhat larger
compared to the bulk case. The actual Pr** ions concentration
in the nanocrystals was analyzed using EDX coupled to a high-
resolution TEM and results are provided in Table 1. The corre-
sponding mean values are 0.7, 1.05, 1.14, and 1.47%,

Table 1 EDX data

Targeted, Analyzed,
Samples at% at%
LiYF,:Pr (0.7) 0.65 0.7
LiYF,:Pr (1.05) 1.0 1.05
LiYF,:Pr (1.14) 1.3 1.14
LiYF:Pr (1.47) 1.5 1.47

© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively, and are in good agreement with the targeted
doping concentrations. For discussion of the results, we have
used the doping concentration values found by EDX analysis.

TEM measurements of the LiYF,:Pr’* nanocrystals together
with corresponding size distributions and photographs of
dispersions containing these nanocrystals are shown in Fig. 2.
Well-defined individual nanocrystals having a size of around
10 nm are clearly evident in the respective TEM analysis
(Fig. 2a-d). The tetragonal crystal structure of these nano-
crystals is confirmed by the XRD analysis as reflections agree
well with those of bulk LiYF, (PDF # 01-081-1940), see Fig. S3.t
Furthermore, mapping and line scan (see ESI Fig. S4a and bf)
analysis indicates that the doping was successful as the
homogeneous distribution of Pr ions in the nanocrystals is
evident.

Though these are small sized nanocrystals of only 10 nm,
their tetragonal bipyramidal shape is visible and some high
resolution TEM images are also provided in Fig. S57 for further
proof. This shape is easily recognizable in larger crystals (refer
Fig. S5T), however, depending on the viewing angle and the
particles’ alignment on the TEM grid, their shape can easily be
mistaken for diamond or hexagonal morphologies as described
in publications on LiYF, nanocrystals doped with other lan-
thanideions.¥ Size distributions of the LiYF4:Pr*" nanocrystals
were determined and are shown in Fig. 2e-h. The mean size of
the edges are (8.74 £ 0.64) x (10.39 £ 0.7) nm, (10.3 £ 0.66) X
(12.42 + 0.86) nm, (10.95 £ 0.87) x (13.17 & 0.84) nm, and (9.58
+ 0.72) x (11.78 £+ 1.07) nm for nanocrystals with increasing
doping concentrations. A direct relation between the doping
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Fig. 2 TEM analysis of LiYF4Pr®* nanocrystals with varying Pre*
concentration: (a) 0.7, (b) 1.05, (c) 1.14, and (d) 1,47 at%. Corresponding
particle size distributions (e—h) and photographs of colloidal disper-
sions in toluene (i-1).
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concentration and the nanocrystal size is not evident. Actually,
using an appropriate amount of oleic acid in the reaction
mixture effectively controls the size distribution and provides
a stable dispersion without any visible sedimentation even after
several months of storing. The high quality of our developed
nanocrystals is supported by the photographs of the individual
dispersions as these samples are colorless and transparent, see
Fig. 2i-1, which show no precipitation or turbidity.

To demonstrate the versatility of our synthesis, we further-
more synthesized nanocrystals tuned in size with consistently
narrow size distribution at higher doping level of 5%. The sizes
and distributions for LiYF, nanocrystals doped with 5% Pr*",
which have an average size of 10 to 20 nm, are provided in the
histogram in Fig. 3, and representative TEM pictures of 15 and
20 nm sized particles can be found in the ESI (Fig. S67). In this
work, however, we restrict ourselves to the low doped
nanocrystals.

We performed a detailed spectroscopic characterization of
the 10 nm sized nanocrystals and compared their properties to
the bulk crystals’ properties as reported in the literature.®****
The absorption cross section spectra of the 1.47 at% doped
nanocrystals and those of all four samples are provided in
Fig. 4a and S7,T respectively. We found that the peak absorption
cross sections differ by three orders of magnitude with respect
to the cross section of bulk crystals. While bulk crystals exhibit
a peak absorption cross section of up to 1.7 x 10~ *° ecm? at
444 nm, the nanocrystals' is 3.4 x 10~>* cm®. At the same time,
the spectral linewidths are strongly broadened and shifted
compared to their bulk counterparts. Thus, instead of
comparing the peak values, the integrated cross sections should
be compared, which only yield a differential factor of 45. While
the absorption lines of bulk crystals are well described by Lor-
entzian profiles, see Fig. S8,7 the corresponding transitions in
nanocrystals deviate from this line shape.

To quantify this effect, we utilized a novel fitting approach
that only requires a few fit parameter to easily determine line
shape deviations and the nature of spectral broadening. For this
method, the weighted sum of the bulk crystal spectra for every
crystal axis is convolved with a single Voigt profile and fitted to
the nanocrystal data (refer ESIf for further details). The fit
resulted in a shift of the bulk spectra of around A4 = 2 nm, and

Analyzed Edge Length [nm]
=

10 11.5 15 18.5 20
Targeted Edge Length [nm]

Fig. 3 Size distributions of LiYF4:Pr®* nanocrystals with 5% Pr*
concentration from 10 to 20 nm.
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Fig.4 Spectroscopic results: (a) absorption cross sections and fit from
bulk spectra of the 1.47 at% doped nanocrystals. The other samples
yielded comparable results but are not depicted here for reasons of
clarity, see Fig. S6.7 (b) Emission cross sections of the 1.47 at% doped
nanocrystals in comparison to bulk crystals. (c) Lifetimes and (d)
quantum yield for two different excitation wavelengths. (e) The lifetime
of the D, level decreases with the number of ions within the
nanocrystals.

the ratio of the bulk spectra was fitted to be around 0.3 to 0.4,
which means that around 2/3 of the absorption originates from
the two a-axes and around 1/3 from the c-axis as expected due to
the random orientation of the nanocrystals in the organic
solvent. The Voigt profile contained mainly the Gaussian
component with a full width at half maximum (FWHM) of 4-
6 nm. A non-broadened component was allowed in the fit, too,
which was, however, less than 2% of the broadened spectrum
and thus considered neglectable.

The Gaussian nature of the broadening of the absorption
spectra indicates an inhomogeneous broadening mechanism.
From the observed spectral shift, it can be inferred that the field
of the surrounding medium has a strong influence on the Pr*"*
ions, which results in the inhomogeneous broadening.
Assuming a nearly uniform distribution of Pr** ions, signifi-
cantly more ions are located at the surface than within the
nanocrystal's volume due to its high surface-to-volume ratio as
already known from the literature.¥* The ratio of the non-
broadened component is indeed small (<2%), but non-zero.
Therefore, it can be deduced that only a small number of ions
are not influenced by the field of the surrounding medium.

We excited the nanocrystals at either 444 nm or 479 nm to
investigate their spontaneous emission behaviour in the visible
spectrum. In Fig. 4b the emission cross sections of nanocrystals
(1.47 at%) and bulk crystals excited at 444 nm are provided,
which are of a comparable order of magnitude. Emission cross
sections of all four samples and that of bulk crystals being
based on each of the different crystal axes (a and c) are given in
Fig. S9 and S10,} respectively. Bulk crystals exhibit peak emis-
sion cross sections of up to 2.2 x 10 '° ecm?® at an emission
wavelength of 640 nm. A similar value of 1.9 x 10~ '° cm® was
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obtained for the nanocrystals, albeit at another transition, at
607 nm. At 640 nm, however, the emission cross section of
nanocrystals is about three times smaller than for the bulk
crystals, similar to what was found for the absorption.

The emission spectra show neither broadening nor spectral
shifts, which is unexpected since a comparable behaviour for
emission and absorption spectra is predicted by McCumber
theory.™ However, at this size scale, mainly the ions in the
center of the nanocrystal contribute to the emission. In
contrast, surface ions of the nanocrystals experience not only
the crystal field but also the field of the surrounding medium.
This effect causes a transition from the excited P, to the lower
energy 'D, level via multi-phonon quenching (MPQ). The un-
broadened emission spectra indicate that, obviously, MPQ has
a greater characteristic length scale than the local field effect
which causes the spectrally broadened absorption. It follows
that ions potentially contributing to a broadened emission
spectrum lose their energy due to MPQ.

We further observe a strong emission line at 595 nm which
corresponds to a transition from the 'D, level and is evident in
the nanocrystals' spectra, compare inset in Fig. 4b. Although
populating the 'D, level via reabsorption of the 'P, emission at
604 nm and 607 nm is in principle possible, this effect is esti-
mated to be very weak due to the low respective absorption cross
sections. We infer that, thus, MPQ leads to a significant pop-
ulation of the 'D, level. The 'D, level does not only emit at
595 nm but in a broad spectral range from 570 nm to 610 nm.
Within this spectral range, *P, emission takes place as well,
which means that the emission in this particular range is
a superposition of 'D, and *P, emissions. This superposition
shifts the spectral position of the peak emission cross section
from 607 nm in bulk crystals to 640 nm in the nanocrystals. The
ratio between emission at 640 nm and 595 nm can be used to
estimate the nanocrystal's correct emission cross sections in the
spectral region of superposition and is calculated to be 0.6 X
10~"° cm? at 607 nm.

The measured excited state lifetimes of the P, level range
between 15 and 18 ps as evident from Fig. 4c. Richter and co-
workers reported a lifetime of 35.7 us for bulk crystal doped
with 0.65 at%.* Here, the 0.7% doped nanocrystals show an
experimentally determined quantum yield of 3.2% and a life-
time of 15.4 + 0.2 ps (see ESIT for experimental details on both
measurements), which is about 40% of the radiative lifetime in
bulk crystals (Fig. 4d). From that, one would expect either
a somewhat higher quantum yield or a lower radiative lifetime,
as high lifetimes are associated with well suppressed non-
radiative transitions resulting in high quantum yields. In case
of the nanocrystals, however, the strong MPQ of the surface ions
increases the nonradiative rates, which we estimate to be
around 20-50 times higher than the radiative rates, refer the
ESI.{ The surface ions' contribution to the spontaneous emis-
sion is thus suppressed so that ions in the center reveal emis-
sion properties comparable to bulk crystals.

The measured excited state lifetimes of the 'D, level popu-
lated via MPQ are surprisingly high. For the 0.7% and 1.14%
doped nanocrystals the lifetimes of 108 ps and 87 ps are well
comparable to bulk lifetimes from that level which are 101 ps

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and 66 us, respectively.* We found that the lifetimes of the
nanocrystals decrease exponentially with the number of Pr**
ions as depicted in Fig. 4e. To confirm that this behavior is no
size effect we measured the 'D, decay from LiYF,:Pr*" nano-
crystals with sizes ranging from 10 to 20 nm and significantly
more than 50 ions per nanocrystal. The resulting lifetimes were
determined to be around 25 + 2 us and showed no dependence
to the nanocrystals' size or number of ions as inferred from
Fig. 4e. From that, we conclude that cross relaxations drive the
'D, depopulation. The mechanism starts with two adjacent ions
which are in states (*D,, *H,), respectively, and exchange energy
so that their final states are ('G,, *F,), compare the dashed lines
in Fig. S11.1% Altogether, we find that the visible emission
originating from the 'D, level is not quenched in our 10 nm
LiYF4:Pr®* nanocrystals compared to bulk LiYF4:Pr*" single
crystals. This makes our nanocrystals an interesting candidate
for application in nanocrystal composite laser gain media or
quantum memories operating in the visible spectrum.*

Conclusions

In conclusion, we successfully developed a synthesis procedure
of stable colloidal nanocrystals of LiYF,:Pr*" with an average
size of 10 nm and monodisperse size distribution for the first
time. This procedure enables a precise size control preserving
a narrow size distribution of LiYF,:Pr*" nanocrystals. We per-
formed a comprehensive spectroscopic analysis and developed
a novel yet simple method to quantify the nanocrystals' spectral
broadening and shifts. We compared the nanocrystals' spec-
troscopic behaviour to macroscopic bulk crystals and observed
strong multi-phonon quenching, which results in reduced
quantum yields. This effect is indeed disadvantageous for
visible emission from the *P-manifold. At the same time, the
multi-phonon quenching efficiently populates the 'D, state,
which yields strong emission at 595 nm. We found that the
excited state lifetime of this transition is limited by cross
relaxations and is comparable to bulk crystals for small nano-
crystals with low doping concentration. The understanding of
the efficient population process of the 'D, level allows for an
additional degree of freedom during the design of LiYF,:Pr’*
nanocrystals for photonic applications like phosphors,
quantum optics, and biomedical applications.
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