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Lifetime nanomanometry — high-pressure
luminescence of up-converting lanthanide
nanocrystals — SrF»:Yb>*,Er’*+
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Anti-Stokes luminescence of up-converting nanocrystals SrF,:Yb**,Er®" can be used as a high pressure
optical sensor alternative to the ruby fluorescence-scale. In nanocrystalline SrF.:Yb®* Er®*, high pressure
reversibly shortens the emission lifetimes nearly linearly up to 5.29 GPa at least. Its advantage is the use of
NIR (%980 nm) radiation, highly penetrable for many materials. The shortening of up-conversion lifetimes
has been attributed mainly to the changes in energy transfer rates, caused by decreased interatomic dis-
tances and increased overlap integrals between 4f electrons and the valence shells of ligand ions. The
origin of high-pressure effects on the luminescence intensity, band ratio and their spectral position has
been explained by the increased interactions and distortions of the crystal-field symmetry around the
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Introduction

Functional nanomaterials are currently extensively studied due
to their unique optoelectronic, magnetic and structural pro-
perties, in comparison with their bulk analogues.'® This
phenomenon is usually related to the large surface-to-volume
ratio of the nanoparticles (NPs) and to the quantum confine-
ment of electrons.” '’ Luminescent NPs based on lanthanide
ions (Ln**) exhibit multicolor emission under UV or IR (up-
conversion) excitation, long radiative lifetimes and narrow
emission bands, resulting from the 4f-4f transitions within
the Ln*" ions (forbidden by the Laporte selection rules).'*™°
Ln**-Doped NPs are resistant to high temperature and photo-
degradation. Moreover, small NPs can form luminescent col-
loidal solutions which are useful for various applications.®""
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emitting ions in the compressed structure.

Inorganic fluorides are good hosts for Ln*" ions, as their
quantum efficiency of luminescence is usually high, due to the
low phonon energy of their crystal lattice.'” Moreover,
their synthesis is easy, reproducible and cheap.®'®' For
these reasons, fluoride NPs are applied for bioimaging (lumi-
nescent labels, contrast agents), drug delivery techniques,
forensics, photovoltaics or as components of functional
materials.”*'®2%2! Owing to the high sensitivity of the emit-
ting ions to alterations of the local coordination environment,
the Ln*'-doped NPs can be used as nanothermometry
sensors.>>** Presently, we show that the luminescence of Ln*'-
doped NPs can be used in nanomanometry as optical pressure
sensors, capable of measuring pressure in nano-sized regions.
Such up-converting nanomanometry is a promising alternative
method for measuring pressure, particularly suitable for small
chambers, including the commonly used diamond anvil cell
(DAC). It has some advantages over other spectroscopic
pressure determination techniques, such as the ruby fluo-
rescence-scale. In the case of high-pressure studies of lumines-
cent compounds, their excitation/emission spectra can overlap
with that of ruby, obscuring its spectrum and hampering the
pressure determination. Moreover, dielectrics, semiconductors
and some metals are more transparent to near infrared (NIR)
light than to visible light used for the ruby excitation.

Here we report the high-pressure luminescence studies of
cubic up-converting SrF,:Yb**Er’" nanocrystals (space group
Fm3m). We have investigated the SrF,:Yb*',Er*" NPs in the
monotonic range of compression up to 5.29 GPa, about 1.3
GPa below the phase transition reported for SrF,.>* We have

This journal is © The Royal Society of Chemistry 2017
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observed a shortening of the up-conversion emission lifetimes
in the compressed SrF,:Yb**,Er** NPs. The strong relationship
between the pressure and emission lifetimes is reversible and
nearly linear. Therefore, this relationship for the SrF,:Yb*"Er**
NPs is ideally suited for pressure-sensing purposes.

Results and discussion

The experimental setup for the measurements of high-pressure
up-conversion luminescence and a fragment of crystal lattice
of the SrF,:Yb*>"Er** NPs are schematically presented in Fig. 1.

The powder X-ray diffraction patterns of the compressed
SrF,:20% Yb*,1% Er’" nanomaterial (Fig. 2) conform to the
cubic SrF, structure.>* The compression of interplanar spacing
results in a shift of diffraction maxima towards higher 26
angle values.

pressure luminescent NPs
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Fig. 1 Schematic configuration of the setup for high-pressure lumine-
scence measurements and the TEM image with a fragment of the
SrF,:20% Yb3*,1% Er®* NP structure.
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Fig. 2 Powder XRD patterns of the SrF,:Yb**,Er** sample under high
pressure.
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Fig. 3 Unit-cell volume compression of SrF,:Yb**,Er** nanocrystals.
The line shows the third-order Birch—Murnaghan isothermal equation of
state fitted to the unit-cell volume data.

The SrF,:20% Yb*,1% Er’* NPs are nearly linearly com-
pressed in the investigated pressure range (Fig. 3). We have
fitted the third-order Birch-Murnaghan isothermal equation
of state (EOS) to the SrF,:Yb®',Er’* unit-cell volume data
measured under ambient and high-pressure.>>*® Under 0.1
MPa the bulk modulus B, is 67.9(8) GPa and B’ (the pressure
derivative of the isothermal bulk modulus) is 6.5(4).

The Raman spectra of the compressed SrF,:Yb*",Er’* nano-
material reveal a characteristic phonon band located at
296 cm™ ', which gradually shifts to 313 em™" under 5.29 GPa
(Fig. 4). This phonon band shift is related to shorter interionic
distances in the structure, ie. the average distances between
the F~ anions and Sr**, Yb®", Er** cations and increased energy
of the lattice-mode phonons. The observed increase of the
phonon mode energy agrees well with the literature data
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Fig. 4 Raman spectra of the SrF,Yb®'Er®* sample under high
pressure.
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reported for the bulk SrF,.>” The determined pressure depen-
dence of the phonon energy values (peak centroids) in a com-
pression-decompression cycle is presented in Fig. S1 in the
ESL+

The TEM images recorded before and after the com-
pression-decompression cycles show that the oval SrF,:Yb*",
Er’" NPs have not changed in shape nor in the size range
50-100 nm (Fig. 5). Moreover, the cubic structure of the
material was not permanently affected by high pressure, as evi-
denced by the unchanged diffraction pattern (Fig. 2), crystal
volume (Fig. 3) and FFT insets of the corresponding HR-TEM
images (Fig. 5e and f).

The synthesized fluoride NPs display the phenomenon of
up-conversion luminescence, due to the doping with Yb** and
Er*" ions. The dopants and their concentration have been opti-
mized for intense emission by NIR excitation (980 nm), crucial
for the conducted experiment. The Yb*" ions can be effectively
excited with NIR radiation and transfer the energy to other co-
dopants, such as Er*", Tm*" or Ho>" ions.”® The luminescence
in Yb**/Er**-doped materials is usually based on the energy
transfer up-conversion (ETU) mechanism, where Yb*" ions
transfer the absorbed energy (NIR light) to the neighboring

Fig. 5 TEM images of the SrF,:20% Yb®*,1% Er** sample before (a, c, €)
and after the compression—decompression cycle to 5.29 GPa (b, d, f);
HR-TEM with the corresponding FFT insets (e, f).
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Er*" ions, pumping their excited states.”® In the studied
system, the Er’" ions were used as a luminescent probe for the
pressure changes. The emission of Er’" ions depends on the
local coordination environment and the phonon energy of the
matrix. These factors can influence energy transfer (ET) rates
between Yb*" and Er’" ions, the color of luminescence and the
emission lifetimes.***?

Under high pressure the SrF,:Yb*",Er’* NP emission bands
retain their shape (Fig. 6); the intensity of the hypersensitive
*Hyy), — *1ys), transition gradually decreases with pressure, as
illustrated in Fig. S5.1 It is plausible that this decrease in the
intensity of the *Hyy;, — “I;5, band is caused by structural
shifts in the local coordination environment of Er’" ions
during compression.*® All of the emission bands of SrF,:Yb*",
Er*" are red-shifted under high pressure (Fig. 7). Shorter dis-
tances and stronger interactions between the ions result in a
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Fig. 6 Emission spectra of the SrF,:Yb*'Er** sample under high
pressure; Aex = 980 nm, normalized to the 453,2 — 4I15/2 band.
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Fig. 7 Comparison of the spectral position of the emission bands for
SrF,:Yb** Er®* NPs under high pressure.
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Fig. 8 Integrated emission intensity of SrF,:Yb®*,Er** NPs as a function
of pressure. The clearly visible up-conversion green luminescence of
the lanthanide NPs loaded in the DAC is shown in the inset.

smaller energy gap between the ground and excited states of
Er’*" ions.>* All up-conversion excitation spectra of the nano-
luminophore recorded under high pressure (Fig. S31) show a
broad absorption peak centered at 976 nm, corresponding to
the °F,, — °Fs), transition. The shape and position of this
band hardly changes with pressure.

The integrated up-conversion luminescence intensity of the
nanomaterial in the pressure range from 0.03 to 2.5 GPa con-
tinuously decreases (Fig. 8), which can be due to increased
phonon-assisted non-radiative relaxation caused by the higher
energy of lattice-mode phonons in the compressed crystal
(shorter Ln-F bonds),***> as well as the increased Er-Er cross-
relaxation. In contrast to the fully reversible lifetimes of SrF,:
Yb**Er*", the luminescence intensity displays a hysteresis in
the compression and decompression runs. This hysteresis can
be caused by the formation of pressure-induced -crystal
defects, which affect the luminescence intensity.>> In the
pressure range from 2.5 to 4.0 GPa the luminescence intensity
increases. A similar effect was observed by Wisser et al.*> for
the cubic a-NaYF.:Yb*"Er** NPs and was attributed to
pressure-induced distortions in the centrosymmetric environ-
ment of Ln*" ions. The Laporte selection rules forbid the elec-
tric dipole transitions between the states of the same parity,
and if such transitions occur their intensity is relatively low. In
a perfect crystal, the hydrostatic pressure shortens the bonds
only, without altering the coordination-environment sym-
metry. However, in doped crystals the local geometry around
Ln*" ions is inhomogeneous. This distortion of symmetry
around Ln*" can be even stronger in nanocrystals due to the
abundance of surface defects. These structural distortions can
be amplified under high pressure, which leads to an increased
luminescence intensity.>® The hysteresis of the luminescence
intensity indicates that the reversion to a more centro-
symmetric environment around Ln*' ijons requires the
pressure magnitude lower by about 0.5 GPa during decompres-
sion. A bright green-yellow up-conversion luminescence of the

This journal is © The Royal Society of Chemistry 2017
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NPs compressed to 2 GPa in DAC is shown in the inset in
Fig. 8 and in the recorded movie in the ESL}

The luminescence intensity is also affected by the shorten-
ing of interionic distances in Yb*'-Er’" which enhances the
energy-transfer rates, whereas the shorter distances in Er®'-
Er*" can enhance the interionic cross-relaxation.®"'>"%30738
Also, other effects, such as backward energy transfer from Er**
to Yb** ions, can be more efficient in the compressed struc-
ture.’® The enhancement and deterioration of the energy trans-
fer rates compete in the SrF,:Yb*",Er’* NPs, affecting the
luminescence rise and decay curves presented in Fig. 9. The
magnified luminescence rise curves are shown in Fig. S6.}

In order to calculate the luminescence lifetimes (z) of the
material under high pressure, the recorded decay profiles were
fitted to the exponential function I = A-exp(—t/7), with R* >
0.999 (I - luminescence intensity at time ¢; A — amplitude; ¢ -
time; = - emission lifetime; R*> - correlation coefficient). The
pressure increase from 0.03 to 5.29 GPa induces a nearly linear
and reversible shortening of the emission lifetimes (Fig. 9), i.e.
from 220 to 130 ps for the *Fo, — “I;5 transition (lem =
653 nm); from 62.5 to 41.5 ps for the *S;;, — “I,5/, transition
(Aem = 538); from 63.0 to 42.5 ps for the *Hyyp — *I;55, tran-
sition (dem = 516). The 7 values were correlated with pressure
according to the 2™ order polynomial: = = aP* + bP + ¢, with R?
> 0.99 (P - pressure; a, b, ¢ — coefficients depending on the
given transition, as shown in Fig. 9). An irreversible decrease
of the luminescence intensity after the compression-decom-
pression cycle is caused by the formation of crystal defects
which permanently quenched some of the emitting centers.
The changes in measured lifetimes do not depend on inelastic
deformations or generated defects and are reversible.

Influence of pressure on phonon quenching

The compressed interionic distances result in the increased
phonon energy from 296 under 0.1 MPa to 313 cm™"' under
5.29 GPa (Fig. 4 and S1t). The gaps between the energy levels
*Hi1/, *S3p, ‘Fopp and “Io, decrease by about 15 cm™.
Compared to the FWHM of the emission peaks (~700 cm™)
the measured increase of the phonon energy and the decrease
in the energy gaps are small. Consequently, the number of
phonons participating in quenching is unlikely to change up
to 5.29 GPa, at least. Thus, it is plausible that the pressure-
induced changes in up-conversion emission lifetimes and the
number of phonons in the elementary quenching acts are not
related; this conclusion is illustrated in Fig. 10.

In order to clarify the increase of the phonon energy on the
spectroscopic properties of SrF,:Yb*"Er’* we performed a
theoretical analysis and calculated the multi-phonon relax-
ation rates under ambient and high pressure. Detailed infor-
mation on the calculations can be found in the ESL.}

Kinetics of ETU excitation

Our calculations suggest that the multi-phonon relaxation
rates in SrF,:Yb**Er*" are much less affected by pressure than
the ET rates. The experimental trends of photoemission life-
times as a function of hydrostatic pressure can be simulated

Nanoscale, 2017, 9, 16030-16037 | 16033
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Fig. 10 SrF,:Yb**Er** up-conversion emission spectrum overlapped
with the calculated energy levels of 7 and 8 phonons; phonon energy
corresponds to either 0.1 MPa (296 cm™) or 5.29 GPa (313 cm™); the
intensity of the *lg/, emission band was multiplied by 26.

using structural data on Ln-Ln and Ln-F distances in SrF,:
Yb** Er*" according to the equations discussed by Malta.*’
During compression the reduced Ln-Ln distance enhances the

16034 | Nanoscale, 2017, 9, 16030-16037

ET rates.”” On the other hand, compressed Ln-F distance
increases the overlap of Er’" 4f electrons with valence shells of
anions and the ET rates are reduced.' The effective (total) rate
of energy transfers including the energy transfer sensitization
(ETU) and quenching (through cross-relaxation) increases with
pressure. The theoretical estimation of ET dependence on
pressure is shown in Fig. S10-S12.7 The balance of ETU exci-
tation is given by competition of three kinds of processes:
direct transfer (Yb®" to Er’"), back-transfer (Er** to Yb®") and
cross-relaxation. The sum of these processes is defined as the
effective energy transfer from Yb** to Er’*. Pressure amplifies
all these elementary transitions and increases their sum. The
observed kinetics is caused by the competition between the
populating and depopulating processes. Under direct exci-
tation the lifetimes of transitions *Hy1, = “I1s5/5 (Aex/Aem = 512/
522 nm) and *S3, = “I15/2 (lex/Aem = 534/545 nm) are equal to
24 ps and 26 ps, respectively. In the up-conversion process,
under 980 nm excitation, the lifetimes of these transitions are
longer and equal to 62.5 ps for *Hy;;, — ‘Iys5, and 63 ps for
S5/, = "15/. We assume that these longer lifetimes of levels
*H,,, and S5/, depend on the rate of effective Yb-to-Er ET that
populates the “F,,, level of Er*". After excitation, the up-con-
verted energy is channeled via a chain of transitions: Yb** *F5,
— Er’" 'F,,, — *Hyyn — *S;, = 'Fop; the transitions *F,, —

This journal is © The Royal Society of Chemistry 2017
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*Hy,, and *Hyy, — *Ss, in Er** occur as fast multi-phonon
decays.

The similar values of lifetimes under direct excitation indi-
cate a strong cross-relaxation coupling of the *H,,,, and S;,
levels. The measured lifetimes of the *H;,, and *S,, levels
depend on the effective ETU rate (under up-conversion exci-
tation) or cross-relaxation (under direct excitation). The energy
gap between the Hy,, and *S;, levels is close to the energy of 2
phonons, while the gap between *S;;, — *Fo, is close to 8
phonons. If the *Hy;, — %S5, and *Sz;, — *Fo, lifetimes were
determined by multi-phonon relaxation, their duration would
be different by several orders of magnitude. Considering the
low rates of radiative relaxation of Er*" in SrF,,*? it is reasonable
to neglect the radiative part. The up-conversion emission life-
time of the *Fo/, level under ambient pressure (220 ps) is also
larger than the lifetime after direct excitation (200 ps, Aex/Aem =
640/660 nm). Under 5.29 GPa, the up-conversion emission life-
time is reduced by 41% and equals 130 ps. Our calculations
suggest that if the multi-phonon processes were dominating in
the observed kinetics, the lifetimes of the “Fo,, *S;,, and *H,y,
levels would have decreased under 5.29 GPa by about 8%, 8%
and 23%, respectively. It is worth noting that the calculated
multi-phonon decay lifetimes of the *Hy;/, — S, transition are
about 10 and 220 ns for 1- and 2-phonon processes, compared
to the measured 62.5 ps. The experiment lifetimes of the *Fys,
“S,/, and *Hy,, levels decrease with pressure in a nearly linear
manner, and under 5.29 GPa are shorter by 41%, 34% and 37%
respectively. The difference between the measured and simu-
lated values of lifetimes suggests that the decays of the *Hy;,,
S5/, and “Foy, levels are governed by ET (either cross-relaxation
or ETU) and are affected by pressure in a similar fashion.

Luminescence decays of Yb**

The potential contribution of the energy back-transfer to the
pressure-induced shortening of Er’” lifetimes can be assessed
by measuring the luminescence decays of Yb®" ion emission
bands (Aex/Aem = 980/1020 nm). Yb** emission is insensitive to
cross-relaxation and multi-phonon quenching due to the pres-
ence of only one ground (°F;,,) and one excited (*Fs,) states
separated by an energy gap of about 10 000 cm™".**** We have
measured the decay curves of these levels (Fig. S7 and S8t) and
determined the 7 values (Fig. S9t), which reversibly shorten
from 59.0 to 49.5 ps between 0.03 and 5.29 GPa. Our results
indicate that there is no significant energy back-transfer from
Er*" to Yb**. According to Ramirez et al,** the Yb*>" radiative
lifetime shortening can be caused by the interconfigurational
mixing of the 5d and 4f orbitals (4f'* and 4f'>5d" configur-
ations), resulting in a relaxation of selection rules due to the
pressure-induced increase of the odd-parity crystal-field distor-
tions (the configurations have opposite parity). The coupling
between these configurations is more efficient, as the energy of
the 4f>5d" level decreases with the increasing pressure.***>

Pressure calibration via lifetime nanomanometry

Reversible changes in the duration of emission lifetimes after
the compression-decompression cycles of SrF,:Yb*",Er*" NPs

This journal is © The Royal Society of Chemistry 2017
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are particularly important for the sensor applications. The
values of the isothermally measured lifetimes of the Ln** ions
embedded in crystalline NPs can be used for pressure cali-
bration. We have tested this method by measuring the critical
pressure of transition between phases I and III in urea under
0.48 GPa, clearly visible due to the strong strain in these crys-
tals."® Apart from the known critical pressure, we compared
the ruby fluorescence and SrF,:Yb** Er’" NP lifetime methods
for the pressure calibration. The pressure value during the
phase transition in urea was 0.49 + 0.03 GPa according to the
ruby fluorescence shift, and 0.50 + 0.1 GPa according to the
curves of Er’" lifetime shortening in SrF,:Yb’",Er*" NPs
(Fig. S10-S12). The accuracy of our method, of 0.1 GPa, is
similar to that of most of the commercial pressure-sensing
photoluminescence systems based on the ruby spectral shift
measurement. The advantages of the lifetime nanomanometry
are the use of a NIR excitation source and the small size of the
NP-based pressure sensors. The NPs can be used in a con-
venient way as a luminescent colloid uniformly distributed in
the DAC chamber, in contrast to the ruby crystals mounted in
its specific places. We were able to probe the pressure by using
a diluted colloidal NP solution, at a concentration down to
0.1% (1 mg mL™").

Conclusions

These first high-pressure measurements of SrF,:Yb*"Er’* NP
luminescence and its lifetime have revealed their strong
pressure dependence that can be applied for pressure cali-
bration. We developed a new spectroscopic method for the
experimental determination of pressure based on the lumine-
scence lifetime measurements of lanthanide ions. This
method has been successfully applied for determining the
critical pressure of the phase transition of urea crystals. This
kind of measurement can be an alternative to the commonly
used ruby-based optical sensing of high-pressure or IR spectro-
scopic methods.”” Up-converting SrF,:Yb*",Er*" nanocrystals
were used as an exemplary material exhibiting anti-Stokes
emission under NIR (~980 nm) irradiation, for optical sensing
of pressure, in a diamond anvil cell (DAC). The recorded
luminescence decay curves show that the emission lifetimes
are shortened under high pressure, and that the relationship
between the lifetime shortening and pressure up to 5.29 GPa is
almost linear. The decrease of lifetime values is related to the
compressed interionic distances, which enhance the energy
transfer and cross-relaxation processes. This shortening of life-
times is reversible and was confirmed by emission measure-
ments during decompression. High-pressure powder XRD data
and Raman spectra reveal that SrF,:Yb**,Er’" undergoes nearly
linear compression without phase transitions up to 5.29 GPa
at least. The TEM analysis of the sample performed after the
high-pressure experiments shows that the morphology and
structure of the SrF,:Yb®*,Er’" nanocrystals do not change
during the compression-decompression cycle. However, the
compression of the material alters the luminescence intensity
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and red-shift of the emission bands. Finally, up-conversion in
SrF,:Yb** Er’" allows its excitation with NIR light, which may
be beneficial for high-pressure studies of non-transparent
systems.
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