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ABSTRACT: Tremendous effort has been devoted to tailoring structure-correlated
properties, especially for the luminescence of lanthanide nanocrystals (NCs). High pressure
has been demonstrated as a decent way to tune the performance of lanthanide NCs;
however, little attention has been paid to the local structure evolution accompanied by
extreme compression and its effect on luminescence. Here, we tailor the local structure
around lanthanide ions with pressure in f-NaGdF, NCs, in which Eu’* ions were doped as
optical probes for local structure for the sensitive electric dipole transition. As the pressure
increases, the intensity ratio of the D, — ’F, to D, — ’F, transition decreases
monotonically from 2.04 to 0.81, implying a higher local symmetry around Eu’* ions from
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compression. In situ X-ray diffraction demonstrates that the sample maintains the hexagonal
structure up to 33.5 GPa, and density functional theory calculations reveal the tendency of the local structure to vary under high

pressure.

L anthanide-doped nanophosphors have attracted extensive
attention in recent years due to their high photostability
and large Stokes/anti-Stokes shifts, as well as tunable emission
colors and luminescence lifetimes.' ™ Typically emitters,
lanthanide ions are doped in a host as a luminescent material.
Among various types of host materials, sodium rare earth (RE)
fluorides, namely NaREF,, which benefit from a low phonon
energy and a high chemical stability, have been reported as
some of the most efficient host matrices, especially for
upconversion emissions.”” Intriguingly, hexagonal phase S-
NaREF, nanocrystals (NCs) accommodate lower local site
symmetry around doping ions,’ which effectively relieve the
parity-forbidden 4f—4f intraconfigurational transitions and
offer a luminescence intensity that is an order of magnitude
higher than those of the cubic phase counterparts.”””

To further free lanthanide-doped NCs from the parity-
forbidden rule, tailoring the local structure around luminescent
centers has proven to be effective. Several strategies have been
developed to tailor the local structure, including doping
optically inert cations,'’”"” introducing an external electric
field,"’ modulating the composition,'* etc. These strategies not
only lead to enhancement of luminescence but also obviously
alter the emission selectivity. However, the aforementioned
methods either require massive trials of synthesis or cater to
only specific systems. Straightforward methods are needed to
tailor the local crystal field of host materials efficiently.

Pressure has been reported to be an effective way to tune the
structure and properties of various materials.'”” Under high
pressure, the distance between neighboring atoms or molecules
will be shortened, which could further induce the evolution of

© 2020 American Chemical Society

7 ACS Publications

3515

. . . 16-18
electron correlation and electron—phonon interaction.

Recently, a few studies have examined the properties of
lanthanide-doped NaREF,-based NCs under high pres-
sure.'? %! Among them, luminescent characteristics such as
the emission intensity, spectral profile, and emission lifetime
have been investigated. However, most previous reports are
based on upconversion systems, which require the co-doping
of sensitizers and activators, and it is difficult to elucidate the
relationship of local structure and luminescent behaviors as the
energy transfer route is variable. By contrast, Eu** ions have
long been regarded as a good optical probe for local structure.
The *D, — ’F, transition is a primarily magnetic dipole one
and independent of crystal field; the D, — ’F, transition is
essentially purely electric dipole in nature, and its intensity is
sensitive to the local crystal field.***® Furthermore, the
intensity ratio of the D, — ’F, to D, — ’F, transition
could well reflect the local symmetry difference.”* > Using
Eu* ions to probe the local structure evolution would deepen
our understanding of the pressure-dependent emission
behaviors of NaREF, NCs.

In this work, we investigated the in situ photoluminescence
(PL) evolution of f-NaGdF,:Eu®* NCs under high pressure.
Eu® ions acted as a probe to indicate the tendency of local
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symmetry during the compression—decompression cycle.
Unlike the evolution trend reported in YF; NCs,** YPO,
NCs,”” and other Eu**-doped materials,>*® the higher
pressure led a higher local symmetry around Eu’* ions in f3-
NaGdF,:Eu** NCs. In situ angle dispersive synchrotron X-ray
diffraction was conducted to investigate the structure evolution
of f-NaGdF,Eu’* NCs. No obvious phase change was
observed throughout the process. In situ PL spectra of j-
NaGdF,:Eu** NCs of various sizes under high pressure
revealed that the crystal size did not play a significant role in
the local structure evolution. Density functional theory (DFT)
calculations indicate that the lateral local symmetry of rare
earth ions increases while the vertical local symmetry decreases
with the increase in pressure.

B-NaGdF,:Eu®* NCs were synthesized with a modified
thermal decomposition method.”” The TEM image in Figure
la reveals the uniformity of the as-synthesized samples. The
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Figure 1. (a) TEM image, HRTEM image (top inset), and size
distribution (bottom inset) of f-NaGdF,:Eu** NCs. (b) Emission
spectrum of -NaGdF,:Eu** NCs under ambient conditions.

high-resolution TEM (HRTEM) image (top inset of Figure
1a) shows a single-crystal nature with a lattice spacing of 0.51
nm, which corresponds to the (1010) plane of hexagonal
NaGdF,. The mean particle size of f-NaGdF,:Eu** NCs is 9.6
+ 0.5 nm (bottom inset of Figure 1a), and the XRD pattern of
the NCs corresponds well to the standard pattern of hexagonal
NaGdF, (Figure S1). Figure 1b illustrates the PL spectrum of
S-NaGdF,:Eu** NCs under ambient conditions, which shows
typical emission bands of Eu’" ions, including Dy, — "Fy, 'Fy,
’F,, and °D; — "F;. The appearance of strictly forbidden D,
— ’F, emission at 579.0 nm at room temperature
demonstrates a lower site symmetry for Eu®* ions.** The °D,
— ’F, transition shows three emission peaks, centered at
582.7, 583.9, and 585.3 nm. The D, — ’F, transition also
displays three peaks at 589.9, 591.4, and 593.6 nm. The crystal-
field splitting of emission peaks corresponds well with that of
B-NaYF,:Eu®* NCs,” implying similar site symmetry broken in
p-NaGdF,. Intriguingly, the electric dipole emission of the D,
— 7F, transition (centered at 615.5 nm) is more intense than
that of the magnetic dipole emission of the D, — 'F,
transition, which further confirms a lower local symmetry of
B-NaGdF, NCs.

Next, we introduce the as-prepared NCs into a diamond
anvil cell (DAC) to examine the luminescence under high
pressure. Figure 2a demonstrates the evolution of PL spectra
with the pressure increasing from 0.7 to 30.2 GPa. The signal-
to-noise ratio decreased significantly as the pressure exceeded
15 GPa, which implied a decreased overall PL intensity. This
arises from exacerbated nonradiative relaxation under high
pressure, which could be caused by both the formation of
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Figure 2. (a) Normalized emission spectra of f-NaGdF,:Eu** NCs
with a 0.7 GPa—30.2 GPa—0.3 GPa compression—decompression
cycle. (b) Pressure-induced shifts of emission peaks denoted in panel
a with compression (filled) and decompression (0.3 GPa, empty). (c)
Variation of intensity ratios Iz(2/1) of f-NaGdF,:Eu** NCs during
the compression (filled circles) and decompression (empty circles)
cycle.

defects and the increased phonon energy of the host matrix."
Above 18.3 GPa, the *D; — "F; transition became indistinct,
and the weak emission of the Dy — "F, transition also became
hard to identify. However, the main two transitions, Dy — “F,
and °D, — ’F,, maintained decent emission intensity under
high pressure. Notably, the °D; — ’F;, °D, — "F}, and *D, —
’F, transitions could revert to their original shape upon release
of pressure, while the D, — ’F, emission remained
indistinguishable even when the pressure was decreased to
0.3 GPa (Figure S2).

Pressure-induced peak shifts are also observed during the
compression process. In general, the emissions slightly red-shift
with pressure but to different extents (Figure 2b). We monitor
this tendency of a few main emission peaks as denoted in
Figure 2a. It clearly indicates that peak 4 from the D, — "F,
transition shows the largest shift, i.e., from 593.8 to 598.8 nm.
By contrast, the initially most intense peak 5 from the Dy —
’F, transition shows only a small shift from 615.5 to 616.1 nm.
As a result, these two transitions are getting closer together
with the compression. Furthermore, most of the emission
peaks become broader and less intense as the pressure
increases. For example, three obvious peaks (peaks 2—4)
could be resolved from the D, — ’F, transition under
ambient conditions, while peaks 2 and 3 almost merged into a
broader peak at 30.2 GPa. Meanwhile, the sharp peak of the
D, — ’F, transition split into two under high pressure. A
similar peak shift and broadening phenomenon has also been
reported in other lanthanide-doped systems.’"** These
changes can be attributed to prominent splitting of both
excited and ground state levels under high pressure, which not
only narrows the energy difference between excited and
ground states but also expands the subenergy levels
simultaneously, giving rise to red-shifted broadened peaks.”'
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To evaluate the local symmetry evolution around Eu®* ions,
we calculate the PL intensity ratio of the Dy — F, to Dy —
’F, transition, Iz(2/1), which is strongly correlated with the
asymmetry and used as an indicator to elucidate the evolution
tendency. Figure 2c shows the variation of Iz(2/1) during a
compression—decompression cycle. Initially, the value of Iz(2/
1) was 2.04, a pretty high value compared to the previously
reported value of ~0.3 for YF;:Eu>* NCs;”® this also confirmed
that NaGdF, is known as one of the most efficient host
matrices for luminescent studies. However, an increase in
pressure leads to a monotonic decrease in Iz(2/1), which
declines to 0.81 at 30.2 GPa. The decreased value of Iz(2/1)
with pressure indicates an increased local symmetry around
Eu®" ions. Furthermore, decompression results in a change in
the opposite trend and a bit larger Iz(2/1) after a
compression—decompression cycle.

Aiming to monitor the crystal structure evolution under
varied pressures, we performed in situ synchrotron XRD
measurements. Figure 3a displays typical diffraction patterns
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Figure 3. (a) XRD patterns (4 = 0.6199 A) of f-NaGdF,:Eu** NCs at
different pressures. (b) High-pressure evolution of lattice parameters
and unit cell volume (defined relative to the parameters at 0.7 GPa).

throughout the compression—decompression cycle. Two
diffraction peaks can be observed, which correspond well to
the (1010) and (1120)/(1011) facets of f-NaGdF,. It is worth
noting that the small interplanar spacing discrepancy between
the (1120) and (1011) facets combined with a smaller particle
size leads to indistinguishable diffraction peaks. A striking shift
of the diffraction toward larger 26 angles could be observed
due to lattice contraction under increasing pressure, and the
diffraction peaks revert to their initial values upon decom-
pression. No new peaks emerge or disappear throughout the
cycle, indicating no sign of phase transformation. The absence
of phase transition is consistent with previous investigations of
p-NaYF, bulk materials and $-NaYF, NCs.'”*® We further
calculate the evolution of lattice parameters throughout the
cycle by performing Rietveld refinements (Table S1 and Figure
3b). Under the maximum pressure we applied (33.5 GPa), a
and ¢ shrank by 7.8% and 6.2%, respectively, leading to a
reduction in unit cell volume of approximately 20.2%. The P—
V data are fitted on the basis of the third-order Brich—
Murnaghan equation of state (see details in Figure S3). These
drastic changes in lattice parameters further reflect the
structural stability of f-NaREF,.

On the basis of the paradigm of 10 nm NCs, we extended
the pressure-induced local structure evolution to f-NaGd-
F;:Eu’® NCs of varied sizes. Crystal size has been
demonstrated to be a crucial factor in pressure-induced
structure and property evolution in various materials, including
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TiO, NCs,>* Y,0, NCs,>* and PbTe NCs,*>® and the high-
pressure behavior of nanoparticles could substantially vary
even with a small size difference. To study the effect of particle
size, we synthesized ~40, ~250, and ~500 nm f-NaGdF,:Eu**
NCs. Interestingly, in situ PL spectra of these samples showed
a similar evolution trend throughout the compression—
decompression cycle (Figures S4—S6). The value of Iy(2/1)
experienced a monotonic decrease during the compression
process, and it bounced back to a slightly larger one after
decompression (Figure S7). These results corroborate that the
particle size does not play a decisive role, and the local
structure evolution of #-NaGdF, NCs under high pressure is
independent of size and happens intrinsically. However, TEM
images of different samples after the compression—decom-
pression cycle did show a substantial distinction. The 10 and
40 nm NCs, which were prepared through a thermolysis
method, maintained their morphology after the pressure cycle
(Figures S8 and S9), while larger NCs prepared with the
hydrothermal method formed aggregates of several micro-
meters (Figures S10 and S11). The difference in morphology
evolution under pressure could arise from crystallization and
surface capping ligands for NCs prepared via the thermolysis
method.

DFT calculations are performed for the crystal structures
under pressure to further unravel the evolution of local
structure in -NaGdF,:Eu** NCs. The unit cell we construct
has a formula of Na;¢Gd,,Eu,F,, (Figure 4a), in which the
doping ratio of the Eu®* ion is 5.5%, close to the experimental
value of 5%. The lattice parameters derived from in situ XRD
are used as inputs to build and optimize the unit cells under
different pressures. Both Eu** ions and Gd*' ions are
coordinated by nine F~ ions in a configuration close to a
tricapped trigonal prism. As shown in Figure 4b, the top and
bottom surfaces of the trigonal prism do not coincide with
each other under ambient conditions, and an intersection angle
is used to disclose the configuration of these two surfaces. With
an increase in pressure from 0.7 to 33.5 GPa, the intersection
angle decreases from 6.39° to 0.72° (Figure 4c and Table S2),
indicating a gradual coincidence of these two surfaces that as a
result leads to higher lateral symmetry. On the other hand, the
RE—F bond length also decreases gradually with an increase in
pressure due to lattice contraction (Figure 4c), and compared
to the similar RE—F bond lengths under ambient conditions,
those pointing to the two opposite top and bottom surfaces
and the three caps turn out to have varied bond lengths under
higher pressures, as can be seen from the diverse values in
Table S2 and the increased variances in Figure S12, suggesting
the decreased local symmetry along the ¢ axis. The increased
lateral local symmetry and decreased vertical local symmetry
are in line with the additional lateral compression with
pressures (Figure 3b). In particular, the binding energies are
calculated to depict the interaction strength of the atoms
within the structures, which turn out to increase generally
along with the increase in pressure (Figure S13). Thus, the
overall binding strength of the crystal increases with pressure,
which helps to explain the continued variation of the local
structure instead of the phase transition under high-pressure
conditions.

In conclusion, we investigated the optical properties and
local structure evolution of #-NaGdF,:Eu** NCs under high
pressure. Exerting an increased pressure leads to a decreased
PL intensity, as well as the red-shift and broadening of
emission peaks. Significantly, the PL intensity ratio of the *Dj
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Figure 4. (a) Side view and top view of the Eu-doped NaGdF, unit cell under ambient conditions. The green lines highlight the selected Gd ion for
the discussion of local symmetry. (b) High-pressure evolution of the selected Gd ion with a tricapped trigonal prism configuration. The black lines
indicate the intersection angle of the top and bottom triangle surfaces of the trigonal prisms. (c) Variation of the average Gd—F bond length
pointing to the top and bottom surfaces and three caps (black) and the intersection angle (red) with applied pressure. (d) Gd—F bond lengths at
0.7 and 33.5 GPa. Na (gold spheres), Gd (purple spheres), Eu (pink spheres), and F (gray spheres) atoms are shown.

— ’F, to D, — ’F, transition monotonically decreases with
an increase in pressure, indicating higher local symmetry
around Eu®* ions. Furthermore, NaGdF, NCs remain in the
hexagonal phase up to 33.5 GPa, the highest pressure we used,
even with an ~20% reduction in unit cell volume. Releasing
pressure to ambient conditions leads to the recovery of both
the structure and PL properties. The local structure evolution
under pressure follows a similar trend in samples of varied
sizes, which appears to be an intrinsic structural characteristic
of NaGdF,. DFT calculations further indicate the different
local symmetry evolution trends in the lateral and vertical
directions. This study emphasizes the effect of high pressure on
the local structure of #-NaGdF,, which would further influence
the luminescence of lanthanide materials. Meanwhile, f-
NaGdF, NCs display a relatively high phase stability, which
could be applied under extreme conditions. Moreover, this
Eu** doping strategy together with DFT simulations presents a
promising approach for monitoring the local structure
evolution.
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