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growth of lattice-mismatched materials, the 
shell lattice needs to adapt to the under-
lying core lattice structure. When the shell 
lattice is larger than the core lattice, it will 
compress, when shell lattice is smaller, it 
will expand, leading to lattice strain in the 
epitaxial shell.[11] The strain in the epitaxial 
shell relaxes beyond a certain thickness, 
resulting in performance degradation. For 
instance, the optical performance of semi-
conductor CdSe nanoparticles (NPs) would 
be increased by heteroepitaxial growth of 
CdS or ZnS, but the enhancement is com-
promised once the shell thickness becomes 
larger than the critical layer thickness 
owing to the presence of strain-induced 
defects.[12,13] Generally, people approved that 
the lattice mismatch between the core and 
the shell should be less than 2%, and nor-
mally, the design of heteroepitaxial core–
shell structures follows this minimum 
mismatch consideration.[14] However, in the 
epitaxial shell growth of lanthanide nano-
structures, the lanthanide ions have min-

imal differences in radii and similar chemical properties due to 
lanthanide contraction, and thus minimal lattice mismatch.[15–19] 
Different types of heteroepitaxial shell coating all improve the 
luminescence properties to different degrees, and therefore, the 
effects of interfacial defects caused by different strains on the 
optical performance still remain unclear.

The resulting interfacial stress in heteroepitaxial nanocomplex usually 
has negligible influence on its performance, but at high pressures (HP) 
the effect can be significantly amplified. In order to unravel the underlying 
mechanism and search for high quality pressure sensors, a simple object is 
employed, NaErF4@NaLnF4 (Ln = Y, Lu, Gd) and its Tm3+-doped derivatives, 
to comparatively study the effect of interfacial stress on upconversion (UC) 
luminescence. Specifically, the doping enhances greatly mechanosensitivity 
because of the anisotropic local geometry of the dopant ions of which the 
structural distortion is amplified by HP. The generated compressive strain 
does extend into the core as witnessed by the effect of tensile strain in the 
shell on the core and the fact that Lu-shelled nanoparticles are the most 
sensitive to external force among Tm3+-doped system. This compressive 
strain in concert with the external HP intensifies the coupling between Er3+ 
and Tm3+, making the attenuation of green UC emission more pronounced. 
The red to green UC emission ratio of this material, robust both in structural 
and optical properties, increases linearly with pressure in the range from 
ambient to 9 GPa. The study opens a new horizon for understanding the 
effect of interfacial stress on UC luminescence.
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1. Introduction
Heterogeneous epitaxial core–shell nanostructures have shown 
significant advantages in various applications such as lumines-
cence enhancement, bandgap engineering, spectral modulation, 
multimodal therapeutics, and catalysis.[1–10] During the epitaxial 
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It is well known that the multicolor luminescence of lan-
thanide (Ln3+) doped materials upon excitation with near-
infrared (NIR) light originates from the intrinsic 4f–4f tran-
sitions within the Ln3+ ions, which are forbidden in nature 
by Laporte selection rules. However, by carefully modulating 
the crystal field environments of the lanthanide ions, the 
forbidden nature of the UC transitions can be overcome, 
resulting in long radiative lifetimes (microsecond–milli-
second range).[20–22] Since the molecular orbital states involved 
in lanthanide UC are formed by superimposing the atomic 
orbitals of the lanthanide ions and those of the host matrix 
ions, the symmetry of the orbitals can be adjusted by manipu-
lating the geometry of the host lattice.[23] Applying pressure 
can reduce the distances between the ions/atoms leading to a 
reduction in the volume of the lattice, a change in the geom-
etry of the crystal, and ultimately a change in optical prop-
erty.[24–27] The compression of Ln3+-based materials under HP 
has been reported to lead to the spectral shift of the absorp-
tions and emissions, change of intensities, band broadening, 
as well as change of luminescence lifetimes,[28–35] owing to 
the enhanced energy migration rates, cross-relaxation (CR) 
and multiphonon relaxation processes. Inspired by this, it 
can be reasonably inferred that it is feasible to use HP as a 
mean to amplify the influence of different interface strains on 
luminescence.

In this work, we adopted two types of heteroepitaxial core–
shell structure NaErF4@NaLnF4 and its related derivatives 
NaErF4:0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd). NaErF4@NaLnF4 
is a pure system characteristic of i) different interfacial strains 
(tensile strain in Lu shell, compressive strain in Y and Gd shell) 
and ii) fast energy transfer rates and abundant CR processes 
attributed to the strong correlation of the energy level of Er3+ 
ions. Besides these two characteristics, NaErF4:0.5% Tm@
NaLnF4 is also subject to additional lattice doping perturbation. 
0.5% Tm3+ ions provide an alternative energetic pathway which 
siphons would-be photons from Er3+ ions green states into the 
red state.[36,37] Thus, applied forces change not only the external 
crystal field of the ions but also the coupling of energy between 
Er3+ and Tm3+ ions. We have comparatively studied the laws of 
different interfacial strains on the luminescence of these two 
systems under atmospheric and HP conditions. Our research 
highlights how the different interfacial strains in concert with 
the external pressure-induced lattice shrinkage modulate the 
UC luminescence properties and the mechanosensitivity to 
pressure.

2. Results and Discussion

2.1. Synthesis

First, NaLnF4 (Ln: Y, Lu, Gd) precursor was synthesized by an 
existing procedure,[38,39] then the NaErF4 and NaErF4:0.5% Tm 
bare cores were synthesized by the previously reported method 
with some modifications.[40] and finally the NaErF4@NaLnF4 
and NaErF4:0.5% Tm@NaLnF4 (Ln: Y, Lu, Gd) upconversion 
nanoparticles (UCNPs) were synthesized by the Ostwald rip-
ening method.[38] Details on synthesis materials and methods 
are in the Supporting Information.

2.2. Characterization and Analysis of UCNPs

Figure 1 illustrates the formation of core–shell structure of 
NaErF4@NaLnF4 (Ln = Y, Lu, Gd) and NaErF4:0.5% Tm@
NaLnF4 (Ln = Y, Lu, Gd), respectively. First, NaErF4 core NPs 
and NaErF4:0.5% Tm core NPs were synthesized under the 
same condition following chloride thermal decomposition 
approach,[40] which ensures that different shells can be better 
grown on the same core and conducive to comparison among 
core–shell samples. The NaErF4 and NaErF4:0.5% Tm core NPs 
are uniform in size, with an average size of 20.7 ± 1.3 and 20.5 ± 
1.4  nm, respectively. Transmission electron microscope (TEM) 
graphs in Figure 1a show the morphology of NaErF4 core coated 
with different inert shell NaLnF4 (Ln = Y, Lu, Gd), denoted as 
Er@Y, Er@Lu, and Er@Gd, which have average diameters of 
40.9 ± 2.0 nm (Y), 40.1 ± 2.1 nm (Lu), and 43.2 ± 2.0 nm (Gd), 
respectively. Figure  1b shows the morphology of NaErF4:0.5% 
Tm core coated with different inert shell NaLnF4 (Ln = Y, Lu, 
Gd), denoted as Er:Tm@Y, Er:Tm@Lu, and Er:Tm@Gd, with 
average particle sizes of 40.2 ± 1.9 nm (Y), 39.4 ± 2.1 nm (Lu), 
and 40.5 ± 1.8 nm (Gd) respectively. Figure 1c,d shows the ele-
mentary distribution mapping of these two types of core–shell 
NPs, from which it can be seen that the core element (Er) is 
distributed inside the NPs, while the shell elements (Y, Lu, and 
Gd) are distributed in the outer layer of the NPs, demonstrating 
the successful manufacture of the core–shell structure. These 
two types of core–shell materials (Er@Ln and Er:Tm@Ln, 
Ln = Y, Lu, Gd) have nearly identical dimensions, 10 nm shell 
thickness, good monodispersity and hexagonal disk shape. 
Based on this success, the structure, luminescence properties 
at atmospheric and variable pressures, sensitivity to mechanical 
stress can be studied and compared.

To examine the effect of heteroepitaxial growth on the struc-
ture, we characterize the synthesized samples by X-ray diffrac-
tion (XRD). Figure 2a,d shows the diffraction peaks of Er@Ln 
and Er:Tm@Ln (Ln = Y, Lu, Gd), respectively, which match the 
standard hexagonal structure of NaErF4 (JCPDs. No:27-0689). 
However, a detailed observation at individual peak reveals lat-
tice changes caused by different interfacial strains and heter-
oepitaxial growth. From the (201) crystal plane enlargements 
of Er@Ln and Er:Tm@Ln (Ln = Y, Lu, Gd) core–shell NPs 
(Figure  2b,e), it is clearly seen that the peaks of the Y-shelled 
and Gd-shelled NPs shift toward the smaller 2θ angle, while 
the Lu-shelled NPs shift toward the large 2θ angle. Smaller 2θ 
angles are related to larger d-spacings, vice versa. The ionic 
radius of Lu3+ ion in Table 1 is 2.4% smaller than that of Er3+ 
ion, so the Lu-shell needs to be tensile to adapt to the Er-based 
core. Similarly, the ionic radius of Y3+ ion and Gd3+ ion are 
1.3% and 4.3% larger than that of Er3+ ion, respectively, so the 
Y-shelled and Gd-shelled need to be compressive to adapt to the 
Er-based core. The lattice constants of two types of core–shell 
NPs from the data of (101) and (201) diffraction peaks are cal-
culated from the reported equations (Equation (S1), Supporting 
Information),[41] with the results given in Table 2. In the system 
with NaErF4 core, the lattice constants a of core, Y-shelled, 
Lu-shelled, and Gd-shelled NPs are 5.959, 5.999, 5.954, and 
6.061 Å, respectively, corresponding to the relevant mismatch 
to the core in lattice constant a of +0.67%, −0.08%, and +1.71%. 
The lattice constants c of core, Y-shelled, Lu-shelled, and 
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Gd-shelled NPs are 3.487, 3.510, 3.479, and 3.549 Å, respec-
tively., corresponding to the relevant mismatch to the core in 
lattice constant c of +0.66%, −0.23%, and +1.78%. Obviously, 
Lu-shelled NPs have the smallest mismatch. The same trend 
is also observed in Er:Tm@Ln (Ln = Y, Lu, Gd) system. That 
is, among these heterogeneous shell materials, the Lu shell has 
the smallest lattice mismatch. The result shows that the tensile 
strain causes highly isotropic NPs compared with the compres-
sive strain.[11] Therefore, the NaLuF4 shell with tensile stress 
maintains the closest approximation to the homogeneous epi-
taxial growth, leading to minimal interface defects.

This conclusion is further confirmed by the steady-state UC 
emission of these two types of core–shell materials. Figure 2c,f 
indicates the UC spectra of Er@Ln and Er:Tm@Ln (Ln = Y, Lu, 
Gd) at atmospheric pressure with a constant excitation power 
density of 10 W  cm−2 at 980  nm excitation. It is found that 
NaLuF4 as an inert shell harvests the brightest UC emission 
for both Er@Ln and Er:Tm@Ln (Ln = Y, Lu, Gd) systems. The 
same is true for 808 and 1530 nm excitations (Figure S1, Sup-
porting Information).

2.3. Emission Detection and Analysis of Er@Ln  
and Er:Tm@Ln UCNPs under HP

To explore the mechano-optical properties of these core–shell 
NPs, the powder core–shell NPs were added into a 200  µm 
diameter sample chamber of the diamond anvil cell (DAC) with 

a needle under a microscope, silicon oil and ruby (Figure 3a) 
were also added to the sample chamber. Silicon oil was used 
to maintain the quasihydrostatic environment, while ruby was 
used to provide pressure calibration. Lasers with wavelengths 
of 808, 980, and 1530  nm were used to excite the NPs in the 
DAC and monitored the UC emission. A wrench was used to 
pressurize the DAC manually.

UC luminescence was recorded for Er@Ln and Er:Tm@Ln 
(Ln = Y, Lu, Gd) (Figure 3b) under different pressures ranging 
from 0 to 9 GPa at 980 nm excitation. Figures S2 and S3 (Sup-
porting Information) are pressure-dependent UC luminescence 
spectra under 808 and 1530 nm excitation. The integrated lumi-
nescence intensities of Er@Ln and Er:Tm@Ln (Ln = Y, Lu, Gd) 
core–shell materials continuously decrease with the pressure 
increases, regardless of the type of shell coating, indicating that 
HP increases the possibility of multiphoton relaxation (higher 
phonon energy and larger electron–phonon coupling), cross-
relaxation (shorter distance between ions), and nonradiative 
energy transfer of NPs.[23,30,33] In addition, the possible strains 
and defects formed in the crystal by the pressurization process 
also contribute to the luminescence quenching.

Now we turn to the spectral shape change. The reaction 
of pressure on the red-to-green ratio of Er@Ln and Er:Tm@
Ln (Ln = Y, Lu, Gd) core–shell materials was studied. The 
red-to-green ratios of all core–shell NPs exhibit different 
degrees of increase with increasing pressure (Figure 4). For 
clarity, the UC spectra are normalized at 541  nm (green) and 
652 nm (red) at variable pressure, respectively, in Figures S4–S6 

Adv. Optical Mater. 2022, 10, 2101702

Figure 1. Micrographs and elemental distribution mapping of core–shell NPs. a,b) The top two pictures are the TEM of the NaErF4 and NaErF4:0.5% 
Tm bare core NPs, the scale bar is 20 nm. The bottom six pictures are the TEM of the NaErF4@NaLnF4 and NaErF4:0.5% Tm@NaLnF4 (Ln = Y, Lu, 
Gd) core–shell NPs, the scale bar is 100 nm, the average sizes or diameters of core and core–shell NPs are given in the pictures. c,d) The elemental 
distribution mapping of the NaErF4@NaLnF4 and NaErF4:0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd) core–shell NPs.
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(Supporting Information). It can be said although the intensi-
ties of green and red UC emission decrease with the increase of 
pressure (Figure 3b), the green UC emission diminishes more 
rapidly than the red UC emission, resulting in an increase in 
the red-to-green ratio. The green UC emission of Er3+ ions is 
more sensitive to external force, a phenomenon also reported 
in other literature.[29,30]

We quantify the mechanosensitivity of nanoparticles by ana-
lyzing the linear response of the red-to-green ratio (I(r)/I(g)) 
to pressure. Specifically, the change in the red-to-green ratio 
per unit pressure (Δ I(r)/I(g)) is defined by the slope calculated 
from the linear fit, and the mechanosensitivity is responded by 
the slope value. Taking 980 nm excitation as an example, it can 
be seen from Figure  4 that the slopes of Y-shelled, Lu-shelled, 
and Gd-shelled NPs in the Er@Ln (Ln = Y, Lu, Gd) system are 
0.35, 0.37, and 0.46 GPa−1, respectively. The slopes of Y-shelled, 
Lu-shelled, and Gd-shelled NPs in the Er:Tm@Ln (Ln = Y, Lu, 
Gd) system are 1.37, 3.76, and 1.82 GPa−1, respectively. It is 

obvious that the slopes of the Er:Tm@Ln (Ln = Y, Lu, Gd) system 
are generally larger than those of Er@Ln (Ln = Y, Lu, Gd), indi-
cating that the Er:Tm@Ln (Ln = Y, Lu, Gd) system is more sensi-
tive to pressure. In other words, the pressure has a greater effect 
on the doped system compared to the undoped system.

In the case of Er:Tm@Ln (Ln = Y, Lu, Gd) doped system, Er3+ 
ions act as dual functions of energy harvesting and emission. 
Upon direct 980 nm excitation as indicated in Figure S7a (Sup-
porting Information) (the energy transfer diagram under 808 
and 1530 nm excitations are given in Figures S7b and S8c, Sup-
porting Information), photons populate the 4I11/2 energy level of 
Er3+ ions (Step 1). Subsequently, due to the characteristics of the 
energy structure of Tm3+, it facilitates the energy transfer from 
the 4I11/2 and 4I13/2 energy levels of Er3+ ions down to the 3H5 
and 3F4 energy levels of Tm3+ ions, respectively (Step 2). Thus, a 
large amount of excitation energy is transferred from Er3+ ions 
to the Tm3+ ions, which effectively reduces the loss of energy 
caused by rapid migration to the particle surface or internal lat-
tice defects. The energy stored in Tm3+ will then promote the 
population of the red-emitting 4F9/2 energy level of Er3+ ions via 
energy transfer UC (Step 3), achieving robust monochromic 
red UC emission (Step 4).[36,37,42] Therefore, the doping of Tm3+ 
ions can increase the I(r)/I(g), and it is confirmed from Figure 4 
that the I(r)/I(g) of Tm3+ ions doped system is larger than that 
of undoped system. On the other hand, the pressure shortens 

Adv. Optical Mater. 2022, 10, 2101702

Table 1. The ionic radius and ionic mismatch of lanthanide ions from 
Gd3+ ion to Lu3+ ion.

Ionic Gd3+ Y3+ Er3+ Tm3+ Lu3+

Ionic radius [Å] 1.193 1.159 1.144 1.134 1.117

Ionic mismatch −4.3% −1.3% 0 +0.9% +2.4%

Figure 2. Structure characterization and UC luminescence monitoring of NPs under atmospheric pressure. a) The picture shows the relevant powder 
XRD diffraction patterns of the NaErF4 bare core (pink), Er@Y (orange), Er@Lu (cyan), and Er@Gd (purple), the standard hexagonal structure of 
NaErF4 NPs (JCPDS No: 27-0689) is taken as a comparison. b) A zoom-in of the (201) diffraction peak shows a shifting in the 2θ angle position between 
NaErF4 and NaErF4@NaLnF4 (Ln = Y, Lu, Gd) NPs. c) The picture shows the UC emission spectra of NaErF4@NaLnF4 (Ln = Y, Lu, Gd) NPs by 980 nm 
excitation (10 W cm−2). d–f) The pictures show the same issues as picture a–c) except that the NaErF4 core is replaced by the NaErF4:0.5% Tm core.
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Table 2. Summary of structural information for core–shell NPs.

Sample Lattice Constant a [Å] Lattice Constant a mismatcha) Lattice Constant c [Å] Lattice Constant c mismatcha)

NaErF4 core 5.959 – 3.487 –

NaYF4 shelled 5.999 +0.67% 3.510 +0.66%

NaLuF4 shelled 5.954 −0.08% 3.479 −0.23%

NaGdF4 shelled 6.061 +1.71% 3.549 +1.78%

NaErF4:0.5%Tm core 5.942 – 3.487 –

NaYF4 shelled 5.993 +0.86% 3.511 +0.69%

NaLuF4 shelled 5.926 −0.27% 3.478 −0.26%

NaGdF4 shelled 6.036 +1.58% 3.535 +1.38%

a)The negative and positive signs indicate compressive and tensile strain at the shell, respectively.

Figure 3. Emission detection of NPs under HP. a) UCNPs and ruby are inserted into the sample volume of the DAC and compressed. (the ruby was 
used to provide pressure calibration) NPs in DAC are excited by 808, 980, and 1530 nm lasers, respectively, and the emission light is collected by the 
spectrometer after passing through the optical filter. b) The UC emission spectra of NaErF4@NaLnF4 core–shell NPs (the top three pictures) and 
NaErF4:0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd) core–shell NPs (the bottom three pictures) under the pressure from 0 to 9 GPa by 980 nm excitation.
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the bonds only in undoped crystals without altering the coordi-
nation-environment symmetry, whereas, in doped crystals, the 
local geometry around Er3+ ions are inhomogeneous and thus 
this structural distortion can be amplified under HP, which 
increases the crossover of the electron cloud density of Er3+ 
ions and Tm3+ ions, resulting in enhanced coupling between 
the Er3+ ions and Tm3+ ions,[31] making the Δ I(r)/I(g) larger in 
the doped system than in the undoped system.

For Er@Ln (Ln = Y, Lu, Gd) system, the slopes do not change 
much regardless of whether the compressive strain (Y and 
Gd-shelled NPs) or the tensile strain (Lu-shelled NPs) in the 
shell, indicating that different interfacial strains do not affect 
the undoped system much in compressed materials. How-
ever, for the Er:Tm@Ln (Ln = Y, Lu, Gd) system, the slopes 
of the Y-shelled and Gd-shelled NPs with the compressive 
strain in the shell are close to each other, with slopes of 1.37 
and 1.82 GPa−1, respectively if the 980  nm excitation is taken 
as an example. While the slope of Lu-shelled NPs with the ten-
sile strain in the shell increases sharply with a slope value of 
3.76 GPa−1 (Figure  4), demonstrating that the Lu-shelled NPs 
have the most responsiveness to external stress. As shown in 
Figure  S8 (Supporting Information), this enhanced response 
suggests that tensile strain in the shell affects the mechano-
sensitivity of the core by way of generating compressive strain 
that extends into the core. This compressive force of the core 
further increases the coupling between Er3+ ion and Tm3+ ion 
which better plays the role of Tm3+ ion in trapping, storing, 
and transferring energy, making the attenuation of green 
light more pronounced, increasing the Δ I(r)/I(g). This infer-
ence can be demonstrated by the pressure-dependent green 

UC emission reduction rate of Er:Tm@Ln (Ln = Y, Lu, Gd) 
NPs. As indicated in Table 3, the reduction rates of green UC 
emission of Lu-shelled NPs, NaErF4:0.5% Tm@NaLuF4, are sig-
nificantly greater than those of Y-shelled and Gd-shelled NPs. 
We also measured the HP UC emission and quantified the cor-
responding mechanosensitivity of NaErF4:0.5%Tm@NaLuF4 
NPs with various thicknesses (6, 12, and 18  nm), as indicated 
in Figure S9 (Supporting Information), there is no significant 
difference in the mechanosensitivity of nanoparticles with dif-
ferent shell thicknesses.

2.4. Detection and Analysis of NaErF4:0.5% Tm@NaLuF4 NPs 
under HP Cycles

We analyze the mechanosensitivity of NaErF4:0.5% Tm@
NaLuF4 NPs specifically by comparing the UC luminescence 
spectra at atmospheric pressure (pink) and the highest pres-
sure (yellow) as indicated in Figure 5a–c. Each spectrum is 
normalized according to the green UC emission to highlight 
the variation of the red UC emission relative to the green UC 

Adv. Optical Mater. 2022, 10, 2101702

Figure 4. Mechanosensitivity response of core–shell NPs. The ordinate in the picture represents the ratio of the red light integral area to the green 
light integral area in the emission spectrum of NPs, which is represented by I(r)/I(g). The pictures reflect the change of I(r)/I(g) of NaErF4@NaLnF4 and 
NaErF4:0.5% Tm@NaLnF4 (Ln = Y (pink), Lu (yellow), Gd (green)) NPs with pressure. Each group of points in the pictures are fitted linearly and the 
number represents the slope of the line, slope values reflect the mechanosensitivity of NPs.

Table 3. Summary of the green emission reduction rates of the Tm3+ ion 
doped system.

Sample [nm] Er:Tm@Y (green) Er:Tm@Lu (green) Er:Tm@Gd (green)

λex = 808 −0.79 ± 0.14 −1.05 ± 0.17 −0.77 ± 0.14

λex = 980 −0.75 ± 0.14 −1.07 ± 0.14 −0.79 ± 0.14

λex = 1530 −0.70 ± 0.13 −1.10 ± 0.17 −0.67 ± 0.13
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emission. It can be found that the integrated intensity of red 
UC emission at the highest pressure is significantly enhanced 
compared to the atmospheric pressure, with the enhancements 
of ×3.27, ×2.64, and ×3.05 under 808, 980, and 1530  nm exci-
tation, respectively. We plot the chromaticity coordinate dia-
gram (Figure  5d–f) based on the HP UC emission spectra of 
NaErF4:0.5% Tm@NaLuF4 NPs. The luminescent color of NPs 
gradually changed from orange-red to dark red with pressure 
increasing. It is also found that the luminescence color of NPs 
changes with pressure in a large span under different excita-
tions, demonstrating that NaErF4:0.5% Tm@NaLuF4 NPs can 
be used for mechanical sensing where the doped Tm3+ ion ener-
getic coupling with the emitter Er3+ ion is tunable by external 
pressure, leading to perceivable and measurable color changes.

Through further tracking, it can be seen that Δ I(r)/I(g) of 
the two complete compression and release periods (from 0 to 
9 GPa) changes with the ambient values. The following equa-
tion is used to perform the linear fitting for each period

I I K P B  = +∗log /(r) (g)  (1)

K is the slope of the fitting curve, which reflects the mecha-
nosensitivity of NaErF4:0.5% Tm@NaLuF4 NPs. The higher 
the absolute value of K, the greater the color response of the 
NPs to stress. P is the external pressure, which ranges from 0 
to 9  GPa. B is a constant, reflecting the I(r)/I(g) of NPs under 
atmospheric pressure. As shown in Figure 6a–c, the logarithm 

of the red-to-green ratio of NaErF4:0.5% Tm@NaLuF4 NPs has 
a linear relationship with pressure. As can be seen in Table S1 
(Supporting Information), the mechanosensitive values K of 
NPs has no significant decline in the cycles of compression 
and release, indicating the structural and optical robustness of 
these NPs for multiple pressure measurements. Figure 6d; and 
Figure S10a (Supporting Information) describe the lumines-
cence integral intensity of red and green UC emission of NPs 
with pressure in the two cycles of compression and release, 
where the UC emission intensity can be restored to the ini-
tial value after release. Figure 6e; and Figure S10b (Supporting 
Information) are the spectral shift of each UC emission peak 
during the compression and release cycles. The peak positions 
of the red and green UC emission hardly change during the 
cycle which implies that the crystal structures of NPs do not 
change under HP. We also tested the XRD, TEM, and photo-
luminescence results after releasing pressure. As can be seen 
in Figure S11 (Supporting Information), the crystal structure, 
morphology, and UC emission property of the NPs remain the 
same as their initial state. In summary, NaErF4:0.5% Tm@
NaLuF4 NPs have good mechanosensitive and optical stability 
and thus is an ideal material for HP calibration.

3. Conclusion

In conclusion, we systematically study how the different interfa-
cial strains in concert with the external pressure-induced lattice 

Adv. Optical Mater. 2022, 10, 2101702

Figure 5. Color response of Er:Tm@Lu NPs to pressure. a–c) Each emission spectrum is normalized to its own green emission peak, the pictures 
reflect the increasing multiple of the red light integral intensity under 0 GPa (pink) and 9.11 GPa (yellow), the enhancements of red light are ×3.27, 
×2.64, and ×3.05 under a) 808 nm, b) 980 nm, and c) 1530 nm excitation, respectively. d–f) The chromaticity coordinate diagrams of the NPs were 
plotted by CIE 1931, and the emitting color changes of Er:Tm@Lu NPs with increasing pressure were analyzed under d) 808 nm, e) 980 nm, and f) 
1530 nm excitation, respectively.
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shrinkage modulate the UC luminescence properties and the 
mechanosensitive to pressure. Heteroepitaxial core–shell struc-
ture Er@Ln and its relevant derivatives Er:Tm@Ln (Ln = Y, Lu, 
Gd) are adopted as simple objects. At atmospheric pressure, the 
NaLuF4 shell coating with tensile stress tends to produce iso-
tropic nanostructures in contrast to the shell with compressive 
stress, and thus Lu-shelled nanoparticles harvest the strongest 
UC luminescence. The externally applied HP causes the UC 
emission of both systems to diminish. However, the Tm3+-doped 
system is generally more mechanosensitive than the undoped 
system under HP, regardless of the interfacial stress. Because 
HP only shortens the distance in undoped systems, but the 
local geometry around Er3+ ions is inhomogeneous in the doped 
system, HP amplified this structural distortion. In addition, 
among the Tm3+-doped system, Lu-shelled NPs (NaErF4:0.5% 
Tm@NaLuF4) with tensile stress are the most sensitive to 
external force, suggesting that tensile strain in the shell influ-
ences the mechanical sensitivity of the core by way of generating 

compressive strain that extends into the core. This compressive 
strain in concert with the external HP further intensifies the cou-
pling between Er3+ and Tm3+, making the attenuation of green 
UC emission more pronounced. The red to green UC emission 
ratio increases linearly with pressure in the range from ambient 
to 9 GPa, yielding an observed color change from orange-red to 
dark red. Moreover, the changing pattern remains consistent in 
the cycles of compression and release, suggesting that the emis-
sion intensity can be restored to the initial value after pressure 
release with stable structural and optical properties. These prop-
erties allow the material to be used for high pressure calibra-
tion. Our study also sheds a light on understanding the effect of 
interfacial stress on UC luminescence.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Adv. Optical Mater. 2022, 10, 2101702

Figure 6. Detection and analysis of Er:Tm@Lu NPs under HP cycle. Mechanosensitive response of Er:Tm@Lu NPs monitored from the intensity 
ratio of the red and green UC emission. Excitation is at a) 808 nm, b) 980 nm, and c) 1530 nm. Straight lines are the fitting results of the experi-
mental data during pressure (red) and release (green) with Equation (1). d) Integrated UC emission normalized to the initial value of red emission 
at different excitation wavelengths. The pink square, yellow circle, green triangle, and blue diamond represent the cycle 1 pressurization, cycle 1 
release, cycle 2 pressurization, and cycle 2 release processes, respectively. e) The peak position of the red emission at different excitation wave-
lengths during the two cycles.
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