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Luminescence manometry is most often realized by a spectral shift of luminescence bands. Typically, the shift of
spectrally narrow-band emission is quantified, which is highly precise but not very sensitive to pressure variations. Alternatively, the
spectral shift of a broadband emission may be exploited, which is more sensitive but less precise, due to the difficulty in accurate
determination of the band centroid. In this work, a mixed approach is presented, combining the shift in broadband chromium
emission from the *T, — *A, level with a narrow-band neodymium emission (*Fy, — *I,;/, transition), observed in the
La;GasGeOy, spectrum. The resulting optical Nd**-based manometer demonstrates an absolute sensitivity of 2.92 cm™'/GPa for the
*F;/, = *1;1), electronic transition. An additional advantage of using this material is its negligible spectral shift with temperature,
determined in the T range of 77—343 K, making the pressure readouts independent of this parameter (i.e., temperature variations).

luminescent manometer, pressure sensor, Cr’*, crystal field strength, luminescence intensity ratio, manometry

The remote pressure measurements offered by luminescent
manometer phosphors are crucial for enabling the technology
of numerous new diagnostic fields, which were unavailable to
any previous pressure-monitoring techniques.'~'* The use of a
pressure-dependent luminescence band shift, changes in
luminescence kinetics, or the ratio of the intensity of two
luminophore emission bands do not require electrical
connections between the sensor and the sensing system.”' "'
This is especially important in a pressure chamber of the
diamond anvil cell (DAC), microfluidic systems, or even
biological systems.'®”'” One of the most popular and widely
used luminescent pressure indicators is ruby, Al,0;:Cr**.*° In
this case, an increase in pressure leads to an increase in the
covalence of the Cr’*—0O”” bond and a decrease in the Racah
parameter. Thus, the narrow emission band associated with the
2Eg - 4A2g electron transition is spectrally shifted upon
compression. The spectrally narrow nature of this band
provides high-precision pressure readouts. In addition, the
applicability of this material over a very wide range of
pressures, i.e, up to ~150 GPa, has been confirmed
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experimentally.”' ~>* However, a limitation of this pressure
sensor is its relatively small spectral shift with the applied
pressure (~0.35 nm/GPa). In addition, the fact that this band
is located at ~694 nm often makes luminescence measure-
ments difficult or impossible due to the spectral overlap
between the signal of the pressure sensor and the luminescence
signal from the investigated material. Moreover, the emission
of ruby is strongly temperature-dependent (dA/dT =~ 0.007
nm/K), hampering high-pressure experiments performed
under varied temperature conditions. An alternative approach
to the narrow-band luminescence manometers is to use
spectrally broadband luminophores based, e.g., on the
luminescence of Ce**,** Eu?*>**’ 228 jons or transition
32939 However, the broad Gaussian-like emission

or Tm
metal ions.
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Figure 1. Schematic representation of the concept of the manuscript. The codoping of Ln*" ions characterized by a small pressure-induced spectral
shift of the emission band with the TM of a large pressure-induced spectral shift enables the development of modern optical manometers with good

precision and sensitivity of pressure readouts.

band limits the ability of accurate determination of the band
maximum and its centroid and deteriorates the precision of the
measurement. Therefore, it is necessary to search for other
luminescent manometers that offer (I) both high precision and
sensitivity; (II) temperature-independence; and (III) a differ-
ent emission spectral range in order to get rid of the
interference from the surroundings (DAC assembly). In
response to this demand, in this work we propose an approach
that allows for sensitizing the emission of lanthanide ions
(Ln**) to pressure changes by material codoping with
transition metal (TM) ions. The mentioned idea is schemati-
cally depicted in Figure 1. As is well-known, the luminescence
of Ln*" ions is predominantly realized through 4f—4f type
electron transitions. Due to the weak electron—phonon
coupling observed in that case, as well as the shielding of the
4f orbitals from the environment by the Ss and Sp orbitals, the
applied pressure has only a small effect on the spectral position
of the narrow Ln>" luminescence bands. On the other hand, in
the case of transition metal ions, even a relatively low pressure
significantly affects the crystal field strength by changing the
spectral position of the corresponding TM band. The proposed
solution is based on the fact that, in the case of spectral overlap
between the TM and Ln®*' bands, the narrow Ln** band
apparently shifts spectrally with the applied pressure. This is
due to the integration of the luminescence originating from the
TM and Ln®" signals. It makes it possible to mimic a pressure
shift of the Ln** band and thus sensitize the Ln*" luminescence
to pressure changes. As shown by the simulations performed in
this work, this is a universal approach that makes it possible,
through the appropriate selection of TMs, to achieve a similar
effect for any Ln*. Thanks to its application, the emission
range of optical pressure indicators, operating from UV
through VIS to NIR, can be extended. The good accuracy of
the band maximum readout, originating from spectrally narrow
4f—4f bands, provides a precision of pressure sensing
comparable to that of ruby. In addition, the more spectrally
broad are the TM bands, the higher is the absorption cross
section of the TM ion, so the TM — Ln>* energy transfer allow
us to broaden the spectral range, enabling excitation of the
pressure indicator (Ln*") and increasing its emission intensity.
We believe that thanks to the versatility and simplicity of the
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proposed solution, it will extend the available spectral range of
pressure indicators, facilitating remote pressure readouts. In
this work, the system of Nd** and Cr’** in La;GasGeO,, was
used as a model example.

La;GasGeO,, powders doped with different concentrations of Nd**
and Cr’* ions were synthesized by a solid-state reaction. For this
purpose, stoichiometric amounts of lanthanum oxide (La,O; of
99.99% purity from Stanford Materials Corporation), gallium(III)
nitrate hydrate (Ga(NO;);-«H,O of 99.999% purity from Alfa Aesar),
germanium oxide (GeO, of 99.999% purity), neodymium oxide
(Nd, 05 of 99.99% purity from Alfa Aesar), and chromium(I1I) nitrate
nonahydrate (Cr(NO;);9H,0 of 99.99% purity from Alfa Aesar)
were ground under hexane in an agate mortar and then transferred to
an alumina crucible and annealed in a furnace at 1300 °C for 10 h in
an air atmosphere.

The obtained materials were then examined by X-ray powder
diffraction (XRD) using a PANalytical X'Pert Pro diffractometer in
Bragg—Brentano geometry equipped with an Anton Paar TCU1000 N
temperature-control unit using Ni-filtered Cu Ka radiation (V = 40
kV, I = 30 mA). Measurements were made in the range of 10—90°,
and the measurement time is ~1 h. Excitation spectra were measured
on a FLS1000 spectrometer from Edinburgh Instruments. The
excitation source was a 450 W xenon lamp, and the RS5509-72
photomultiplier tube in a nitrogen flow-cooled housing from
Hamamatsu was used as a detector. The temperature-dependent
emission spectra were measured using the same system with a 445 nm
laser diode from CNI Lasers used as the excitation source and a
THMS 600 heating—cooling stage from Linkam to control the
temperature with a precision of 0.1 K. Luminescence spectra as a
function of pressure were measured with 445 nm (LGG Cr** and
LGG Cr*, Nd*) and 532 nm (LGG Nd*') laser diode excitation.
Pressure was applied to the sample thanks to a gas membrane that
transmitted it to the Diacell uScopeDAC-RT(G) diamond anvil cell
(DAC) with 0.4 mm diamond culets. The gas used in the system is
compressed nitrogen, which was supplied to the membrane using a
Druck PACE 5000, which allowed for a relatively controlled change in
pressure. An accurate change of the parameter under study was
possible by controlling the spectral shift of the R; ruby line. The
sample was placed in a ~140 ym hole drilled in a 250 ym thick
stainless steel gasket. The pressure transmission medium was a
methanol—ethanol solution (4/1). A custom Matlab (Mathworks
R2019b) routine was prepared to divide the two images, aiming to
obtain a ratiometric image and plot cross sections of the ratio.
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Figure 2. (a) Simulated emission band for different intensity ratios of lanthanide (simulated by Lorentz profile) and TM ions (simulated by a
Gaussian band) emission. (b) Calculated emission spectra shape for Ln/TM = 1:7.5 as a function of pressure. (c) Zoomed-in image of the spectral
range of the Lorentz band. (d) AE as a function of pressure for different Ln/TM ratios. (e) AE as a function of the spectral shift rate (for Ln/TM =

1:7.5).

The main hypothesis presented in the Introduction about the
possibility of sensitizing Ln®>" emissions to pressure changes by
codoping the host material with TM ions was verified by
numerical calculations (Figure 2). For this purpose, a system
composed of two emission bands was used, namely, the
Lorentz curve representing the 4f—4f spectral line of Ln’" ions
and the Gauss curve representing the d—d emission band of
TM ions. In the performed calculations, the position of the
Ln* emission band was assumed to be independent of
pressure, and the rate of the spectral shift of the TM band as a
function of pressure was modulated. The augmented spectral
shift of the Ln** band is due to the overlap between the two
signals analyzed. Therefore, the ratio of the intensities of the
Ln*" and TM bands should significantly affect this effect. The
calculations carried out with a constant rate of the spectral shift
of the TM band and a variable ratio of the intensities of the
Ln*" and TM bands (Ln/TM) (Figure 2a) revealed that, as the
Ln/TM ratio decreases, the obtained shift of the Ln*" band
maximum increases to a certain value, after which it decreases
again (Figure 2b and c). The change in the monotonicity of
the band shift is related to the fact that, when the TM band
approaches the maximum of the Ln**emission, a shift toward
shorter wavelengths is observed. By analyzing the dependence
of the change in energy of the barycenter of the Ln®* band
(AE), it can be seen that the largest changes are observed
when Ln/TM is 1:7.5, and a slight decrease in the maximum
achieved value of AE is observed for lower values of Ln/TM
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ratio. A larger change in AE results in a higher absolute
sensitivity of a luminescence manometer. Therefore, this
intensity ratio of the two signals was preserved in further
calculations. This analysis clearly reveals that, in order to
achieve high sensitivity of the luminescent manometer in the
presented approach, it is important to maintain a relatively low
emission signal of the Ln*" band with respect to TM. This can
be achieved by optimizing the relative concentration of the
Ln* ions to TM. However, it should also be noted that a low
intensity of Ln®* can hinder the readout of the maximum of its
emission band and thus, through an increasing noise-to-signal
ratio, reduce the precision of the readout. Preserving the Ln/
TM = 1:7.5 ratio, the effect of the rate of the pressure-induced
shift of the TM band was analyzed (Figure 2d). Note, the
efficiency of this effect depends on the initial spectral distance
between the Ln and TM emission bands at ambient pressure;
hence, it should always be taken into account (300 nm in this
case). As can be clearly seen, for a low spectral shift rate the
highest changes are observed, and an increase in the shift rate
of the TM band causes a decrease in the maximum AE value,
until the sign of AE becomes the reverse, which represents a
shift of the Ln** band toward shorter wavelengths (Figure 2e).
When the rate of change approaches the initial spectral
difference between the Ln®* and TM bands at ambient
pressure, the AE is close to 0.

The structure of the La;GasGeO,, crystal belongs to the
trigonal system with space group P321 (150). The material is
characterized by the A;BC;D,0,,-type structure, where in the
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case of La;Ga;GeO,, the A cationic sites are occupied by La**

and the B cationic sites are occupied by Ga** surrounded by

eight and six oxygen anions forming a dodecahedron and an

octahedron, respectively.’’~>> Sites C and D are both
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surrounded by four oxygen anions forming a tetrahedron.

The C site is occupied by Ga®*, whereas the D site is partially

occupied by Ge* and Ga®* (Figure 2a). Due to the same

charge and similarity of ionic radii (rc,3, = 0.615 A; g, (vimys: =
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Nd** upon Ay = 445 nm and A, = 665 nm. (e) 7, values of the *F;, state of Nd*" measured at 123 K as a function of Cr’* concentration.

0.62 A), the Cr** ions most plausibly replace the Ga** ions in
the crystal lattice. On the other hand, the Nd*" ions, which
have an ionic radius of ryg, = 1.109 A in the dodecahedral
configuration, substitute the La®" ions with r,, = 1.16 A. A
relatively large Ga>*—O?" distance in this structure results in a
weak crystal field strength affecting the Cr’* ions. The
comparative analysis of the diffraction patterns of the samples
doped with 0.5% of Cr** and different concentrations of Nd**
(Figure 3b) with the standard La;Ga;GeO,, (JSPDS no. 72-
2646) reveals that the introduction of dopant ions does not
affect the phase purity of the powders. The increase in the
Nd*" concentration results in the gradual shift of the diffraction
reflections toward higher 2@ angles, which indicates the
reduction of the cell unit. This is expected due to the difference
in the ionic radii of Nd** and La*" ions. The performed
Rietveld refinement calculations confirm this effect, revealing
that the size of the unit cell volume (V) shrinks from 297.79 A3
for the La;Ga;GeO,,:0.5%Cr’* to 297.36 A% for the
La;GagGe0,,:0.5%Cr*",S%Nd** (Figure 3c). As shown in
the analysis of the scanning electron microscopy (SEM)
images, the synthesized powders consist of microparticles of
~40 pym in diameter (Figure 3d and e).

We investigated the structural stability of the investigated
material with pressure by measuring the Raman spectra for the
host matrix (undoped material), to avoid luminescence from
the optically active ions that typically obscure and superimpose
with Raman bands. The recorded Raman spectra for the
La;GasGeO,, sample at ambient pressure show few broad
bands, where the most intense ones are located at
approximately 240, 340, 500, and 780 cm™' (at ambient
conditions), as presented in Figure 4a. As pressure increases,
i.e., compressing the compound studied, the energies of the
phonon modes increase, so the corresponding Raman bands
shift toward higher wavenumbers, which can be clearly seen in
Figure 4b. This phenomenon is associated with bonds
shortening, namely, a decrease of the distances between the
atoms, in the compressed materials. The observed spectral
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shifts are monotonous and linear, confirming good structural
stability of the examined material and the absence of phase
transitions in the investigated pressure range. The determined
shift rates for the corresponding Raman bands are listed in
Table S1. It is worth noting that the observed deterioration of
the Raman signal with pressure, i.e., decreasing the signal-to-
noise ratio, is due to the increasing strains and crystal defects in
the compressed structure, as commonly observed for such
kinds of measurements. Upon pressure release (decompression
process), the shape and spectral positions of all Raman peaks
come back to the initial state, as shown in Figure 4b and Figure
S1 (spectra recorded during the decompression run). The
good agreement between the compression and decompression
data confirm the reversibility of the process (which is critical
for pressure-sensing purposes) and indicate the possibility of
application of the synthesized La;Ga;GeO,, material as an
optical manometer.

The description of emission generation in the
La;GagGeOy,:Cr**,Nd** system is facilitated by the analysis
of the energy diagram of Nd** levels and the configurational
coordinate diagram of Cr*'. In the case of La;Ga;GeOy,, a
weak crystal field affects the Cr** ions. Hence, the parabola of
the *T, level is below the ?E one. Therefore, the excitation
beam allows electron transfer from the *A, ground level to the
*T, or *T| states followed by nonradiative transitions that lead
to the population of the emitting *T, state. Radiative
depopulation of this level results in the occurrence of a
broad emission band with a maximum at ~990 nm. On the
other hand, in the case of the Nd*' ions, a relatively dense
energy level diagram shows that upon an optical excitation the
electron transferred from the *I,/, ground state to the excited
levels after the optical excitation undergoes efficient non-
radiative processes, resulting in the population of the *Fj,
metastable state. The depopulation of this state leads to the
formation of three emission bands at about 890, 1060, and
1350 nm, which correspond to the *F;, — *Iy ), *F3, = '}, 5,
and *Fy, — %I;;, electron transitions, respectively. As
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Figure 6. (a) Emission spectra of La;GasGeO14:0.5%Nd**,0.5%Cr** measured as a function of pressure. Comparison of the emission spectra of (b)
La;GasGeO,;:0.5%Nd**,0.5%Cr’" and (c) La;GasGe0,,:0.5%Nd*" limited to the spectral range of the *F;;, = *I;,/, emission band of Nd** ions.
(d) AE as a function of pressure for Nd** and Cr**Nd** doped phosphors and the (e) corresponding S, values. (f) S, values measured as a

function of temperature.

indicated by the analysis of the La;Ga;GeQ,,:Cr** excitation
spectra, *T, — *A, emission can be obtained by excitation into
one of the spectrally broad ‘A, — *T; and *A, — *T, bands,
with maxima at about 450 and 650 nm, respectively (Figure
Sb; see also Figure S2 for emission spectra of
La;GagGeO,,:Cr’* at different concentrations of Cr’* ions).
In the excitation spectra of the La;GasGeO,:Nd**, a number
of spectrally narrow absorption lines characteristic of 4f—4f
transitions can be observed. Importantly, many of these bands
spectrally overlap with the broad absorption bands of Cr’*
ions, which enables efficient Cr’* — Nd** energy transfer
(Figure S4). This energy transfer is confirmed by the fact that,
when measuring the excitation spectrum of Nd** ions (1, =
1060 nm) for the La;Ga;GeO,,:Cr**,Nd** material, both
spectrally narrow 4f—4f bands of Nd** and broad bands of Cr**
ions are observed (Figure Sb and Figure S5). An optical
excitation of the La;Ga;GeOy,:Cr**,Nd** sample at 1, = 445
nm results in an emission spectrum consisting of both Nd**
bands, as well as a broad *T, — *A, band of Cr*" ions.
Importantly, the *T, — *A, band spectrally overlaps with all
Nd** bands. The observed energy transfer between Cr’* ions
and Nd* ions is particularly important because, due to the
much higher absorption cross section of Cr*" ions compared to
the Nd** counterpart, its occurrence leads to the enhancement
of the luminescence brightness of Nd** ions, which is
particularly important from an application perspective. As
demonstrated by comparative characterization using an
excitation beam A, = 445 nm, a nearly 60-fold more intense
luminescence of Nd** ions was observed for the sample
codoped with 0.5Nd**,0.5%Cr*" compared to its solely Nd*'-
doped counterpart (Figure S6). Further increases in the
concentration of Cr’* ions gradually reduced this enhance-
ment. Nevertheless, in each of the analyzed cases of codoped
samples, the luminescence intensity of Nd** ions significantly
exceeded that of the sample doped only with Nd** ions. An
equally pronounced though less spectacular effect was

observed using an A,. = 668 nm excitation beam. The
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decrease in the observed enhancement may originate from an
increase in the probability of Nd** — Cr’* back-energy
transfer. Confirmation of this conjecture can be provided by
the analysis of luminescence decay times of Nd** from the
*F;/, level. The lifetime () of the *F;, level for the
La;Ga;GeO,:0.5%Nd*> sample is equal to ~180 us. As the
concentration of Cr’* ions increases, the 7 gradually shortens
down to 30 us for the La;Ga;GeO,,:0.5%Nd**,10%Cr**
sample. This shortening is related to Nd** — Cr** energy
transfer, whose probability increases as the average distance
between Nd** and Cr’" ions shortens, as happens when the
concentration of Cr** in the sample increases.

To experimentally verify the proposed hypothesis, the
emission spectra of the La;Ga;GeOy,:Cr’*Nd** material
were measured as a function of pressure in the 0—7 GPa
pressure range. Analogously as in the case of the
La;GasGeOy,:Cr** compound, a spectral shift of the *T, —
*A, band toward higher energies (shorter wavelengths) is
observed with increasing pressure (Figure S7). This effect is
related to an increase in the crystal field strength affecting the
Cr’* ions, which originally results from the pressure-induced
shortening of the average Cr’*—O?” distance. By super-
imposing this effect with the narrow-band emission of Nd**
ions, an increase in pressure causes an apparent spectral shift in
the bands of Nd** ions (Figure 6a). Due to the highest
intensity of the *F,,, — *I,,,, band, further considerations will
be focused on this band only. As can be clearly seen, Cr**
doping sensitizes the emission of Nd** to pressure changes, i.e.,
compression of the material (Figure 6b). This can be
understood by comparing the obtained results with the spectra
of the La;GasGeO,,:Nd**-doped only with Nd** ions (Figure
6¢c). The analysis shows a monotonic, linear change in the
energy of the *F;,, — *I,;/, band over the entire range of the
analyzed pressure values. The total shift of the band maximum
is AE 15 cm™!, while the same band for the
La;GasGeO,,:Nd*" sample does not undergo any spectral
displacement (Figure 6d). It should be emphasized that the
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AE decreases monotonically with the pressure release (during
decompression process), which confirms that the applied
pressure does not permanently affect the structure of the
La;GasGeOyy, and the observed changes are reversible. The
observed spectral shift can be quantified by calculating the
absolute pressure sensitivity (S,),

S, = AE
Ap (1)

where AE represents the change of the energy of the band
centroid corresponding to the change of the pressure by Ap. In
the case of La;Ga;GeO,,:Nd*, the undetected spectral band
shift with increasing pressure results in Sy = 0. On the other
hand, the linear change in AE as a function of pressure
observed for La;Ga;GeO,,:0.5%Nd**,0.5%Cr>" results in a
constant shift rate of the band centroid over the entire
analyzed pressure range, resulting in S, = 2.8 + 0.002 cm™Y/
GPa. From a manometric perspective, it is important that the
pressure readouts are barely or completely independent of
changes of other physical parameters, especially temperature.
Therefore, the spectral shift of the *F;,, — *I;;/, band was
analyzed over a wide temperature range of 77—330 K in
ambient pressure (Figures S8 and S9). The analysis showed
that in the low-temperature range (<200 K) only a little
variation is observed, manifesting in nonzero values of S,(T).
However, the temperature drift is negligibly small, decreasing
from 0.015 + 0.002 cm™'/K to close to 0 above 250 K. At
higher temperature values, no variability in the position of this
band is observed. As shown, the codoping with Cr*" ions leads
to the sensibilization of the Nd** emission to pressure changes,
and such designed luminescent manometers can be an
interesting alternative to Cr’*-based pressure gauges, like
ruby, whose emission line is highly temperature-dependent.
Although the presented results are very optimistic, as shown in
Figure 2 the further optimization of the Ln/TM ratio and the
rate of the pressure-induced shift of TM will lead to a more
spectacular augment of the spectral shift of Ln*" and to the
development of more sensitive luminescent manometers in the
future.

In the present work, a new strategy to enhancement of the
pressure-induced spectral shift of the emission band of Ln®"
ions by codoping the systems with Ln*" and TM ions is
proposed. As shown by simulations, the high sensitivity of the
broad emission band of TM to pressure changes and the
spectral overlap between the Ln*" and TM bands results in the
spectral shift of the 4f—4f emission band of Ln*" ions. The
proposed approach was experimentally verified on a
La;GasGeO,,:Nd**,Cr** system codoped with Cr** and
Nd**. As shown through the spectral overlap between the
*T, - *A, band of Cr** ions with the *Fy,, — *I;;/, band of
Nd**, the pressure-independent *F;,, — *I;;,, line in
La;GasGeO,,:Nd*" starts to shift monotonically as a function
of applied pressure with an absolute sensitivity of S, = 2.8
ecm™!/GPa in La;GasGeO,,:Nd*,Cr**. Due to its versatility,
the presented approach will allow the development of new
luminescent manometers with a high-precision pressure
readout that emit in any spectral range dependent on the
selection of Ln** ions.
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