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Abstract: Structural changes of Er- or Yb-ion doped LiNbO3 (LN) nanocrystals were studied in
relation to the high-energy ball milling process. The evolution of the size of the particles and
the formation of different phases were followed by dynamic light scattering and X-ray diffraction
measurements, while the electronic transitions of rare-earth (RE) ions were investigated by absorption
spectroscopy in the infrared spectral range. During the milling process, RE ions left the crystal lattice
and an RE;Oj3 phase appeared to an increasing extent next to the LN. The change in the absorption
spectra and the phases formed during the grinding process were found to be very similar for both
investigated RE ions and were independent of their original concentration in the starting crystal
samples. The extent of the RE loss was found to be 90% after 100 min of wet grinding.

Keywords: lithium niobate; mechanical destruction; rare-earth dopant; nanocrystal; composition
change due to milling

1. Introduction

Single-photon emitters are essential components in recent quantum technology de-
velopments. Single-photon sources are considered one of the possible means to secure
information transport and quantum information processing. Among all existing realiza-
tions, solid-state-based systems play a leading role [1,2]. The most relevant types of these
sources are as follows: heralded twin photons [3,4], semiconductor quantum dots [5] and
color centers in crystals [6-14]. Er-doped crystals especially play an important role in
quantum network research [15-19].

The crystal structure of LINbO3 belonging to the trigonal (R3C) space group at room
temperature is well known [20]. The congruent (cLN) composition (where the solid and
liquid composition is the same in the equilibrium melting /solidification process) corre-
sponds to the Li/Nb ~ 0.945 ratio, so it exhibits an Li-deficient structure. Crystals grown
with this composition have a saturated oxygen octahedral sublattice and—because of the
non-stoichiometric composition—some intrinsic defects: Nb on Li site and Li vacancies for
charge-compensating. RE>* ions are easily incorporated into oxide crystals, as well as in
cLN and fill the empty Li sites or they can substitute Li ions in the lattice [21,22].

The energy of the f-f electron transition depends slightly, while the lifetime of the
radiation significantly, on the environmental matrix and the concentration of the RE ions.
For the excitation of some RE ions (e.g., Tm3*, Er3*) via different energy transfer methods,
double doping is a well-known method [23]. The Yb®* ion is an ideal partner for this type of
excitation, since its energy levels are in the appropriate region, its absorption cross-section
is large, the f-f transition is slow (more than 100 ps) and the radiation lifetime is long.
During these measurements, the luminescence of pure LN in the visible and infrared ranges
must be taken into account [24,25].
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For developing a well-defined and reliable method to produce particles with a diameter
of about 10 nm containing the rare-earth dopant(s) in a predetermined concentration and
in such a dilute form so that the optically active atoms are far enough from each other
to behave as non-interacting optically active centers, mechanical grinding seems to be
ideal. Pure and Pr** doped LN monocrystalline powder has already been produced by
high-energy ball milling in a mechanochemical way starting from oxides and followed
by high-temperature treatment [26,27]. It is also a simple and relatively fast method for
producing nanomaterials from macro range (top-down method) with high yield without
introducing pollutants into the system, and by using distilled water as medium (wet
milling process), the aggregation of the nanocrystals can be avoided. Based on the previous
experimental experience of our laboratory [28], it was possible to produce LN nanocrystals
with a particle size of around 10 nm in a planetary mill by a wet grinding method, gradually
reducing the diameter of the grinding balls after a certain grinding cycle.

What still needs to be paid attention to is the structural change due to the mechanical
effect, since the knowledge of the crystal structure and the surroundings of the rare-earth
ion is essential for further applications. There are several publications about the destruction
of the defect-free crystal structure as a result of the mechanical force of grinding. This
effect has been extensively investigated, especially in the case of substances used for
medical purposes and food chemistry [29-32]. Spelak et al. [33] discussed the structural
transformations in some oxides (e.g., those of transition metals, aluminum and rare-earth
elements) during a high-energy ball milling process and showed the appearance of an
amorphous phase next to the crystalline one. It is also known that during the grinding of
the pure LN crystal, Li;O leaves the crystal lattice [34], which causes the aqueous grinding
medium to become alkaline (pH = 12-14) due to the LiOH formation. Since the predominant
incorporation site of the RE>* ions is the Li position in the LN crystals, a logically arising
question is whether the RE3* ions are equally mobile and whether they are either retained
or ejected similarly to Li* ions upon grinding.

In the present work, we investigated the structural change of the RE-doped LN crystal
due to high-energy ball milling, focusing on the RE loss by following the f-f transitions of
the RE ions in the infrared absorption spectrum as a function of grinding time.

2. Materials and Methods

Yb- and Er-doped congruent LiNbO3 samples were prepared from the homogeneous
mixture of LiyCO3 (Sygma-Aldrich 99.99%, St. Louis, MO, USA), Nb,Os (Starck LN Grade)
and Yb,O3 or Er,Os (Metall Rare Earth Ltd. 99.99%, Shenzhen, China) by solid-state
reaction in two steps. In the first step, the starting materials were treated at 800 °C for 3 h
in order to eliminate the CO,, and then they were melted at 1250 °C where the RE-doped
LN phases were formed [35]. The Li/Nb molar ratio was 0.945 in the samples with the RE
content of about 6 mol% Er** and 1 mol% Yb?.

The samples were ground by a Fritsch Pulverisette 7 Premium line planetary mill in
a zirconia vial with 70 g zirconia balls with diameter of 3 mm. The system was equipped
with an EASY GTM Gas Pressure and Temperature Measuring System in order to avoid
damage caused by overheating or excessive pressure. The set limit was 70 °C for all milling.
With our method (grinding for 1 min, waiting for 10 min), neither the pressure nor the
temperature exceeded the set value even during 100 cycles of grinding. The rotation rate
was 1100 rpm, while the load was 6 g RE-LiNbO3 and 10 mL distilled water in each case.
The milling time varied between 10 and 100 min. Then, 1 mL portions of the suspension
were taken out from the samples for characterization. The mass of the missing material was
replaced with distilled water in order to keep the charge/milling balls’ mass ratio constant.
A new sample was loaded after every second sampling in order to avoid the error due to
dilution. Table 1 shows the sampling parameters.
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Table 1. Series of the prepared samples. New load was made in every second step (+), while
for the others (-), the remaining part of the previous load was ground for another 10 min after a
mass correction.

Sample Grinding Time (min) New Load
Yb-LN 01 Er-LN 01 10 +
Yb-LN 02 Er-LN 02 20 -
Yb-LN 03 Er-LN 03 30 +
Yb-LN 04 Er-LN 04 40 -
Yb-LN 05 Er-LN 05 50 +
Yb-LN 06 Er-LN 06 60 -
Yb-LN 07 Er-LN 07 70 +
Yb-LN 08 Er-LN 08 80 -
Yb-LN 09 Er-LN 09 90 +
Yb-LN 10 Er-LN 10 100 -

Considering the inhomogeneity of the RE3* content of the starting material, a method
was developed—related to the concentration of RE>* ions—to normalize the concentrations
in each series.

The as-received suspensions were diluted to 500 times by distilled water and then
dynamic light scattering (DLS) measurements were performed using a Malvern Zetasizer
Nano S instrument working in the 0.1-10,000 nm diameter range and using a 633 nm
laser wavelength for determining the size distribution of the nanoparticles based on their
Brownian motion. A TESCAN MIRAS3 type scanning electron microscope (SEM) was used
also for imaging the particles. The powder was fixed onto a Si wafer by applying a polymer
solution (polyethylene glycol) for enhancing the adhesion of the particles on the smooth
surface. Optimum imaging voltage was 12 kV.

The energy of the electronic transitions of the RE** ions in LN depends on its sut-
roundings. Measuring the frequency and the shape of the corresponding absorption bands,
we can infer the changes of the surrounding crystal structure. For this end, the as-received
suspensions were dried; then, 10 mg portions of nanocrystal were mixed with 300 mg KBr,
and pellets 1 cm in diameter and about 1.5 mm thick were pressed by a Specac manual
hydraulic pellet press for the optical measurements. The absorption spectra of the RE
ions were recorded by a BRUKER IFS 66/v spectrophotometer in the 8000~14,000 cm ~*
wavenumber range. To follow the small intensity or half-width changes in the absorption
spectra caused by the alteration of the RE environment, low-temperature measurements
at 9 K were performed with a spectral resolution of about 0.3 cm~! using a closed-cycle
helium cryostat.

X-ray powder diffraction analyses were performed on the dried as-received suspen-
sions at room temperature for the identification of the phases formed during the grinding
process using transmission capillary (0.5 mm diameter) geometry with the Ag K » source
of a BRUKER D8 Advance diffractometer.

After drying the as-received suspensions, the RE-doped LN samples were treated with
15% HNOs; then, the particles were repeatedly centrifuged and washed by decantation
with ultrapure water for getting rid of the soluble compounds (Li;O and the possible
Yb,O3 or Er,O3) that left the LN crystals during the milling process. The particles thus
obtained were dried, and their RE/Nb ratio was determined with energy-dispersive X-ray
spectrometry (EDS) in a TESCAN MIRA3 scanning electron microscope performed at 20 or
30 kV. The application of the 30 kV acceleration voltage was rationalized with the possibility
of using the non-overlapping K lines of Nb and Zr, the latter being the impurity due to the
slow destruction of the vial/balls in the alkaline medium.
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For eliminating the alkaline solvent residue, a sedimentation process was applied
using a DLAB D2012 High Speed Mini Centrifuge (decantation).

3. Results
3.1. Size and Phase Analysis

DLS measurements were performed on the as-received suspension of polycrystalline
samples of Er- and Yb-doped LiNbOj, prepared by the method described in the previous
chapter, in order to follow the change in the diameter and the size distributions of the
particles during the grinding process. Figure 1 shows the change in the Yb-LN particle
size distribution with the grinding time. It is clearly seen that after 30 min grinding time,
the distribution curves show almost the same shapes, slopes and peak maxima at around
50-70 nm, so the size distribution of the particles did not change after the third sample
(marked zone in Figure 1). We can conclude that this is the final size we can obtain with
these milling conditions; therefore, after 30 min of grinding, solely the mechanical effect
can be investigated without further size reduction.

1 ‘ — 10 minutes of grinding
\ 20 minutes of grinding
Marked zone: 30-100 minutes of grinding
0.8
=
©
~ 0.6 J
>
e
n
qg) 0.4
-+
c
W]
0.2
‘\
o &
T

T S I B e e
0 50 100 150 200 250 300 350 400
Particle size (nm)

Figure 1. Change in the Yb-LN particle size with the grinding time. Samples in the marked zone
follow a random order around 5070 nanometers. (Lgreen—30 min, orange—40 min, Dgreen—50 min,
Dblue—60 min, Lblue—70 min, purple—80 min, navy—90 min, yellow—100 min.)

Size distributions of Er-doped LN samples show the same tendencies, so only the DLS
curves of the Yb-doped LN samples are shown in Figure 1 for the sake of simplicity.

SEM experiments carried out on the same samples showed good correlation with the
DLS results (Figure 2). The particle sizes after 30 and 100 min grinding time were found
to be the same, only the homogeneity of the sample was improved. The surface of the
particles seems to be blurred because of the increased mechanical stress.

Phases appearing during the grinding process of the RE-LN samples were investigated
in the as-received and dried suspension samples by X-ray powder diffraction method.
Figure 3 shows the diffractograms of the RE-LN 01, RE-LN 05 and RE-LN 10 samples
(ground for 10, 50 and 100 min). Only these three mixtures are shown in the figure, because
the tendency of the appearance of the new phase can be clearly seen. No other phase was
found for the other samples. Undoped LN and RE,O3; powders were used as references
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to facilitate the identification. Figure 4 shows that in the RE-LN samples ground for
10 min, mainly the LN phase is present. During further mechanical treatment, a new phase
appeared gradually with the increasing grinding time, with identical peaks with the RE;O3
references, so they were identified as RE;O3. (Although LiNb3Og was also formed during
other grindings [34], in our case it did not appear on the diffractograms).

(a) m YbOzphase

Intensity (a. u.)

Figure 2. SEM image of the Yb-LN particles ground for 30 min (a) and 100 min (b).
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Figure 3. (a-b) X-ray powder diffraction analysis of RE-LN ground for 10, 50 and 100 min: RE;O3
(squares), pure LN (dots). (The extra peak that appeared around 2 theta = 10.5 corresponds to the
high-temperature crystal structure of the RE,O3 phase.)

The X-ray scattering form factors are scaled with the number of electrons of atoms/ions.
The number of electrons of Er, Yb and Nb (the heaviest elements of LN) atoms are 68, 70
and 41, respectively. Thus, the difference between the atomic form factors of Er and Yb
is very small in comparison with Er/Yb and Nb. This is the explanation for their nearly
identical behavior in the LN lattice resulting in very similar X-ray diffractograms.
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Figure 4. Change in the absorption bands with the grinding time for Yb in Yb-LN (a), and for Er in
Er-LN (b). Spectra were normalized to the broad band at 10,240 cm ! for the spectra obtained for the
Yb-LN samples.

3.2. Absorption Properties

The absorption properties of incorporated RE ions are influenced by the defect struc-
ture in their immediate vicinity. From investigating the change in the RE absorption bands
in the LN, we can infer a change in lattice structure. For this end, absorption spectra
corresponding to the 2F, /2 — 2F; /2 of the Yb3* ion [36] and the *1;5 /2 — 1, /2 transition
of the Er** ion [37] were recorded at 9 K for each sample (Figure 4). Two peaks appeared
in all spectra of Yb-LN samples, one for the ?F;/, — 2Fs, transition of the Yb>" ion,
surrounded by undamaged LN crystal structure at 10,200 cm~! and another broad band
right next to it at about 10,240 cm~!. After increasing the number of the grinding cycles, the
intensity of the absorption band of Yb** near 10,200 cm~! (belonging to the crystalline LN
phase) decreased. The broad absorption band with a center at about 10,240 cm~! could be
explained by an unstructured environment of the RE ion (i.e., without a crystal-like regular
order around the RE ion). The relative intensity of the main absorption band decreased
also as compared to the broad band. In the absorption spectra of the Er3* ion, correspond-
ing to the 45 /2 — 444 /2 transition, several bands can be found between 10,200 cm !
and 10,400 cm~! due to the crystal field splitting. The intensity of all absorption bands
decreased, and the fine structure of the spectrum disappeared as a consequence of band
broadening of all peaks.

The integrated area under the absorption peaks is directly proportional to the number
of the absorbing ions. So, the variation in the amount of ions in the same environment
can be monitored with this parameter. For the determination of the Yb content of the
samples, the area under the peak corresponding to the crystalline phase at 10,200 cm ™!
was used after baseline correction from 10,170 cm~! to 10,210 cm ™!, while for Er, the whole
baseline-corrected spectra were integrated from 10,200 cm~! to 10,400 cm ™. The results
can only be compared correctly in pairs of the same loads due to the sample preparation
procedure. The deviation in the results caused by the inhomogeneity of the starting material
for RE ions can thus be eliminated. In every pair of the samples obtained for the same
load in the mill, the ratios of the second and the first area were found to be 0.80 & 0.08 for
Yb-LN and 0.81 £ 0.07 for Er-LN (Figure 5, inset graph). The inaccuracy may come from
the inhomogeneity of the RE-LN distribution in the KBr pellets. In order to generalize the
results, an extrapolation was made for every pair of samples to estimate the starting RE
content. Then, the areas were normalized with the starting values to get the change in the
RE content during the grinding process (Figure 5).
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Figure 5. Change in the RE content with the grinding time (absolute errors from the uncertainty of
the area ratios are displayed). Inset graph shows the ratios of the areas of the absorption peaks for
every pair of samples (1st: 10 min ground, 2nd: 20 min ground, etc.).

An obvious Yb** and Er** ion loss can be described with a 0.8710"i" exponential
function in both cases (t is the grinding time in minutes). The RE ion content of the RE-LN
crystal structure is decreasing with the increase the grinding time. In this case, we can
say that this effect is caused solely by the mechanical force of the milling process, not the
size reduction (surface growth), since the size distributions of the particles are in the same
range starting with the third mixture, so the surface area is constant from the 30th minute
of grinding.

3.3. Removal of RE;O3 by Acid Treatment

RE;Oj3 can be removed from the LN sample by acid treatment (detailed above). The
RE/Nb ratios of the as-received and dried suspension samples and of the treated samples
were determined by EDS measurements (Table 2). The atomic ratios were determined as
an average of 5-6 measurements taken at different points of the sample. The RSD of the
measurement can be estimated as 3-5%.

Table 2. Er®* loss of Er-LN samples ground for 10, 50 and 100 min, as determined by EDS measurements.

Er/Nb Atomic Ratio (from EDS)

Grinding Time (min)

Untreated (a) Treated by HNOj3 (b) b/a
10 0.079 0.065 0.823
50 0.104 0.085 0.817
100 0.099 0.079 0.798

The Yb/Nb ratio in the samples was around 0.01 and the change in the Yb/Nb atomic
ratio was within the RSD% of the measurement, so the Yb loss cannot be followed by
this method.

For Er-LN, we can conclude that the RE;O3 content of the samples was about 80%.
This result cannot be compared with the results from the untreated samples, only further
evidence that RE* ions leave the crystal lattice.
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4. Discussion

Similarly to the already published Li loss of the LN crystal during a high-energy ball
milling process, the RE ions in Li sites are also leaving the lattice. Since the particle size
distribution did not change after 30 min of grinding, the samples milled for 30-100 min
can be compared well with each other and any change is caused solely by the mechanical
force. Since the RE®* ion loss occurs on the surface of the particles, we can say that during
the grinding process, the RE** ions migrate from the inner part of the 40-60 nm particles
towards the surface (despite the fact that the size of the RE>* ion is much larger than that of
Li*). The behaviors of Yb** and Er®* ions were found to be very comparable, as expected
from their very similar chemical properties, size and position in the crystal lattice.

Both the Yb®* and Er®* loss of the LN matrix during the grinding process with the
given parameters (1100 rpm, 10 min, 3 mm ball diameter) were consistent and can be
described by a 0.810™" function where t is the grinding time in minutes. The curves of the
different RE ions overlapped each other independently from their quantity in the samples.
After 100 min of wet grinding at 1100 rpm for the RE-LN samples, roughly 90% of the RE
content left the crystalline structure in RE,O3 form.

The EDS study also confirmed that for each sample pair obtained from the same load of
the mill, the RE content of the particles decreased. The particle residue after the acidic washing
process removed the RE-oxide (or hydroxide) that was leached out from the LN crystals upon
the milling process; hence, the EDS measurement after the removal of the soluble components
was informative about the residual RE content of the crystals only. Although the precision of
the EDS measurements is not comparable to the optical measurements, the RE loss ratio could
be estimated to be the same as estimated from the optical absorption measurements.

5. Conclusions

In this paper, the RE ion loss of the doped LiNbO3 matrix due to the mechanical force
of the grinding process was investigated. X-ray measurements showed that part of the LN
crystal structure was destroyed, while a huge amount of RE ions left the LN lattice by out-
diffusion and formed RE,Oj3 phase. In addition, it was concluded from infrared absorption
measurements that the ratio of the RE loss in our grinding procedure can be described by
a 0.8/10min function (e.g., after 100 min the loss is 90%). It is important to notice that the
latter result could depend on the technical parameters of the grinding process (e.g., the size
of the milling balls, rotational speed).

This result is independent of the dopant concentration in the applied concentration
range, the chemical quality of the RE ion and the size reduction (e.g., the samples ground
for 10 and 20 min—where the average particle sizes are over 100 nm—fit exactly into the
measurement trends and results obtained for particles with 40-60 nm average size).
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