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Abstract: The influence of the charge treatment by ultrahigh dilution (UHD) technology on oxide
single crystals grown by the Czochralski technique was studied for monoclinic MgMoO4 crystals
doped by 1 at. % of Nd3+ ions. The series of 10 Nd:MgMoO4 crystals was grown from the charges
that were subjected to UHD treatment, as well as from the charges treated with two types of control
or with no special treatment at all. The grown crystals were studied by X-ray powder diffraction
analysis, inductively coupled plasma atomic emission spectroscopy, mass-spectrometry, optical
absorption, emission spectroscopy and luminescence kinetic analysis. We found that: (i) wetting
of MgO + MoO3 mixture by a water-ethanol solution before calcining leads to some enrichment
of the mixture with MoO3, whereas the wetting of the charge after the calcining leads to some
enrichment of it with MgO; (ii) congruent melting composition of MgMoO4 crystal is in the field of
some MoO3 excess; (iii) the solid-phase solubility of the excess MoO3 in MgMoO4 probably does not
depend on temperature, whereas the solid-phase solubility of the excess MgO in MgMoO4 crystal
depends on temperature. We suggest that the corresponding solidus line passes through the range
of retrograde solubility; (iv) the crystals grown within this range are characterized by the enhanced
Nd3+ segregation coefficient between the crystal and the melt (approximately 0.006 versus 0.004);
(v) unit cell parameters of MgMoO4 crystal with the excess of MoO3 are larger than those of the
crystal of the stoichiometric composition and of the crystal with the excess of MgO; (vi) the shapes
of the optical absorption and luminescence spectra of Nd:MgMoO4 crystal do not depend on the
charge treatment; (vii) luminescence decay kinetics are single-exponential for all the studied crystals,
the luminescence decay time being different for the crystals grown from the charges that underwent
different types of treatment; (viii) the luminescence intensity of Nd:MgMoO4 crystal grown from
the charge that underwent UHD treatment before calcining (solid-phase synthesis) is reduced by an
order of magnitude in comparison with the other studied crystals.

Keywords: molybdates; neodymium ion; magnesium molybdate; crystal growth; ultrahigh dilution
technology; luminescence; crystal structure

1. Introduction

Ultrahigh dilution (UHD) technology has been used in the pharmaceutical industry
for decades. UHD solutions are obtained by the sequential technological processing of

Crystals 2024, 14, 100. https://doi.org/10.3390/cryst14010100 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst14010100
https://doi.org/10.3390/cryst14010100
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-9590-7403
https://orcid.org/0000-0003-0896-6400
https://orcid.org/0000-0001-7401-5019
https://doi.org/10.3390/cryst14010100
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14010100?type=check_update&version=2


Crystals 2024, 14, 100 2 of 24

various substances, for example, antibodies. These technologically-processed solutions can
then acquire novel long-lasting biological and physico-chemical properties compared both
to the non-treated substances and to the solvents [1–3]. These effects can depend on the
initial substance and on a targeted system [4]. In particular, it was previously shown that
the properties of water and water-based solutions processed with UHD technology are
changed [5–8]. Due to their acquired physical and chemical features, these solutions can
influence not only biological systems [9–12] but even inorganic functional materials [13].
For example, UHD technology has been shown to modify the functional characteristics
and porosity of the ceramic superconductor [14] and of the hot-pressed piezoelectric
material [15]. Therefore, it is quite possible that UHD solutions can also influence single-
crystalline structures. However, we failed to find in the available literature any information
about the attempts to apply UHD technology to such kinds of objects.

There is no general theory about what interactions that occurr during UHD treatment
cause these experimentally observable effects. However, a few possible explanations
do exist. In fact, mechanical impact on the solution can cause new properties through
a few possible mechanisms. Some authors [3,16] affirm that spontaneous formation of
nanoassociates takes place. Others show that nanobubbles can form in the solution due to
the effects of cavitation [17] and/or compression [18] of pre-existing microbubbles. These
nanobubbles might be captured by a crystal and sufficiently influence the structures of
highly organized crystals. Thirdly, it is possible that even highly diluted samples of some
substances can still carry meaningful amounts of those substances due to the effects of
flotation, where molecules are bound to the aforementioned nanobubbles [16,19]. These
effects can occur in many physical systems. They can have a number of profound effects
when the precise and exact properties of systems are of the utmost importance. For
example, it is known that nanobubbles affect cement hardening [20,21] and petroleum
properties [22–24].

The main aim of this research was to test the influence of UHD treatment of the initial
charges on the growth of single crystals from these charges and onto the properties of the
obtained crystals. We have chosen a Nd-doped MgMoO4 single crystal as the model object
due to the following reasons:

1. MgMoO4 crystal melts congruently, therefore, it can be easily grown by the simple,
fast and mature Czochralski technique. The first successful attempts to grow MgMoO4
single crystals by this technique were reported in 1963 [25] and 1966 [26]. Later, this
technique was successfully used for the growth of both undoped MgMoO4 crystals [27–29]
and of the crystals doped with Gd3+, Fe2+ [30], Yb3+ [27] and Tm3+ [31] ions. Moreover,
due to the rather low melting point of 1320 ◦C [32], the growth process can be performed
from Pt crucible in air. Thus, series of the crystals can easily be grown reproducibly within
a rather short period of time and without uncertainties in the growth atmosphere from
sample to sample within the series.

2. MgMoO4 crystal has two well-expressed cleavage planes along the (9 11 0) and
(11 9 0) crystallographic planes [27,33]. The cracks appearing in the crystal along these
planes, allowing for easy determination of the sample orientations with respect to the
crystallographic axes in order to perform the polarized spectroscopic studies of the crystals.

3. No rare-earth ions are involved in the composition of the MgMoO4 host. There-
fore, we can choose quite easily the batches of the starting materials, MgO and MoO3,
containing negligibly low concentrations of the accidental impurities of rare-earth ions
(see below). Otherwise, if we would choose a host containing rare-earth components in its
composition (e.g., YAG, YVO4, KGW, YLF, etc.), it will be a rather difficult problem to find
the commercially available batches of chemicals (Y2O3, YF3, Gd2O3, etc.) for a reasonable
price with low enough concentrations of the spectroscopically active rare-earths accidental
impurities (Nd, Er, Pr, Ce, etc.) because the chemical properties of all rare-earths are very
close. Therefore, their deep purification from each other is complicated. On the other
hand, the presence of such accidental impurities may distort the results of the spectroscopic
measurements.
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4. Nd-doped crystals possess a very bright and well-studied luminescence even
at rather low concentrations of the dopant, with an easily measurable lifetime at room
temperature. Therefore, Nd3+ ion is a very good spectroscopic probe.

5. The optical, spectroscopic [27,34–39] and some other [40–42] properties of undoped
MgMoO4 have been extensively studied at this moment. Some data are also available in
the literature on the spectroscopic properties of MgMoO4 crystals and powders or nanopar-
ticles doped with Yb3+ [27,43], Cr3+ [40,44], Tm3+ [31], Eu3+ [45,46], Eu3+, Dy3+ [47] and
Eu3+,Bi3+ [48] ions/ion pairs. The results of these studies have shown that MgMoO4 is in-
teresting for applications in scintillators [27,34], phosphors [37,46,49] and laser hosts [31,40].
Along with that, the MgMoO4 powder is widely used as a catalyst for the dehydrogenation
of saturated hydrocarbons [50,51]. Meanwhile, we have failed to find any information
about studies of Nd:MgMoO4 single crystals in the available literature. Therefore, our
present research should result in the obtaining of novel results, regardless of whether the
influence of charges’ UHD-treatment on the crystal growth properties will be found or not.

The structure of MgMoO4 (Figure 1) is monoclinic with the C2/m space group and the
2/m point group. The unit-cell parameters are: a = 10.273(3) Å, b = 9.288(3) Å, c = 7.025(2)
Å and β = 106.96◦ [52]. The structure is layered: the layers of two non-equivalent kinds
of MgO6 octahedra formed around Mg1 (Wyckoff: 4g) and Mg2 (Wyckoff: 4i) sites are
separated by the layers of two non-equivalent kinds of MoO4 tetrahedra. The neighbouring
MgO6 octahedra are connected by the shared edges. According to structure refinement and
electronic paramagnetic resonance (EPR) studies, the dopant RE3+ ions tend to replace the
host-forming cations Mg2+ in the sub-lattice Mg1 [30,48]. This is because of the stronger
distortion of the Mg1O6 octahedra and longer Mg1–O distances tolerating the difference in
the ionic radii between Mg2+ and considerably larger rare-earth ions, as compared to the
almost ideal Mg2O6 octahedra with shorter metal–oxygen interatomic distances.
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with permission from Ref. [35].

2. Materials and Methods
2.1. Starting Materials

For the charge synthesis we have used the following highly pure starting materials:
MgO (Sigma-Aldrich, Burlington, MA, USA), MoO3 (Lankhit Ltd., Moscow, Russia) and
Nd2O3 (Nd-E, OST 48-200-81 post-box M 5998, former USSR). Firstly, we have measured
the actual accidental impurity compositions of MgO and MoO3 by inductively-coupled
plasma mass-spectrometry (ICP MS) analysis. The measurements were performed on a
NexION 300D inductively coupled plasma mass spectrometer (PerkinElmer Inc., Waltham,
MA, USA) using the kinetic energy discrimination mode. The TotalQuant method [53] was
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used for the determination of the concentrations of 65 chemical elements. The standard
solutions (PerkinElmer Inc., Shelton, CT, USA) were used for calibration. The results of
the measurements are presented in Figure 2. The data for Mg, Mo and the elements with
concentrations below 1×10−8 wt.% (0.1 ppb) are omitted in both diagrams. Along with
that, Ti and Cd concentrations in MoO3 cannot be measured by ICP MS analysis because of
the interference of the signals of these ions with those of Mo2+ and MoO+ ions, respectively.
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Figure 2. Accidental impurity compositions of MgO (upper) and MoO3 (lower) starting materials
used in the research. The filled bars indicate the concentrations of the detected elements, while the
empty bars indicate the detection limits for the elements with the concentrations below these limits.

Figure 2 shows that among the optically active rare-earth accidental impurities, the
highest concentration was 4 × 10−6 wt.% (for cerium ion in MgO). We believe that such
concentrations cannot substantially change the spectroscopic properties of the Nd3+ dopant
in the grown Nd:MgMoO4 crystals. Along with that, some 3D-impurities were revealed
in the chemicals. For example, iron had a concentration of 1.6 × 10−3 wt.% which, in
principle, may influence the spectroscopic results.

For Nd2O3 starting material, the measurement of the actual impurity composition was
not performed. The purity declared by the supplier was “4N”.

2.2. Charges Preparation and UHD Treatment

To prepare the charges for crystal growth, the starting materials were dried before
weighing. For drying, MoO3 and Nd2O3 were put into new corundum crucibles with
covers. The drying was performed in an EKPS-10/1250 SPU 4107 muffle furnace (Russia)
at 700 ◦C for 5 h. The drying of MgO was performed at 1250 ◦C for 5 h, and the chemical
was put into a platinum cup with a cover.

After drying, the required amounts of MgO and MoO3 were weighed on an Adven-
turer AX523 electronic analytical balance (OHAUS, Parsippany, NJ, USA) with a precision
of 0.001 g to obtain the basic batch Bo of the undoped MgO + MoO3 mixture with a total
weight of 350 g (Figure 3). This batch was then put into a new polypropylene container
and thoroughly blended with the help of a Multi RS-60 mixer-rotator (BioSan, Latvia). This
batch was then used for synthesis of all 10 Nd:MgMoO4 crystalline samples.
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In particular, a part of the Bo basic batch containing 245 g (enough for the growth of
7 crystals) denoted as the batch BNd was then doped by Nd3+ (1 at. % in respect to Mg)
by addition of the appropriate amount of Nd2O3. The obtained mixture was thoroughly
blended again. The rest of the Bo basic batch containing 105 g (enough for 3 crystals),
denoted as the batch Bu, temporarily remained undoped (Figure 3). Then, a part of BNd
batch, denoted as BNd-c (totally 140 g, enough for 4 crystals) was calcined at 700 ◦C for
5 h simultaneously with the Bu batch (in the same furnace but in different containers) to
perform a solid phase synthesis of the compound.

Next, part of the calcined BNd-c batch was divided into two equal parts, which were
used for the growth of crystals 1 and 10 without any additional procedures (hereafter,
charges 1 and 10). The rest of BNd-c batch was also divided into two equal parts, which have
undergone two different types of special treatment (see below). After the treatments, they
were used for growth of the crystals 5 and 6 (charges 5 and 6, respectively). See Figure 3.

The rest of the BNd batch (totally 105 g) was divided into three equal parts, which
have undergone three different types of special treatment. After the treatments, they were
simultaneously (but in separate new corundum crucibles) calcined at 700 ◦C for 5 h to
perform a solid-phase synthesis of the compound. The obtained three batches (charges 2, 3
and 4) were used for the growth of the crystals 2, 3 and 4, respectively.

Finally, the Bu batch containing the calcined undoped charge was divided into three
equal parts. Each of these parts was then doped with a corresponding portion of Nd2O3.
Each portion of Nd2O3 was preliminarily subjected to a different type of special treatment.
The obtained batches of the charge (charges 7, 8 and 9) were then used for growth of
Nd:MgMoO4 crystals 7, 8 and 9. The procedures for preparation of the charges for growth
of the studied crystals are summarized in Figure 3.

Special treatments of the charges were performed by OOO “NPF “MATERIA MEDICA
HOLDING.” Three different types of special treatment were used. The principles of these
treatments are similar to the ones described in detail in [54]. It is briefly summarized below.

Treatment type 1 is UHD treatment. It included mixing the charge (65 g) with 30 g of
an ultra-highly diluted water-ethanol (36.7%) solution of the same charge. In the case of
charge 7, only the dopant was treated by UHD (see Figure 3). In this case, 2 g of Nd2O3
powder were mixed with 1.3 g of ultrahigh water-ethanol dilution of Nd2O3. After mixing,



Crystals 2024, 14, 100 6 of 24

the obtained suspensions were stirred with a glass rod until homogeneity was reached and
then dried at 35 ◦C for at least 6 h until the liquid completely evaporated.

Treatment type 2 included mixing the charge (or Nd2O3, in the case of charge 8) with
the technologically processed (see below) water-ethanol solution, instead of the ultrahigh
water-ethanol dilution of the charge (Nd2O3) as was conducted during type 1 of special
treatment. Treatment type 3 included mixing of the charge (or Nd2O3, in the case of charge
9) with a simple (non-processed) water-ethanol solution. All the following procedures
(stirring, drying) were the same for all three types of treatment. The treatment types 2 and 3
are control treatments. They were aimed at distinguishing the impact of the UHD treatment
and interaction of water-ethanol solution itself with the charges or with their components.

The preparation of UHD of the charge (or dopant) was performed according to the
following procedure. Since the charge-forming oxides (MgO, MoO3, Nd2O3) are insoluble
in a water-ethanol solution, the first three steps of sequential decrease in their concentrations
(centesimal dilutions) were performed by grinding 1 g of the powders in an agate mortar
with SuperTab 30 GR α-lactose monohydrate (α-C12H22O11·H2O) powder (DFE Pharma,
Goch, Germany). After such, three centesimal dilutions were performed, and the resulting
solid mixture was added to the solvent (an ethanol-water solution) at a ratio of 1:100 by
weight and underwent an intensive vibration treatment to produce the fourth centesimal
dilution. The subsequent 46 centesimal dilutions were performed using the same procedure.
The theoretical concentration reduction of the initial precursor powder mixture was at least
1 × 1024 times.

For treatment type 2, the technological processing of the water-ethanol solution of
α-lactose monohydrate (without charges or Nd2O3, in contrast to type 1 of UHD treatment)
was its 50th sequential centesimal dilutions in a water-ethanol solution.

The preparation of solutions and wetting of powders was performed at room
temperature in a laminar flow cabinet under clean conditions to prevent environmental
contamination.

The charges 1 and 7–10, prepared from BU and BNd-c batches (without a treatment
of the host components), were slightly aggregated after calcining. After grinding in an
agate mortar, these charges started to appear as loose grey-coloured powders with a minor
amount of small yellowish clumps. The charges 5 and 6 made from BNd-c batch and
treated after calcining contained quite solid pale bluish-grey aggregates with sizes of up
to several millimeters. The charges 2–4 made from BNd batch and UHD-treated before
calcining contained similar aggregates, but their colour was yellowish. We assume that
these differences reflect some changes in the compositions of charges.

3. Results and Discussion
3.1. Crystal Growth, the Actual Crystals Compositions and XRD Studies

The crystals were grown by the Czochralski technique in a “Kristall-2” growth machine
(USSR) with RF-heating from Pt/Rh crucible (30 mm in diameter and in height) in air
ambient. Prior to the start of the growth process of each crystal, the hot crucible was
filled by a charge with pre-melting. This step was performed without the upper part of
thermal shields.

Pre-melting behaviour of the charges appeared to be different depending on the
procedure for charge preparation; all the charges, except 5 and 6, were melted easily and
completely without any problems at reasonable levels of RF-heater power.

Another situation was observed during the pre-melting of the charges 5 and 6 (the
only charges calcined before the UHD treatment) (see Figure 3): after easy melting of the
charges, a refractory crust was formed at the surfaces of the melts. This suggests some
underheating of the melt or precipitation of a second solid phase with comparatively low
density from the melt. On the other hand, under this crust, we observed the intensive
melt flows through the holes in the crust. Moreover, in case of charge 6 we observed
pronounced evaporation from the melt surface, meaning that the melts under the crust
were considerably overheated. However, the attempts to submerge the crust by pushing it
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down into the melt using Pt wire have resulted in fast crystallization of a part of the melt at
this wire (in case of the charge 5). Some increase of RF-heating power (within its reasonable
values) resulted only in partial melting of this crust.

After pre-melting and filling the crucible with a charge, it was cooled down to room
temperature. Single-crystalline seed cut from undoped MgMoO4 was mounted at the
upped stock of the growth machine, and the upper set of thermal shields were installed
above the crucible with a frozen melt. The construction of this shield set contains an
additional active resistive heater with the temperature control by thermocouple. It allows
for the smoothening of the thermal gradients inside the hot growth zone, and for the
organizing of the slow (8 ◦C/h) cooling of the grown crystal to room temperature after
finishing the growth process and switching off the main RF-heater.

Before seeding, all the pre-molten charges were completely melted, obtaining a free,
mirror-smooth melt surface. We succeeded to achieve such a surface even in the cases of
melts 5 and 6 because the additional active resistive heater in the upper part of the thermal
shields helped the main RF-heater to heat the melts more uniformly. Only after achieving
the mirror-smooth melt surface was a seeding conducted.

Rather often, at various stages of the growth processes, numerous dark, suspension-
like formations appeared at the melt surfaces. These formations are most certainly con-
glomerates of second solid phase precipitates. From this point on, these formations are
designated as “mush.” This “mush” was actively captured by the lateral surfaces of the
crystals with the formation of the inclusion-containing areas (Figures 4 and 5). This process
destabilized the crystals diameters (Figure 4). Bulk parts of the crystals were almost free
from such areas. Therefore, we can conclude that the “mush” fragments were floating near
the melt surface rather than distributed uniformly in the bulk of the melt. The “mush”-
capturing areas microscopically looked as multiple faceted particles with an amber colour
and sizes of up to 0.1 mm dispersed in the main transparent light-yellow crystallite phase
(Figure 5).

Crystals 2024, 14, x FOR PEER REVIEW 7 of 25 
 

 

Pre-melting behaviour of the charges appeared to be different depending on the pro-
cedure for charge preparation; all the charges, except 5 and 6, were melted easily and 
completely without any problems at reasonable levels of RF-heater power. 

Another situation was observed during the pre-melting of the charges 5 and 6 (the 
only charges calcined before the UHD treatment) (see Figure 3): after easy melting of the 
charges, a refractory crust was formed at the surfaces of the melts. This suggests some 
underheating of the melt or precipitation of a second solid phase with comparatively low 
density from the melt. On the other hand, under this crust, we observed the intensive melt 
flows through the holes in the crust. Moreover, in case of charge 6 we observed pro-
nounced evaporation from the melt surface, meaning that the melts under the crust were 
considerably overheated. However, the attempts to submerge the crust by pushing it 
down into the melt using Pt wire have resulted in fast crystallization of a part of the melt 
at this wire (in case of the charge 5). Some increase of RF-heating power (within its rea-
sonable values) resulted only in partial melting of this crust. 

After pre-melting and filling the crucible with a charge, it was cooled down to room 
temperature. Single-crystalline seed cut from undoped MgMoO4 was mounted at the 
upped stock of the growth machine, and the upper set of thermal shields were installed 
above the crucible with a frozen melt. The construction of this shield set contains an addi-
tional active resistive heater with the temperature control by thermocouple. It allows for 
the smoothening of the thermal gradients inside the hot growth zone, and for the organ-
izing of the slow (8 °C/h) cooling of the grown crystal to room temperature after finishing 
the growth process and switching off the main RF-heater. 

Before seeding, all the pre-molten charges were completely melted, obtaining a free, 
mirror-smooth melt surface. We succeeded to achieve such a surface even in the cases of 
melts 5 and 6 because the additional active resistive heater in the upper part of the thermal 
shields helped the main RF-heater to heat the melts more uniformly. Only after achieving 
the mirror-smooth melt surface was a seeding conducted. 

Rather often, at various stages of the growth processes, numerous dark, suspension-
like formations appeared at the melt surfaces. These formations are most certainly con-
glomerates of second solid phase precipitates. From this point on, these formations are 
designated as “mush.” This “mush” was actively captured by the lateral surfaces of the 
crystals with the formation of the inclusion-containing areas (Figures 4 and 5). This pro-
cess destabilized the crystals diameters (Figure 4). Bulk parts of the crystals were almost 
free from such areas. Therefore, we can conclude that the “mush” fragments were floating 
near the melt surface rather than distributed uniformly in the bulk of the melt. The 
“mush”-capturing areas microscopically looked as multiple faceted particles with an am-
ber colour and sizes of up to 0.1 mm dispersed in the main transparent light-yellow crys-
tallite phase (Figure 5). 

  
(a) (b) 

Figure 4. Photos of crystal 1 with numerous “mush” captures (a) and of crystal 3 with no “mush” 
captures [31] (b). 

We believe that the above-noted refractory crust, formed at the surfaces of the melts 
5 and 6 during pre-melting of the charges, has the same nature as the “mush.” We at-
tempted to analyze the phase compositions of these inclusions by X-ray powder diffrac-
tion (XRD) analysis using a Bruker D8 Discover A25 DaVinci X-ray diffractometer over a 

Figure 4. Photos of crystal 1 with numerous “mush” captures (a) and of crystal 3 with no “mush”
captures [31] (b).

Crystals 2024, 14, x FOR PEER REVIEW 8 of 25 
 

 

2θ range of 10–70°, with a step size of 0.02° and step exposure time of 1.5 s. In fact, some 
of the XRD pattern appeared to contain the reflexes that are barely recognizable as origi-
nating from the main MgMoO4 crystalline phase (JCPDS file 21-0961 Figure 6, yellow ar-
rows) or cannot be identified as the main phase at all (Figure 6, red arrows). 

 
Figure 5. Optical microscope image of part of the crystal 1 containing “mush” capture. 

 

 

Figure 6. Examples of the XRD patterns of the samples 10 (upper) and 2 (lower) containing the 
second phases, in comparison to the one for the sample 3 free from the second phases. Yellow arrows 
are, presumably, the reflexes of second crystalline phases; red arrows are certainly the reflexes of 
second crystalline phases. 

Figure 5. Optical microscope image of part of the crystal 1 containing “mush” capture.



Crystals 2024, 14, 100 8 of 24

We believe that the above-noted refractory crust, formed at the surfaces of the melts 5
and 6 during pre-melting of the charges, has the same nature as the “mush.” We attempted
to analyze the phase compositions of these inclusions by X-ray powder diffraction (XRD)
analysis using a Bruker D8 Discover A25 DaVinci X-ray diffractometer over a 2θ range of
10–70◦, with a step size of 0.02◦ and step exposure time of 1.5 s. In fact, some of the XRD
pattern appeared to contain the reflexes that are barely recognizable as originating from the
main MgMoO4 crystalline phase (JCPDS file 21-0961 Figure 6, yellow arrows) or cannot be
identified as the main phase at all (Figure 6, red arrows).
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second phases, in comparison to the one for the sample 3 free from the second phases. Yellow arrows
are, presumably, the reflexes of second crystalline phases; red arrows are certainly the reflexes of
second crystalline phases.

The majority of the observed lateral reflexes are rather weak in the majority of the
samples and we failed to ascribe them unequivocally to any particular second phase.
Moreover, the sets of the unidentified reflexes differ from sample to sample.

We also measured the actual composition of the obtained crystals. The measurements
were performed by inductively coupled plasma mass spectrometry (ICP-MS) using an
Elan DRC-e mass-spectrometer (Perkin Elmer, Shelton, CT, USA). For the analysis, the
samples ground into powders beforehand were dissolved in an extra-pure phosphoric acid
(Suprapur, Merck, Darmstadt, Germany) at temperatures of up to 400 ◦C.

A set of 5 samples were taken from different parts of each boule for analysis, thus,
a total of 50 samples were analyzed (the results are presented in Table 1 and discussed
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below). Along with that, an additional set of samples was taken from the areas of the
“mush” captured at the lateral surface of crystal 6. The resulting “total” concentration
of Mg2+ ions in this additional set appeared to be 1.13 ± 0.09 f.u., whereas the “total”
content of Mo6+ ions appeared to be 0.96 ± 0.03 f.u. (Table 1, the last separate row ‘6-
mush’). The term “total” means that the ICP-MS method cannot measure separately the
compositions of different crystalline (or vitreous) phases if they are jointly present in the
probe. This method measures only the total amount of each chemical element in the
dissolved probe, independently to the type of microparticle, from which the atom has come
into the probe solution.

Table 1. Cation concentrations in crystals, measured by ICP-MS.

Sample # Mg Concentration, f.u. Mo Concentration, f.u. Mg/Mo Molar Ratio

1 0.993 ± 0.008 1.002 ± 0.003 0.984 ± 0.004

2 0.979 ± 0.003 1.005 ± 0.001 0.974 ± 0.004

3 0.982 ± 0.002 1.005 ± 0.001 0.977 ± 0.003

4 0.981 ± 0.002 1.0055 ± 0.0004 0.976 ± 0.002

5 0.980 ± 0.003 1.005 ± 0.001 0.975 ± 0.004

6 0.979 ± 0.007 1.005 ± 0.001 0.974 ± 0.009

7 0.982 ± 0.001 1.0054 ± 0.0003 0.977 ± 0.002

8 0.983 ± 0.002 1.005 ± 0.001 0.979 ± 0.003

9 0.984 ± 0.002 1.005 ± 0.001 0.979 ± 0.002

10 0.986 ± 0.004 1.004 ± 0.001 0.982 ± 0.005

6-“mush” 1.13 ± 0.09 0.96 ± 0.03 1.2 ± 0.1

The typical concentrations of Mg2+ ions in the single-phase MgMoO4 crystalline
samples are ~0.98 f.u., whereas the ones for Mo6+ ions are ~1.005 f.u. (see Table 1). Therefore,
the “mush” capturing areas of crystal 6 contain ~15% of Mg2+ excess and ~5% of Mo6+

deficiency as compared to the inclusion-free areas of the crystals (including crystal 6).
From this result we can conclude that “mush”-forming areas are the mixtures of the main
MgMoO4 crystalline phase and the inclusions of MgO or of a so far unknown magnesium
molybdate phase with the MgO:MoO3 molar ratio exceeding 1:1. Such phases are not
mentioned in the MgO-MoO3 phase diagram (Figure 7).
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There is an additional indirect confirmation of this conclusion: the density of MgO at
room temperature is 3.58 g/cm3 [55], less than the density of MgMoO4 (3.87 g/cm3 [56]).
Unfortunately, the data on the similar values at 1322 ◦C, as well as on the density of
MgMoO4 melt, are unavailable. However, if the ratios between the densities at high
temperatures are similar to those at room temperature, then the solid MgO (or another
Mg-enriched) inclusions should float near the MgMoO4 melt surface. This exact situation
was observed.

The “mush” formation behaviour of the melts during crystal growth strongly depends
on the procedure of the charges’ preparation. In the case of charges 5 and 6 (treated after
the calcining), the “mush” started to form immediately after a crystal neck formation under
the influence of a very slight reduction of the RF heating power, performed for starting
the increase of a crystal diameter. However, after some period of growth, the “mush”
disappeared without any evident additional external impact (captured by the crystal with
no formation of new portions of the “mush” inside a melt), and the final stages of the
crystals were grown from clear melt surfaces.

The opposite situation was observed for the crystals grown from the charges, the main
components of which did not undergo any treatment (charges 7, 9 and 10), as well as for the
crystal grown from charge 4, which was only mixed with standard water-alcohol solution
(control). In these cases, the starting and quite substantial parts of the crystals were grown
from clear melt surfaces. The “mush” started to form only after some time during the
nominal growth process. However, once it appeared, the “mush” did not go away until the
end of the growth.

Finally, the charges that were treated by UHD before calcining (charges 2 and 3)
demonstrated no “mush” formation during the growth process.

There were only two exceptions to this regularity:
1. charge 1, which behaves like the UHD treated charges after calcining (5 and 6),

although this charge was not treated at all;
2. charge 8, behaving like the charges whose main host components were treated

before calcining (2 and 3), although the host components of this charge were not treated at
all (only the dopant was treated);

As seen from Table 1, the actual molybdenum concentration is almost stable all over
the crystals, and it is in slight excess over the stoichiometry. On the contrary, magnesium is
in a deficiency in all of the studied crystals, but the extent of this deficiency varies from
sample to sample within the essential range. The highest Mg2+ concentrations (the smallest
deficiencies) are in the crystals 1 and 10, which were grown from the stoichiometric charges
prepared without any treatment. All the rest of the crystals that were treated have larger
Mg2+ deficiency in their compositions.

As seen from the MgO-MoO3 phase diagram (Figure 7), MgMoO4 melts congruently
at a temperature slightly exceeding 1330 ◦C. The precise melting point of MgMoO4 crystal
doped with a very low amount of Tm3+ ions was determined by DTA to be 1322 ◦C [32].
However, the available phase diagram does not contain any information either about the
precise congruently melting composition (CMC) of magnesium molybdate or about the
MgMoO4 homogeneity field in the crystalline state. Meanwhile, based on the measured
compositions of crystals and on the revealed “mush” behaviour of the melts during crystal
growth, we can make some assumptions on these issues while keeping the following facts
in mind:

(i) The Czochralski crystal growth process is not a phase equilibrium.
(ii) 1 at. % of Nd3+ in the melts may have some influence on the situation (on the

contrary, the actual Nd3+ concentrations in the crystals are negligible from the point of
view of the possibility to change anything in phase diagrams, see below);

(iii) a single-crystalline MgMoO4 seed touching the melt surface may also have some
influence on the situation.
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The probable assumptions are as follows (the corresponding supposed view of the
vicinity of the MgMoO4 stoichiometry point at the MgO-MoO3 phase diagram is presented
in the upper panel of Figure 8):
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Figure 8. Supposed view of the vicinity of the MgMoO4 stoichiometry point in the MgO-MoO3 phase
diagram (two versions). Violet line is the supposed tentative shape of the boundaries of MgMoO4

homogeneity field. Explanation of the experimental points colors is in the main text.

1. We assume crystals 4, 7, 9 and 10 (blue points in the Figure 8) with the actual
Mg/Mo molar ratios equal to or exceeding 0.976 were grown from the melts enriched
by MgO with respect to the CMC. On the other hand, the charges of these crystals have
undergone very slight treatment (charge 4 was only wetted by simple, non-treated water-
alcohol solution without any dilutions, whereas for charges 7 and 9, only the dopant was
treated, see Figure 3) or had no treatment at all. Thus, it is reasonable to assume that the
initial compositions of the melts 4, 7, 9 and 10 are the closest ones to MgMoO4 stoichiometry.
Therefore, the CMC for MgMoO4 crystal is in the range of slight MoO3 excess and MgO
deficiency in respect to the stoichiometric molar ratio 1:1. In this case, the melt compositions
4, 7, 9 and 10 should gradually shift from their initial values towards deeper enrichment
in MgO during the crystallization process, especially taking into account that slow MoO3
evaporation from the melt occurred both during the growth process and during the pre-
melting of the charges in the crucible. Due to this shift, the melts should reach the vicinity
of the MgMoO4 + MgO eutectic point after some period of time, taking into account that
this eutectic point is not very far from the MgMoO4 stoichiometry point (see Figure 8).
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This should result in the simultaneous crystallization of MgMoO4 and MgO phases. This
situation was probably observed in reality as the “mush” formation.

The actual composition of crystal 1 has larger MgO concentrations than crystals 4, 7, 9
and even 10 (see Table 1). Similarly to sample 10, its initial charge corresponded to MgMoO4
stoichiometry without any treatment. However, the melt of sample 1 was rather strongly
overheated during pre-melting. It could lead to substantial MoO3 evaporation. Thus, we
assume that melt 1 probably had an even higher degree of MgO enrichment with respect
to the CMC point than melt 10. Therefore, it should shift towards the MgMoO4 + MgO
eutectic point faster during the growth process and reach the vicinity of this point in
a shorter period of time than melts 4, 7, 9 and 10. In fact, the “mush” appears almost
immediately after the start of the growth of crystal 1.

On the other hand, we assume that crystals 2, 3 and 8 (green points in Figure 8) were
grown from the melts enriched by MoO3 with respect to the CMC. Thus, the compositions
of their melts should gradually shift towards even larger MoO3 excess during the growth
process. However, such a shift is unlikely to result very quickly in starting the precipitation
of MoO3-enriched secondary phases because the MgMoO4 primary crystallization field
is quite far into MoO3 zone (see Figure 7). This exact situation was observed in reality:
neither “mush” formation in the melts nor any secondary phase precipitation in crystals 2,
3 and 8 occurred.

Therefore, the Mg/Mo atomic ratio corresponding to the CMC of MgMoO4 crystal
should be slightly lower than the actual composition of crystal 4, i.e., <0.976.

2. The range of retrograde solubility exists in the MgO-enriched boundary of the
MgMoO4 homogeneity field (solidus line) and the actual compositions of crystals 5 and
6 (red points in Figure 8) are located in this range. The initial melt compositions of these
samples are probably quite strongly enriched in MgO (more so than melt 1) and are already
in the vicinity of the MgMoO4 + MgO eutectic at the starting stage of the growth. That
is why the “mush” appears just at the start of the growth of these crystals. After some
time, the continuous capturing of “mush” by the crystal leads to the removal of some
MgO from the melt, a shift of the total melt composition away from the vicinity of the
MgMoO4 + MgO eutecti, and, therefore, to the cessation of the formation of new “mush”
portions. However, due to the retrograde solubility, the actual compositions of crystals
5 and 6 have lesser MgO concentrations compared to crystal 1 and, even, compared to
crystals 4, 7, 9 and 10, despite fact that the melts 5 and 6 had larger concentration of MgO,
at least at the first stages of the growth.

3. The MoO3-enriched boundary of the MgMoO4 homogeneity field probably has
also rather complicated shape, as tentatively indicated in Figure 8 (upper panel). That
is why the actual compositions of crystals 2 and 3 have very minor differences with the
ones for crystals 4 and 7 (see Table 1), whereas the composition of crystal 8 is even slightly
MgO-enriched in respect to those of crystals 4 and 7, despite the initial melt compositions
for crystals 2, 3 and 8 being (as we assume) MoO3-enriched in respect to the CMC.

Another possible explanation is that the actual composition of crystal 8 is shifted
towards the MoO3-enriched side, whereas the actual compositions of crystals 4 and 7 are,
on the contrary, shifted towards the MgO-enriched side from the corresponding average
values given in Table 1 within the limits of the measurement errors (see Figure 8 lower
panel). The measurements of the unit cell parameters support this version, as can be seen
below. In this case, we can build the supposed MoO3-enriched boundary of the MgMoO4
homogeneity field with a much simpler and traditional shape, whereas the Mg/Mo atomic
ratio corresponding to the CMC should be ~0.977–0.978 in this version.

We have performed an additional XRD analysis to reveal the unit cell parameters of
the crystals. For these measurements we ground six pieces taken from different defect-free
areas of each sample. TOPAS (Total Pattern Analysis Solutions) software Version 8 was
used for the calculations by the Rietveld method. The file with the theoretical structure
model of MgMoO4 crystal from the Crystallography Open Database [57] was used as the
starting approximation. The revealed unit cell volumes of all the crystals are presented in
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Figure 9. The samples on the chart are arranged along the horizontal axis sequentially as
their unit cell volume increases.

Crystals 2024, 14, x FOR PEER REVIEW 13 of 25 
 

 

values given in Table 1 within the limits of the measurement errors (see Figure 8 lower 
panel). The measurements of the unit cell parameters support this version, as can be seen 
below. In this case, we can build the supposed MoO3-enriched boundary of the MgMoO4 
homogeneity field with a much simpler and traditional shape, whereas the Mg/Mo atomic 
ratio corresponding to the CMC should be ~0.977–0.978 in this version. 

We have performed an additional XRD analysis to reveal the unit cell parameters of 
the crystals. For these measurements we ground six pieces taken from different defect-
free areas of each sample. TOPAS (Total Pattern Analysis Solutions) software Version 8 
was used for the calculations by the Rietveld method. The file with the theoretical struc-
ture model of MgMoO4 crystal from the Crystallography Open Database [57] was used as 
the starting approximation. The revealed unit cell volumes of all the crystals are presented 
in Figure 9. The samples on the chart are arranged along the horizontal axis sequentially 
as their unit cell volume increases. 

 
Figure 9. Unit cell volumes of the studied Nd:MgMoO4 crystals. Colours of the experimental points 
are the same as in Figure 8. Violet and pink lines are the values of MgMoO4 and MgMoO4:0.1 at. % 
Tm unit cell volumes, according to JCPDS file 21-0961 and [31], respectively. 

The values of the unit cell volumes appear to correlate with the “mush” behaviour of 
the melts during the growth and (to some extent) with the Mg/Mo atomic concentration 
ratios in the actual measured compositions of the crystals. The largest and rather stable 
values of the unit cell volume were revealed for crystals 2, 3 and 8, during the growth of 
which no “mush” appeared at all (green diamonds, Figure 9). Along with that, the actual 
compositions of crystals 2 and 3 are among the most deficient in MgO, as shown in Table 
1. Moreover, according to our assumption (see above), the actual composition of crystal 8 
is shifted towards the MoO3-enriched side from the average value given in Table 1 (see 
Figure 8 lower panel) and in fact, this composition is also among the most MgO-deficient. 

As can also be seen from Figure 9, the statistical errors in the unit cell parameters 
determination are comparatively small for the “mush”-free samples, labeled by green 
points in Figures 8 and 9. This may be evidence of the high uniformity of chemical com-
positions of the crystals. It means that the MoO3-enriched boundary of the MgMoO4 crys-
tal homogeneity field lies almost vertically in the MgO-MoO3 phase diagram (Figure 8). 
Therefore, the crystals grown from MoO3-enriched melts (with respect to the CMC) have 

Figure 9. Unit cell volumes of the studied Nd:MgMoO4 crystals. Colours of the experimental points
are the same as in Figure 8. Violet and pink lines are the values of MgMoO4 and MgMoO4:0.1 at. %
Tm unit cell volumes, according to JCPDS file 21-0961 and [31], respectively.

The values of the unit cell volumes appear to correlate with the “mush” behaviour of
the melts during the growth and (to some extent) with the Mg/Mo atomic concentration
ratios in the actual measured compositions of the crystals. The largest and rather stable
values of the unit cell volume were revealed for crystals 2, 3 and 8, during the growth of
which no “mush” appeared at all (green diamonds, Figure 9). Along with that, the actual
compositions of crystals 2 and 3 are among the most deficient in MgO, as shown in Table 1.
Moreover, according to our assumption (see above), the actual composition of crystal 8
is shifted towards the MoO3-enriched side from the average value given in Table 1 (see
Figure 8 lower panel) and in fact, this composition is also among the most MgO-deficient.

As can also be seen from Figure 9, the statistical errors in the unit cell parameters
determination are comparatively small for the “mush”-free samples, labeled by green
points in Figures 8 and 9. This may be evidence of the high uniformity of chemical
compositions of the crystals. It means that the MoO3-enriched boundary of the MgMoO4
crystal homogeneity field lies almost vertically in the MgO-MoO3 phase diagram (Figure 8).
Therefore, the crystals grown from MoO3-enriched melts (with respect to the CMC) have
nearly the same actual compositions and, correspondingly, very close unit cell parameters,
independent of the particular amount of MoO3 excess in the melt.

Samples 5 and 6, red diamonds (during the growth of which the “mush” appeared
at the starting stage and then disappeared by itself, see above) can also be tentatively
assigned to this group. The actual compositions of these crystals are also among the most
MgO-deficient (see Table 1) although, according to our assumptions, their compositions
lie at the MgO-enriched boundary of the MgMoO4 homogeneity field (Figure 8). These
crystals also have the largest unit cell parameters, comparable with those for crystals 2, 3
and 8. Thus, we can certainly conclude that the largest MgO deficiency in the MgMoO4
crystal composition provides the largest unit cell parameters of the crystal.
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However, in contrast to “green” samples 2, 3 and 8, “red” crystals 5 and 6 are charac-
terized by substantial variations in the unit cell volumes at different areas of a sample. We
assume that this reflects the fact that beginning parts of these samples were crystallized
from quite strongly magnesium-enriched melts. However, then the “mush” was captured
by the crystal surface and a significant part of MgO has left the melts. Therefore, the further
portions of the crystals were already solidified from the melts with another less MgO-
enriched composition, which should lead to changes in the actual crystal compositions.
Thus, the actual compositions of different parts of crystals 5 and 6 are slightly different from
each other. These differences also reflect a rather strong spread in the unit cell parameters.

Finally, the crystals 4, 7, 9 and 10 (blue diamonds) grown from the initially clear melts
with the appearance of “mush” after some period of time, as well as crystal 1 (red diamond),
are characterized by essentially lower unit cell parameters than the rest of the samples.
Substantial variations in the unit cell volumes are observed for this group. The variations
occur both from sample to sample and within different areas of each sample.

According to our assumptions, all these crystals were solidified from the MgO-
enriched melts with respect to the CMC, but within a normal (not retrograde) solubility
range. The actual compositions of these samples have the least Mg2+ deficiency with respect
to the stoichiometry, and obviously, they have the least content of magnesium vacations
compared to other crystals. Thus, we can conclude that the size of Mg2+ ion is smaller than
the “size” of Mg vacancy. A similar situation was earlier found for Scheelite-like molybdate
crystals [58–60].

Furthermore, we suppose that the solidification of crystals 1, 4, 7, 9 and 10 was
accompanied by a comparatively strong shift of the melt compositions and, obviously, of
the crystal compositions, like in the case of crystals 5 and 6. Thus, rather strong spreads in
the unit cell parameters inside each sample of this group are explainable.

Note that the unit cell volumes of crystals 1 and 10, grown from the same stoichiometric
charge completely without any treatment, coincide with each other within the measurement
error limits. Moreover, they are very close to the literature data for MgMoO4 (the JCPDS
file 21-0961) and for MgMoO4:0.1 at. % Tm crystal [32] (Figure 9, violet and pink lines,
correspondingly).

It is clear from the results presented above that the different procedures for the charge
preparation (different sequence of the procedures of UHD treatment and calcining) result in
different shifts of the starting melt compositions towards different sides from the MgMoO4
CMC. This leads to different “mush” behaviour of the melts and to crystals with slightly
different actual compositions and unit cell parameters.

We have also grouped the crystals by the type of components that were treated by
UHD and by sequence of the procedures of UHD treatment and calcining (whole charge
treatment before calcination 2, 3, 4; whole charge treatment after calcination 5, 6; Nd2O3
treatment 7, 8, 9) and then checked for statistically significant differences in unit cell
parameters within each a group. Comparisons within the groups were carried out using
analysis of variance followed by pairwise comparison of groups using Student’s t-test with
the Kruskal–Wallis correction followed by Dunn’s test. The comparison has resulted in the
following pairs: samples 2 and 4 (control) differ in parameters a, b and V; sample 7 differs
from sample 8 (control) in a, β, V as well as from 9 (control) in a and V. No other differences
were found to be statistically significant between those groupings. These results show that
only UHD-treated charges have statistically different unit cell parameters of the grown
crystals, which underlines the possible modifying effects of UHDs of charges.

The observed changes may have the same explanation, as suggested by others [16]:
after the technical preparation of UHD solution, aggregates of highly diluted initial sub-
stances connected to gas nanobubbles may form, which can be retained after repeated
dilutions due to the flotation effect [18].
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3.2. Actual Nd3+ Concentration and Optical Absorption Spectra

Along with the measurements of the actual Mg and Mo concentrations in the samples,
the contents of Nd3+ and of some accidental impurities in the crystals was also measured.
For the majority of the impurities, the measurements were performed by ICP-MS simul-
taneously with the measurements of Mg and Mo concentrations. For some impurities
(e.g., potassium) the refining measurements were also carried out by atomic emission
spectroscopy with inductively coupled plasma (ICP-AES) using an of iCAP 6300 duo
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). A set of the multi-element
standards (High-Purity Standards, Charleston, SC, USA) was used for calibration.

The measured Nd concentrations are presented in Figure 10. Among the revealed
accidental impurities, one should especially mention potassium. Its concentrations are also
given in Figure 10.
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Figure 10. Measured concentrations of Nd3+ and K+ ions in the crystals. Colours of neodymium
points are the same as they are for the corresponding samples in Figures 8 and 9; colours of potassium
points designate the types of treatment of the charges, and they correspond to the colours of blocks in
Figure 3.

The special interest in potassium accidental impurity is due to the fact that the substi-
tution of Mg2+ ion for Nd3+ is heterovalent in the MgMoO4 lattice and the effective excess
positive charge appears in the crystal during such a substitution. It requires a compensation
of charge. If no special charge compensator is introduced into the lattice along with Nd3+

(as in our case), such compensation occurs in the crystal via the formation of some own
non-stoichiometry charged defects—probably magnesium vacancies—according to the
following quasi-chemical equation (Kröger-Vink notations):

3MgMg
× + Nd2O3 = 2NdMg

• + VMg
′′ + 3MgO (1)

where MgMg
× is magnesium ion in its regular site without any effective excess charges,

NdMg
• is neodymium ion in the magnesium site with the effective excess positive charge

and VMg
′′ is magnesium vacancy with a double effective excess negative charge.

The formation of additional point defects (like magnesium vacancies) in crystals is an
energetically unfavorable process that occurs with difficulty and brings additional internal
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energy into a lattice. It partially explains the very low distribution coefficient of Nd3+

between MgMoO4 crystal and the melt (see below). However, if a monovalent cation (like
K+) enters into magnesium lattice simultaneously with trivalent neodymium, these two
cations compensate the effective excess charges of each other in the frame of the mechanism
of conjugate isomorphism, according to the equation:

4MgMg
× + Nd2O3 + K2O = 2NdMg

• + 2KMg
′ + 4MgO (2)

where KMg
′ is the potassium ion in the magnesium site with the effective excess negative

charge.
In this case there is no necessity for the formation of magnesium vacancies, and

neodymium entry into the lattice should be facilitated to some extent. That is why it is
very important to monitor the existence of such accidental impurities as potassium in the
Nd:MgMoO4 crystal.

As can be seen from Equation (2), the mechanism of conjugate isomorphism efficiently
works only if the concentrations of the mutually compensating impurities are comparable,
which is the case for potassium in our samples (Figure 10). All other revealed accidental
impurities that could, in principle, participate in this process with Nd3+ in the Nd:MgMoO4
the crystal (other alkali metal ions, or small pentavalent ions that could enter into the Mo6+

lattice) appeared to be in too low concentrations in the crystals. Thus, we do not consider
these impurities.

An indicator of functioning of the mechanism of conjugate isomorphism between Nd3+

and K+ in the Nd:MgMoO4 crystal should be the correlation between the concentrations of
these two ions in the crystals. However, as shown in Figure 10, the correlation is not very
strong. At least 3 of 10 samples (5, 7 and 10) apparently do not follow this correlation. It
means, at least, that there are some additional factors a having a strong influence on the
entry of Nd3+ and K+ into the crystal.

In order to search for these factors, we used different colour pattern to mark experi-
mental points in Figure 10. Marks indicating Nd3+ concentrations in the samples (squares)
have the same colours as in Figures 8 and 9, i.e., they reflect the “mush” behaviour of melts.
Marks indicating potassium concentrations in the samples (triangles) have the same colours
as the blocks in Figure 3, i.e., they reflect the type and order of treatment of the charges. It
is seen that the Nd3+ concentrations rather close to each other, 0.0027–0.0032 wt. % in the
majority of the samples (except 5 and 6). This corresponds to the segregation coefficients
of 0.0034–0.0041. This is substantially lower than the earlier determined segregation co-
efficient of the Tm3+ and Cr3+ ions in MgMoO4 crystal, which are equal to 0.02 [31] and
0.24 [40], respectively. Neither the type of treatment nor the “mush” behaviour of the melt
(its position in respect to the CMC) nor the fluctuations of K+ concentration from sample to
sample had any pronounced effect onto the actual Nd3+ content in these samples.

However, samples 5 and 6 contain about 1.5 times larger Nd3+ concentrations as
compared to the other 8 samples. These samples were grown from the charges that have
undergone UHD treatment before calcining (in contrast to all the rest samples) and the
growth of these crystals was most likely run from the most MgO-enriched melt, see above.
Thus, it is likely that these factors are the main reason for the increased Nd3+ content in
crystals 5 and 6 and the corresponding segregation coefficients. However, the particular
mechanism of such influence is still unclear and requires additional investigation.

The unpolarized optical absorption spectra of all samples in the range of 550–850 nm
were measured using a Cary 5000 spectrophotometer (Varian, France) with a measurement
step of 0.2 nm at 300 K. The obtained spectra after subtraction of the background of the
own host absorption [31] are presented in Figure 11.
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Figure 11. Unpolarized optical absorption spectra of the samples. For the crystals 1–8, the direction
of the probe beam is parallel to the c crystallographic axis, whereas for the crystals 9–10, it is
perpendicular to c.

Three characteristic optical absorption bands of Nd3+ are seen in the spectra, peaking
near 815, 750 and 590 nm. All the bands are very weak due to the very low actual Nd3+

concentrations in the samples. The following conclusions can be drawn from the analysis
of the observed optical absorption bands:

1. The shapes and peak positions of the bands corresponding to the particular tran-
sitions are equal for all the studied samples within the measurement error. The only
exception is the additional local peak at ~576.5 nm observed for crystals 9 and 10 but
absent for the rest of samples. This difference can be easily explained by different probe
beam directions with respect to the crystallographic axes for these two groups of samples
(Figure 11 caption).

2. The absorption band with the maximum near 590 nm probably corresponds to the
overlapped bands of the 4I9/2→2G5/2 and 4I9/2→2G7/2 transitions of Nd3+ ion. According
to the theory, for a single kind of Nd3+ ion located in a low-symmetry crystal field, the total
number of Stark components should be equal to seven for these two transitions (in sum).
However, except for the above-noted additional local peak at 576.5 nm in samples 9 and
10, no local Stark components are distinguishable at 300 K. Obviously, this is the result of
too large a number of strongly overlapped elementary lines being located within a rather
narrow spectral range.

3. The absorption band near 750 nm should be attributed to the 4I9/2 → 4F7/2 transition
of Nd3+ ion. Four local maxima at the wavelengths of ~742,5~745,2~750 and ~755 nm can
be clearly distinguished for all samples in this spectral range. Obviously, these maxima
correspond to the transitions between the lowest Stark component of the 4I9/2 ground state
and all four Stark components of the 4F7/2 excited state. According to the theory, just this
number of Stark components should exist for this transition in the case of a single kind of
Nd3+ ion located in a low-symmetry crystal field.

4. The absorption band near 800 nm belongs to the 4I9/2→4F5/2 transition of
neodymium. Similarly, three local maxima at the wavelengths of ~802, ~809,2 and ~815 nm
can be distinguished for all samples. These maxima correspond to the transitions between
the lowest Stark component of the 4I9/2 ground state and all three Stark components of the
4F5/2 excited state. Again, according to the theory, just this number of the Stark components
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should be observed for the 4I9/2→4F5/2 transition in the case of a single kind of Nd3+ ion
located in a low-symmetry crystal field.

Therefore, within the experimental error, only one kind of Nd3+ optical center was
revealed in Nd:MgMoO4, regardless of the peculiarities of the sample growth or treatment
of the charges. These centers are probably located in the low-symmetry crystal field of
the Mg1 4g site. No additional Nd3+ centers (located in either the Mg2 4i site or in any
disturbed site, for example, associates of Nd3+ ions with charge compensating point defects)
were revealed by optical absorption spectroscopy analysis at 300 K. Further attempts to
search for these centers should be conducted with the help of more sensitive methods such
as optical absorption spectroscopy at 4.2 K or EPR spectroscopy.

On the other hand, the absorption intensities vary from sample to sample. We believe
these variations are caused by differences in the actual Nd3+ concentrations in the crystals.
According to the Lambert–Booger–Behr law, the peak optical absorption cross-section was
calculated for this transition for each Nd:MgMoO4 crystal. The average value appeared to
be 1.9 ± 0.3 × 10−20 cm2. It is less than for monoclinic molybdate Nd3+:KY(MoO4)2 (E∥Nm
(3.8 × 10−20 cm2), E∥Ng (7 × 10−20 cm2) and E∥Np (4 × 10−20 cm2) [58] or for tetragonal
Scheelite-like tungstate Nd3+:PbWO4 (2.75 × 10−20 cm2 and 4.75 × 10−20 cm2 for σ-(E⊥c)
and π-(E∥c) polarizations, respectively [59].

Note that quite close values of Nd3+ optical absorption coefficients for samples 1–4 and
7–10 reproduce/confirm rather small variations in the actual neodymium concentrations in
the crystals revealed by ICP MS analysis. Meanwhile, the increased Nd3+ optical absorption
coefficients for samples 5 and 6 reflect the increased actual neodymium concentrations in
the latter samples although, unfortunately, with substantial measurement errors.

3.3. Nd3+ Luminescence Properties

We measured the polarized stationary luminescence spectra and the luminescence
decay kinetics for all samples at T = 300 K. The luminescence spectra were measured in
the spectral range of 860–1160 nm with a step of 0.5 nm in the ranges of luminescence
bands 870–950 nm and 1050–1100 nm, and 2 nm in other ranges where the luminescence is
absent. The excitation was performed into the Nd3+ absorption band of the 4I9/2→4F5/2
transition by an AlGaAs diode laser (Laserland, Wuhan, China) emitting at 808 nm. The
laser beam spot was falling perpendicularly at the center of a flat sample facet. The size
of the facet considerably exceeded the spot size. The measurements were performed
at L-configuration. A Glan prism was used for the polarization of the luminescence
emission. The exciting diode laser emits strongly polarized radiation. The polarization
planes of the diode radiation and of the Glan prism were perpendicular to each other
in order to minimize the influence of the exciting emission reflected from the sample on
the shape of the luminescence spectra. The luminescence emission was dispersed by an
MDR-1 monochromator (LOMO, St. Petersburg, Russia) and then detected by a FEU-83
photomultiplier tube or by an InSb photodiode.

The measurements of the luminescence decay kinetics were performed using the same
experimental setup, with the following peculiarities: (1) the exciting laser diode was oper-
ated in the regime of short pulses (not in the CW-regime, as for the stationary luminescence
spectra); (2) Glan prism was absent; (3) electric signal from the photomultiplier tube or
from the InSb photodiode was registered and digitized by a TBS 1202B digital oscilloscope
(Tektronix, Beaverton, OR, USA).

Two characteristic Nd3+ luminescence bands were observed in both of the above-
specified ranges. They correspond to the 4F3/2→4I9/2 and 4F3/2→4I11/2 spectral transitions.
An example of the polarized luminescence spectra of Nd:MgMoO4 crystals is presented
in Figure 12. It consists of two bands corresponding to the 4F3/2→4I9/2 and 4F3/2→4I11/2
transitions of the Nd3+ ion. The intensity ratio of these two luminescence bands depends on
the polarization. Stark structures of the bands are practically unresolved at 300 K, although
non-Gaussian shapes of the bands are evident.
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Figure 12. Example of the polarized luminescence spectra of the Nd:MgMoO4 crystal (λex = 808 nm,
T = 300 K).

Figure 13 presents the relative intensities of the luminescence peak at 881 nm (E∥c
polarization) for all the studied samples along with the optical absorption coefficients of
the same samples at 745.6 nm. The arbitrary units of the luminescence intensities are scaled
for the convenience of comparison with the absorption intensities.
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A rather good correlation is observed between the relative absorption and lumines-
cence intensities from sample to sample. In particular, the increased value of the absorption
for sample 6 corresponds to a similarly increased value of the luminescence intensity for
the same sample. This can be easily explained by the increased Nd3+ concentration in this
sample (Figure 10).

The only evident exception is sample 2. It has an actual Nd3+ concentration comparable
with that for all other crystals except 5 and 6 and an absorption intensity comparable with
that for all other crystals except 6 (Figure 10). However, the luminescence of this crystal
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is strongly (by an order of magnitude) reduced as compared to the other crystals. The
reasons for this can be either the reduced probability of the spectral transition or the
luminescence quenching.

For verification of the first hypothesis, we measured the luminescence decay kinetics
for all crystals. The luminescence was monitored at a wavelength of 880 nm. The typical
view of the measured kinetics is presented in Figure 14.
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Figure 14. Luminescence decay kinetics of the studied Nd:MgMoO4 crystals (λex = 808 nm,
λmon = 880 nm, T = 300 K).

The decay kinetics are well approximated by the single-exponential law for all the
studied crystals, indicating the presence of a single kind of luminescent center and the
absence of any non-radiative excited energy transfer. The relationship between the decay
times and the luminescence intensities of the samples is presented in Figure 15.

As seen in Figure 15, the values of the luminescence lifetimes are 150–170 µs—the
most out of all the samples. These values are typical for the 4F3/2 excited state of Nd3+

ions. Sample 6 (red point in Figure 15) is the specific case among the studied samples: its
higher luminescence intensity is caused by an increased Nd3+ concentration (see above,
Figure 13). Blue points, corresponding to all remaining samples, are rather close to a
reciprocal dependence (red line) between the luminescence intensity and the lifetime
(the higher probability of the transition, the brighter the luminescence, and the faster the
depopulation of the excited state) including sample 2, which demonstrates the weakest
luminescence and the longest lifetime. However, a slight increase in the lifetime (by
approximately 15%) certainly cannot explain a very strong (by an order of magnitude)
reduction of the luminescence intensity. There is definitely an additional mechanism
responsible for this reduction. Additional studies are required to elaborate this mechanism.

Note that charge 2 has undergone type 1 treatment, which included UHD treatment of
the main charge components (not only Nd2O3 dopant, as in the case of charge 7) in contrast
to the charges 1, 3, 4, 6 and 8–10, which have undergone only control treatments or have
on undergone treatments at all (see Section 2.2 and Figure 3). Such an UHD treatment
is, presumably, the most suitable for modifying effects on charges compared to all other
charges. The reduction of the luminescence intensity in sample 2 could be related to UHD
treatment of the charge.
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Figure 15. Luminescence decay times versus luminescence intensities of the studied Nd:MgMoO4

samples. Explanations of the colors are given in the main text.

4. Conclusions and Prospects

The influence of the initial charge treatment by ultrahigh dilution technology on the
growth of single crystals from these charges and on the properties of the obtained crystals
was investigated for MgMoO4 crystals doped by 1 at. % of Nd3+. It was revealed that:

1. The congruently melting composition of Nd:MgMoO4 is in the range of a slight
MoO3 excess (MgO deficiency) with respect to MgO:MoO3 = 1:1 stoichiometry. The wetting
of MgO + MoO3 chemicals with a water-ethanol solution followed by drying and calcining
(solid-phase synthesis) probably leads to some shift of the MgO:MoO3 ratio towards MoO3
excess. On the contrary, wetting of the pre-sintered Nd:MgMoO4 charge by a similar
solution followed by drying probably leads to some shift of the MgO:MoO3 ratio towards
MgO excess that results in precipitation of MgO-enriched secondary phases in the melts
during both the Czochralski crystal growth and the pre-melting of the charges.

2. Nd:MgMoO4 crystals grown from slightly MoO3-enriched melts have quite stable
chemical compositions with a MgO/MoO3 molar ratio of 0.974–0.977 and stable unit cell
parameters (a = 10.34–10.35 Å; b = 9.34–9.37 Å; c = 7.062–7.072 Å; β = 106.88–106.96◦;
V = 653.25–657.74 Å3). The crystals grown from the most highly MgO-enriched melts
have nearly the same compositions and unit cell parameters due to the area of retrograde
solubility, which probably exists in the MgO-MoO3 system. The crystals grown from the
modestly MgO-enriched melts have more MgO-enriched compositions and reduced (and
quite unstable) unit cell parameters. UHD-treatment has only a small yet statistically
significant influence on unit cell parameters within the similarly treated groups. These
conclusions should be verified by the further investigations of the system, which will be
performed at the next stage of the research.

3. The distribution coefficient of Nd3+ between Nd:MgMoO4 crystal and melt was
~0.004 for most of the studied samples. However, wetting of the pre-sintered Nd:MgMoO4
charge by a water-alcohol solution followed by drying (probably leading to some shift of
the MgO:MoO3 ratio in the Nd:MgMoO4 melt towards MgO excess) resulted in an increase
of the Nd3+ distribution coefficient by 1.5 times. Some influence of potassium accidental
impurity on the Nd3+ distribution coefficient should not be excluded as well.
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4. According to the 300 K optical absorption spectrum and the luminescence decay
kinetics of the studied crystals, Nd3+ forms only one kind of optical center located in a single
low-symmetry crystallographic position on the MgMoO4 lattice. The search for additional
optical centers will be continued at the next stage of the research by use of low-temperature
optical and EPR-spectroscopy. The peak absorption cross-section at the wavelength of
745.6 nm (4I9/2→4F7/2 transition) is (1.9 ± 0.3) × 10−20 cm2. The luminescence lifetime at
300 K varies in the range of 145–190 nm and probably depends on the particular crystal
composition (MgO/MoO3 molar ratio).

5. The crystal grown from the charge, which underwent treatment by ultrahigh dilu-
tion technology before its solid-phase synthesis, has strongly reduced Nd3+ luminescence,
as compared to all the rest studied Nd:MgMoO4 crystals. The reason for such a reduction is
most likely related to the charge treatment by UHD. There may be some additional effects
of UHD treatment, but they are strongly blurred by the influence of the water-ethanol
solution itself on the charge and on the melt composition (see conclusion 1). Thus, we
will use an alternative way of UHD treatment at the next stage of the research that is not
connected with use of water-ethanol solution.
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