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A B S T R A C T

This work aims to clarify the relationship between the optical, particularly luminescent, characteristics of the 
La1-x-ySmxCayVO4-δ powder nanosized compounds with their phase composition and concentration of dopants. 
According to the high-accuracy XRD data, the samples are a mixture of monoclinic and tetragonal crystal phases. 
The diffuse reflection and photoluminescence (PL) spectra were measured and analyzed including spectral dis
tributions and intensity ratios of the PL bands, the positions and half-widths of envelopes of the groups of lines in 
the PL spectra of Sm3+ ions. Estimated from the diffuse reflection data the band gap values are 3.85, and 3.82, 
3.75, 3.78 eV for the samples with x = 0.1, y = 0, and (x, y) = 0.05, 0.10, 0.15, respectively. The PL excitation 
spectra of the La1-x-ySmxCayVO4-δ nanoparticles consist of both the wide UV wavelength band (260–360 nm) 
caused by transition in the VO4

3− molecular groups and in a set of narrow lines caused by inner f-f transitions in 
the Sm3+ ions (spectral range 350–520 nm). The PL spectra of the La1-x-ySmxCayVO4-δ nanoparticles contain four 
groups of lines (I – IV) resulting from the 4G5/2 → 6H5/2, 6H7/2, 6H9/2, and 6H11/2 transitions, respectively, in the 
inner f shell of the Sm3+ ions. The concentration behavior of the Sm3+ ions PL characteristics is related to the 
evaluation of the phase composition of La1-x-ySmxCayVO4-δ samples. It was found that the changes of the Rlum =

I(III)/I(I), where I(III) and I(I) are the integrated intensities of the corresponding groups of lines, can be related to 
the phase composition of the La1-x-ySmxCayVO4-δ compounds. Developed in this work the combined way of 
structural and optical data analysis may be useful in designing other multiphase phosphor systems containing 
Sm3+ ions.

1. Introduction

New effective luminescent materials (phosphors) are one of the 
important modern demands of optical material technology, as phos
phors are used for the creation of new field emission displays, plasma 
display panels, electro-luminescent devices, solar cells, white light- 
emitting diodes, bio-markers, and bio-probes, etc. [1–10]. In many 
cases, phosphors comprise a matrix (host material) and some specially 
introduced luminescent dopant(s). Therefore, the selection of both 
luminescent dopant(s) and compatible host material is an important task 
in the development of new phosphors.

Lanthanide-based compounds are of wide use for phosphor devel
opment, as lanthanum ions can be easily replaced by many other rare 

earth (RE) luminescence ions due to the similarity of their ionic radius 
and electronic characteristics. A choice of the type of RE ions is deter
mined by requirements of the areas of application of phosphors under 
development [5,6,8,11–14].

Lanthanide vanadates are promising for use as hosts for various ap
plications because they are characterized by high chemical, thermal, 
ionizing irradiation stability, etc. It is also worth emphasizing that 
Lanthanide vanadates are of good choice as phosphor matrices, as they 
exhibit a high intensity of light absorption in the UV and near-UV range 
of light and high efficiency of excitation energy transfer from the host to 
the luminescent RE ions [6,10,15–18].

It should be noted that the Eu3+ ions were and remain the most 
popular among the RE ions used for the development of oxide-vanadate 
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phosphors, in particular for the development of light-converting coat
ings for white light-emitting diodes (WLEDs) [19–25]. Much less 
attention was paid to studying vanadate crystals doped with samarium 
ions, despite the fact they have demonstrated efficient luminescence in 
the orange-reddish spectral range and a possibility of being excited with 
the near UV and violet light [26–28]. The last feature is important for 
phosphor-converted WLEDs [27–33].

There are several approaches to the development of phosphor coat
ings for WLEDs which allow getting near white light. Some of these 
involve multi-component coatings, where each of the components emits 
light of one color: red, green, and blue, resulting in a white emission. 
Another way leads through the development of single-component 
coatings based on single-phase crystalline materials co-doped with 
several types of RE which also emit blue, green, and red light. Single- 
phase coatings are also being developed, the luminescence of which, 
combined with the radiation of an LED chip, can create light similar to 
white. A blue GaN/InGaN chip coated with a yellow emission YAG:Ce3+

phosphor is a commercial variant of the latter. Each of the mentioned 
approaches has some advantages and disadvantages, too. The main 
disadvantage of the single-component coatings is the difficulty of the 
single-phase composition controlling at the high concentration of a 
dopant(s) and, especially, in a case of co-doping with ions of various 
types [6,13,34,35], and elsewhere.

We consider that the requirement of a single-phase composition of a 
material may not be particularly strict. On the contrary, the structural 
multiphase composition in the case of chemically homogeneous powder 
material can be used in the development of new phosphors. The WLED’s 
luminescent coverings are just the cases when the structural multiphase 
properties can be used to tune their optical, in particular, luminescent 
properties. For the development of such types of coatings, it is necessary 
to have clear data on the correlation of optical properties with the 
structural characteristics and phase composition of a material.

As a rule, when studying phosphors, a serious attention is paid to the 
relation between their structural and optical (luminescent) character
istics [36–41]. The effect of structural multiphase property was also 
considered in detail in the study of phosphors based on simple oxides, 
such as zirconia (ZrO2), titania (TiO2), etc. These compounds’ phase 
composition can change, particularly under the influence of introduced 
dopants, including RE ions. It was found that the peculiarities of lumi
nescence details, particularly of the Eu3+ dopant ions, can be used to 
monitor the phase stabilization effects. The number of lines in spectral 
multiplets, the ratio of the hypersensitive 5D0 → 7F2 radiation transition 
intensity to the intensity of the 5D0 → 7F1 radiation transition, as well as 
the changes of the 5D0 → 7F2 transition main lines positions, are the 
luminescence spectral features which have been mainly used for noted 
monitoring [42–46]. The same characteristics of the Eu3+ ions PL were 
used to monitor to some degree the phases content in complex oxide 
phosphors [47–52].

It is obvious that if it is necessary to clarify the relationship between 
the phase composition and optical characteristics, then it is necessary to 
have detailed information about the composition and structure of the 
studied system. First, reliable data on the content of various phases in 
the composition of the material are necessary. Secondly, the optical 
characteristics of the materials selected for such studies should be sen
sitive to structural and phase transformations and at the same time be 
available for measurements and analysis.

An opportunity to use such an approach is shown in this work on a 
comprehensive study of a series of samples of lanthanum orthovanadate 
LaVO4 doped with Sm3+ ions and co-doped with Ca2+ ions. Lanthanum 
orthovanadate was used as a matrix, because its phase composition can 
be changed from monoclinic to tetragonal phase (in other words, from 
monazite to zircon type structure) by introducing alkaline earth (Ca2+, 
Ba2+, …) and some other, in particular RE ions, dopants [52–57]. The 
Sm3+ ion was selected as the luminescent activator taking into account 
the above-mentioned prospects of practical application of phosphors 
containing this ion, and the possibility of using it as a luminescent probe 

sensitive to the symmetry and strength of the crystal field in its nearest 
surrounding. Absorption and PL bands caused by hypersensitive tran
sitions in the Sm3+ ions are observed in the range of visible light, which 
ensures their reliable registration. Our previous experience in studying 
the effect of Ca2+ ions on the structural and luminescent properties of 
lanthanum orthovanadate LaVO4 doped with Eu3+ and Er3+ ions [51,
56], as well as excellent luminescent characteristics of the La1-xSmxVO4 
nanosized powders prepared and studied by us before [32] were also 
important factors in choosing the noted object of study.

Thus, the purpose of this work is to clarify the relationship between 
the optical, mainly luminescent, characteristics of the La1-x-ySmxCayVO4- 

δ compound with its phase composition and concentration of dopants 
which initiate structural phase transformations. To achieve the goal, the 
phase composition of the mentioned samples was determined by the 
XRD method using various modern equipment. The optical absorption 
(diffuse reflection) spectra and the main photoluminescence (PL) char
acteristics were measured (spectral distributions and intensity ratio of 
the bands in the PL excitation spectra; positions and half-widths of en
velopes of groups of narrow luminescence lines of the Sm3+ dopant ions 
and their intensity ratios, etc.). The La1-x-ySmxCayVO4-δ sol-gel nano
particles were synthesized and studied in the noted context for the first 
time. It is expected that the obtained results can be useful for the engi
neering of optical (mainly, luminescent) characteristics of various types 
of oxide compounds doped with Sm3+ ions. In particular, this could be 
done by using of the received data sets in special computer simulation 
programs [58].

2. Samples, experimental equipment and procedures

The La1-x-ySmxCayVO4-δ nanoparticles were obtained by a citrate- 
nitrate sol-gel synthesis. The δ variable in this formula takes into ac
count the charge compensation needed due to the replacement of RE3+

ions by Ca2+ ions. It is known that such replacement leads to an 
increased concentration of oxygen vacancies in a crystalline lattice. 
Nitrate solutions of lanthanum (III), samarium (III), and calcium (II) 
oxides, ammonium metavanadate, ammonium hydroxide, citric acid, 
and nitric acid were used for synthesis. The details of the synthesis of 
such type of materials have been published in our previous works [32,
51]. The applied nominal concentrations of the dopants were 5, 10, 15, 
and 20 mol % (x; y = 0.05, 0.1, 0.15, 0.2).

X-ray diffraction (XRD) patterns were taken using a Philips X’Pert 
Pro Alpha1 diffractometer operating in Bragg-Brentano geometry and 
working in continuous scanning mode using CuKα radiation. These data 
were collected in steps of 0.0167◦ in the range of 14◦–158.9◦ (2θ) 
(Below, in Table 1 they are marked as Lab. data.). High-resolution X-ray 
powder diffraction measurements were also performed at PETRA III 
Beamline P02.1 at DESY using a synchrotron radiation beam with 
0.0207518 nm wavelength. The data were collected at room tempera
ture with the step of 0.003149◦ in the range of 0.0239◦–15.7431◦ (2θ) 
(Below, in Table 1 they are marked as Synchr. data.). Rietveld re
finements were performed using the FullProf program [59]. The evalu
ation of different phases mass percentage was also performed from the 
Rietveld refinement procedure.

The microstructure of the samples and chemical elements distribu
tion were studied using Scanning Electron Microscopy (SEM) and En
ergy Dispersive Spectroscopy (EDS) tools at INCA X-max System from 
Oxford Instruments. Diffuse reflection spectra of the samples were 
measured with a PerkinElmer Lambda 950 spectrometer. Luminescence 
emission spectra were excited with 325, 405, and 473 nm lasers or a 
powerful Xenon lamp and registered with a DFS-12 spectrometer and a 
FEU-79 photomultiplier. Excitation spectra were measured using DMR-4 
and DFS-12 spectrometers and a FEU-79 photomultiplier [3,32]. Some 
of the luminescence measurements were performed at liquid helium 
(4.2 K) temperature to find out more details on the structure of the 
luminescence centers. The emission intensity was evaluated as an inte
gral (area under the spectral curve) in a certain spectral range.
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3. Experimental results

3.1. XRD data analysis

Phase analysis of the synthesized La1-x-ySmxCayVO4-δ compounds 
showed that they contain two phases and each sample is a mixture of 
monazite and zircon-type structures, except (x, y) = 0.2 (zircon only). By 
increasing the amount of Sm and Ca the samples tend to change from 
monazite-to zircon-type structure (Fig. 1 and Fig. S1). Samples with (x, 
y) = 0.1, 0.15, and 0.2 contain also a low amount of CaV2O6 phase.

The refinement involved the zircon and monazite-type phases in 
each sample. The applied models include also the minority phase 
(CaV2O6). For the first two samples, a structural model for the refine
ment was taken from LaVO4 [60] (ICSD code: 400) with space group 
P21/n and for the last two samples, SmVO4 [61] with space group 
I41/amd (ICSD code: 81701) was selected as a starting model. The 
resulting values of lattice parameters, volume, and percentage of each 
phase are accumulated in Table 1. The main phase of the 
La0.9Sm0.05Ca0.05VO4-δ and La0.8Sm0.1Ca0.1VO4-δ is of monazite-type 
(monoclinic structure) with less than 22 % of zircon-type (tetragonal 
structure), whereas the main phase of the La0.7Sm0.15Ca0.15VO4-δ is of 
zircon-type with less than 13 % of monazite-type phase. There is no trace 
of a monoclinic phase in the La0.6Sm0.2Ca0.2VO4-δ.

The unit cell variation with the substitution of Sm and Ca ions can be 
explained by the differences in the ionic radii of La and noted two ions. 
The ionic radii of La3+, Sm3+, and Ca2+ ions have been reported to be 
1.216 Å (CN = 9), 1.132 Å (CN = 9), and 1.18 Å (CN = 9), respectively 
[64]. By evaluation of the unit-cell volume it can be understood that the 
monazite-type phase is enriched with La, otherwise, the zircon structure 
type is enriched with Sm and Ca. For the last two samples with 
zircon-type structure, the unit cell volume decreases by adding Sm and 
Ca in comparison to LaVO4 (I41/amd).

A good example of the concentration dependence of unit-cell pa
rameters by doping rare earth and divalent ions in the monazite-type 
crystal structure was found for LaVO4:Yb3+/Ln3+, M2+ [65]. By 
doping rare earth ions such as Sm3+, Ho3+, and Er3+ the phase structure 
of the host lattice (LaVO4, monazite-type) remains unchanged [66]. 
There is not much difference in the unit cell volume (less than 1 %) of 
CaV2O6 with the reported one and it is less probable that La or Sm can 
enter to this secondary phase.

For La0.8Sm0.1Ca0.1VO4-δ, the vertical upper bar is La0.8Sm0.1

Ca0.1VO4-δ with space group P21/n, middle is La0.8Sm0.1Ca0.1VO4-δ with 
space group I41/amd, and lower is CaV2O6. For La0.6Sm0.2Ca0.2VO4-δ the 
vertical upper bar is La0.6Sm0.2Ca0.2VO4-δ with space group I41/amd and 
lower is CaV2O6

Table 1 
Phase composition and crystallographic of the La1-x-ySmxCayVO4-δ unit cell parameters.

Space group Percentage of each phase (wt%) a (Å) b (Å) c (Å) β V(Å3) Ref.

La0.9Sm0.05Ca0.05VO4- 

δ

P21/n 97.8(2) 7.03275 (6) 7.26980(6) 6.72150 (5) 104.9208(4) 332.064 (5) Lab. data
I41/amd 2.23(2) 7.3999(3) 7.3999(3) 6.4967(5) 90 355.75(3)

La0.8Sm0.1Ca0.1VO4-δ P21/n 73.7(3) 7.03548 (9) 7.27251 (9) 6.72157 (9) 104.89619 (74) 332.355 (7) Lab. data
I41/amd 22.2(1) 7.3914 (1) 7.3914(1) 6.4905(1) 90 354.59 (1)
C12/m1 (CaV2O6) 4.1(2) 10.072 (2) 3.6700(5) 7.039 (1) 104.88(1) 251.47 (7)

La0.7Sm0.15Ca0.15VO4- 

δ

P21/n 12.82(9) 7.0346(4) 7.2707 (4) 6.7228(4) 104.926 (5) 332.25(3) Lab. data
I41/amd 84.1(3) 7.40207 (8) 7.40207 (8) 6.50031 (8) 90 356.156 (7)
C12/m1 (CaV2O6) 3.1(1) 10.0664(6) 3.6709(2) 7.0365(5) 104.803(5) 251.39(3)

La0.7Sm0.15Ca0.15VO4- 

δ

P21/n 12.9(1) 7.0283(8) 7.2652(7) 6.7179(7) 104.92016 331.46(6) Synchr. data
I41/amd 80.4(5) 7.3994(2) 7.3994(2) 6.4978(2) 90 355.76(1)
C12/m1 (CaV2O6) 6.8(3) 10.094(5) 3.6602(2) 6.700(4) 104.80 (4) 250.0 (2)

La0.6Sm0.2Ca0.2VO4-δ I41/amd 90.9(4) 7.37960 (9) 7.37960 (9) 6.48194 (9) 90 352.997 (8) Lab. data
C12/m1 (CaV2O6) 9.1(2) 10.0713(7) 3.6724(2) 7.0345 (5) 104.782(5) 251.57(3)

La0.6Sm0.2Ca0.2VO4-δ I41/amd 87.2 (6) 7.3763(2) 7.3763(2) 6.4792 (2) 90 352.54 (2) Synchr. data
C12/m1 (CaV2O6) 12.8(4) 10.084(3) 3.65(1) 7.025(2) 105.03 (2) 250.2 (1)

LaVO4 P21/n 100 7.047(1) 7.286(1) 6.725(1) 104.85(1) 333.76 [60]
LaVO4 I41/amd 100 7.4578(7) 7.4578 (7) 6.5417 (9) 90 363.84 [62]
SmVO4 I41/amd 100 7.2647(9) 7.2647 (9) 6.384(1) 90 336.92 [61]
CaV2O6 C12/m1 100 10.060(2) 3.673(1) 7.038(2) 104.8(1) 251.43 [63]

Fig. 1. Rietveld refinement of the a) La0.8Sm0.1Ca0.1VO4-δ (RP = 3.55, RWP = 4.78) and b) La0.6Sm0.2Ca0.2VO4-δ (RP = 2.86, RWP = 4.30) samples. Red squares 
represent the experimentally observed X-ray diffraction profiles of the respective samples, whereas the solid black line corresponds to the calculated X-ray diffraction 
patterns and the deviation of the theoretical data from the experimental values is shown by a blue line at the bottom. The green vertical bars represent the Bragg 
reflection positions.
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3.2. Morphology of the samples

The La1-x-ySmxCayVO4-δ powders consist of different particles whose 
sizes vary mainly between 100 and 400 nm (Fig. 2). These particles can 
be grouped, especially at low dopant concentration, into lumps of 
irregular shape (Fig. 2a and b). The samples with low dopant concen
trations (x, y) = 0.05 and 0.1 contain nanoparticles at least of two 
different types shapes, and sizes. Those of type 1 are elongated with a 
rectangular basis; those of type 2 are of rounded shape (Fig. 2b). Samples 
with a higher dopant concentration (x, y = 0.15 and especially 0.2) are 
characterized by a uniform shape of particles (Fig. 2c and d).

If these results to compared with the XRD data, it should be 
concluded that the heterogeneity of the shapes and sizes of the particles 
shown in Fig. 2a and b is related to the presence of particles belonging to 
both the tetragonal and the monoclinic phases, while the homogeneity 
of the shape of the particles shown in Fig. 2d correspond to the particles 
of the tetragonal phase of the orthovanadate. Besides, it should be noted 
that only the samples with a high amount of the monoclinic phase 
contain larger particles (Fig. 2a and b), while the samples with high 
content of tetragonal phase (Fig. 2d) are characterized with smaller sizes 
and higher packing density of the particles, and therefore by a larger 
area of their contacts. So, the observed shapes and sizes correlate with 
the phase composition, and we attribute the type 1 shape to the 
monoclinic phase, and the type 2 – to the tetragonal phase.

3.3. Diffuse reflection spectra

The measured diffuse reflection spectrum of the La1-x-ySmxCayVO4-δ 
nanoparticles not doped with calcium is characterized by a reflection 
coefficient of 80–90 % in the spectral range from 550 to 800 nm (Fig. 3, 
curve 1). For the samples of this type a smooth reflection edge is 
observed in the range of about 350 nm (Fig. 3). A set of narrow lines is 
also observed on the background of the noted reflection edge in the 
range of 360–500 nm. The peaks of the lines are at 360, 364, 374, 380, 
404, 422, 434, 442, 460, 466, 478, 490, and 502 nm. The more 

distinguished of them (404, 422, 460, 466, and 478 nm) are marked 
with dashed lines in Fig. 3.

The introduction of the Ca dopant leads to the appearance of a broad 
absorption band located in the range from 350 to 470 nm. It can be 
supposed that the band consists of at least two components with maxi
mums near 400 and 500 nm. The intensity of these absorption bands 
increases with dopant concentrations increasing (Fig. 3, curves 2–5).

3.3.1. Luminescence properties: emission spectra
Luminescence spectra of the La1-x-ySmxCayVO4-δ nanoparticles at 

room temperature of the samples consist of four groups of lines in a 
525–725 nm spectral range (marked here and after as groups I – IV, 
Fig. 4). These groups are located in the ranges of 525–580 (group I), 

Fig. 2. SEM images of the La1-x-ySmxCayVO4-δ powders; (x, у) = 0.05 (a), 0.1 (b), 0.15 (c), and 0.2 (d).

Fig. 3. Diffuse reflection spectra of the La0.8Sm0.2VO4 (1) and La1-x-ySmx

Ca
y
VO4- δ samples (2–5); (x, y) = 0.05 (2), 0.1 (3), 0.15 (4), and 0.2 (5); T =

300 K.
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580–620 (group II), 620–675 (group III) and 675–725 nm (group IV). A 
decrease of temperature leads to the narrowing of the lines which 
become less overlapping and, as a result, the spectral components are 
separated (Fig. 4, curves 2). The short-wave components in each of the 
groups disappear when the temperature decreases. The positions of the 
lines in these four groups are collected in Table S1.

The described linear spectra are observed on the background of 
broad emission bands covering the ranges of 425–550 and 500–750 nm 
if temperatures of the La0.9Sm0.1VO4 samples are lowered and short- 
wave excitation (310–405 nm) is used (Fig. 4, curve 2). The intensity 
of the broad bands falls by at least 10 times if the temperature increases 
from 4.2 K to room temperature. The maxima of these bands are located 
(according to a rough estimation) around 475 ± 10 and 600 ± 10 nm.

Doping with calcium ions practically does not change the shapes of 
the PL spectra of the La0.9Sm0.1VO4 sample at room temperature 
(Fig. 4b, curve 2), however, it suppresses the short-wavelength emission 
band, and additional lines of low intensity can be observed in each of the 
groups of the linear spectra (These lines are marked with esters in 
Fig. 4b, curve 2 and in Table S1.). The positions of all the PL lines in the 
spectra of the La0.8Sm0.1Ca0.1VO4-δ sample at Т = 300 and 4.2 К (λex =

405 nm) are also accumulated in Table S1.

3.3.2. Luminescence properties: excitation spectra
Excitation spectra of the La1-x-ySmxCayVO4-δ samples were measured 

at the PL lines λreg = 597, and 645 nm, which correspond to the most 
intensive groups in the linear emission spectra. Excitation spectra 
measured at λreg = 597 nm at 300 K consist of both a wide short 
wavelength band in 275–350 nm spectral range with maximum near 
325 nm and narrower long wavelengths bands in 350–390, 390–440, 
and 450–520 nm spectral ranges with peak positions near 375, 400, and 
468 nm, respectively (Fig. 5a). The noted components are structured and 
one can see two components both in the ranges of 350–390, and 
390–440 nm. Peak positions of noted components are near 365 and 375 
nm for the first range and 400, 415 nm for the 390–440 nm range.

When the temperature decreases to 4.2 K, the maximum of the wide 
excitation band shifts to shorter wavelengths (λmax ≈ 310 nm), and the 
long-wavelength bands split into several narrow lines with positions 
around 342, 359, 373, 387, 394, 400, 410, 435, 440, 448, 458, 468, 473, 
476, and 481 nm. The intensity of such a long-wave excitation essen
tially falls with the decrease of temperature if compared with the in
tensity of the wide short-wave excitation band.

Contrary to the emission spectra, excitation spectra of the 
La0.8Sm0.1Ca0.1VO4-δ Ca-doped samples differ from the spectra of the Ca- 
free La0.9Sm0.1VO4 samples even at room temperature. In particular, the 
wide short wavelength excitation band for the La0.8Sm0.1Ca0.1VO4-δ is 
more intensive compared to the long wavelength range of the excitation 
spectrum, and its maximum is located at 317 nm (Fig. 5b).

A decrease of the La0.8Sm0.1Ca0.1VO4-δ temperature to 4.2 К causes 
changes similar to those observed in the above-described samples 
without calcium (Fig. 5b, curve 2). The long wavelength bands at 4.2 К 
are located at 342, 359, 372, 386, 394, 401, 413, 434, 448, 458, 468, 
472, 476, and 481 nm. Taking into account the inaccuracy in the eval
uation of peak positions caused by their shapes and overlapping, it can 
be assumed that Ca-doping does not cause shifts of the noted excitation 
bands (see data listed above).

The excitation spectra obtained at λreg = 645 nm are similar in terms 
of their structure and positions of the maxima to the spectra obtained at 
λreg = 597 nm, but the relative intensity of longer wavelength spectral 
components slightly differ from those shown in Fig. 5.

3.3.3. Luminescence properties:concentration behavior
For most practical applications, as well as for those stated in this 

work, data obtained for samples under ambient conditions are of large 
importance. Therefore, the spectral-luminescent properties of the La1-x- 

ySmxCayVO4-δ concentration series of the samples were studied just for 
room temperature, 300 K.

It was found that the luminescence characteristics of the studied 
samples depend on dopant concentration. The total intensity values 

Fig. 4. The PL spectra of La0.9Sm0.1VO4 (a) and La0.8Sm0.1Ca0.1VO4-δ samples (b); 
Т = 300 (1), and 4.2 К (2); λex = 405 nm.

Fig. 5. Excitation spectra of La0.9Sm0.1VO4 (a) and La0.8Sm0.1Ca0.1VO4-δ samples; λreg = 597 nm; T = 300 (1), and 4.2 K (2).
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(Ilum(total)) were estimated as areas under spectral curves in the range of 
525–725 nm. The intensity values for the spectral groups I and III were 
estimated as areas under spectral curves in the ranges of 525–580 and 
620–675 nm, respectively. It was found that an increase of the dopant 
concentrations from y = 0.05 to y = 0.1 is accompanied by an increase of 
Ilum(total) by approximately 9 %. The next increase of dopant concen
trations to y = 0.15 leads to a strong decrease of the total emission in
tensity by about 2.5 times, and after, the increase of dopant 
concentration up to the value of 0.2 is accompanied by an intensity in
crease by approximately 10 % (Fig. 6, curve 4).

The concentration behavior of the intensity of the I – IV groups, 
components of the PL spectra, is similar to that described above. How
ever, for these spectral details, the rates of intensity changes in the 
mentioned concentration ranges are somewhat different from those 
above noted (Fig. 7, curves 4–6).

We observed also that the ranges of slow and rapid changes in the 
intensity of the total luminescence and its components correspond to 
ranges of slow and rapid changes in the content of the monoclinic and 
tetragonal phases in the composition of the samples (see Fig. 6).

Besides noted changes, a redistribution of the intensity of the com
ponents inside of each of the groups of lines also takes place. In general, 
changes in the structure and intensity of the lines can be characterized as 
a simplification of the structure and a narrowing of the Gaussian enve
lope of each of the groups (Table S2). The evaluation was not performed 
for groups I and IV, taking into account the low intensity of the emission 
in these ranges and the related inaccuracy as a result. However, for 
group I, it was possible to estimate the distance Δ between the main lines 
of the group (in Fig. 7a, they are indicated by short lines). It was found 
that Δ values significantly decrease (from ~220 to ~110 cm− 1) with 
dopant concentration increasing (Table S2).

The narrowing of other groups occurs mainly due to a decrease in the 
intensity of the sidelines in the group compared to the intensity of the 
lines located closer to the center. This is illustrated in Fig. 7a, where the 
components whose intensities decrease, are shown by downward arrows 
(their positions are 584, 597, and 609 nm), and the components whose 
relative intensities increase with the concentration of impurities 
increasing, are shown by arrows pointing up. It is noteworthy that in 
group II, the line of the highest intensity is peaked at 597 nm for the 
samples with a lower concentration of dopants (0.05 and 0.1), while for 
the samples with a higher concentration of dopants (0.15 and 0.2), the 
line of the highest intensity is peaked at 601 nm.

As for group III, the lines located at 640 and 654 nm should be 
attributed to lines that disappear when passing from the samples with a 
low content of impurities to the samples with a high content of impu
rities. On the contrary, the relative intensity of the line at 646 nm, in
creases and it dominates in the spectrum for the samples with a high 
content of dopants (x, y) = 0.15 and 0.2 (Fig. 7,a).

Similarly, it is possible to describe the behavior of the lines in the PL 
spectra measured at λex = 473 nm (Fig. 7b). In Fig. 8b, as well as in 
Fig. 8a, the spectral components whose intensity decreases with an in
crease of dopants concentration are also shown by downward arrows, 
and the components whose relative intensity increases with an increase 
of dopants concentration are shown by upward arrows. The components 
of the first type have maximum positions at 561, and 569 nm (group I), 
585, 598, 608, and 610 nm (group II), 630, 640, 647, 651, and 657 nm 
(group III). Components of the second type are located, in particular, at 
564, 601, and 645 nm, for the groups I, II, and III, respectively.

Characteristics of the PL excitation spectra depend on the dopant 
concentrations in some manner, too. Thus, the main wide short wave
length band and its maximum shift to a shorter wavelength at around 5 
nm if the impurity content increases from (x, y) = 0.05, and 0.1 to 0.15, 
and 0.2 (Fig. 8a). The shape of this band also changes if dopants are 
incorporated into the samples (Fig. 8b).

One can see also, that the dependence of the total intensity of the 
excitation spectra (Iexc(total)) measured in the 260–520 nm range is 
similar (Fig. 6c) to the concentration dependence of the luminescence 

Fig. 6. The dependences of the: a) monoclinic Cm (1), tetragonal Ct (2), and 
impurity phase CaV2O6 (3) content; b) total luminescence intensity Ilum(total) 
(4), intensity of the PL group III (5), and intensity of the PL group I (6); c) total 
intensity of the luminescence excitation spectrum Iexc(total) (7), intensity of the 
luminescence excitation short wavelength band Ishort (8), intensity of the 
luminescence excitation long wavelength band Ilong (9) on the dopant con
centrations (x, y) for the La1-x-ySmxCayVO4-δ samples; λex = 325 nm (1 − 6); λreg 
= 597 nm (7–9).
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intensity (Fig. 6b). At the same time, the behavior of the intensity of both 
the short-wavelength (Ishort) (measured in the 260–360 nm range) and 
the long-wavelength parts of the excitation spectra (Ilong) (measured in 
the 360–520 nm range) differ from the mentioned above (Fig. 6c, curves 
8 and 9).

Concentration changes in the shape and intensity of excitation 
spectra registered in group III of the PL spectra (λreg = 645 nm) are 
similar to those described above for the case with λreg = 597 nm. The 
corresponding values of intensities (Iexc(total), Ishort, and Ilong) are 
accumulated in Table S2.

4. Discussion

The obtained XRD results are consistent with literature data on the 
lanthanum orthovanadate crystal lattice transformation from a mono
clinic to a tetragonal crystal structure due to the introduction of two- 
charged dopants [51–57]. We have also found that the content of the 
tetragonal LaVO4 phase increases when the concentrations of the Sm3+

and Ca2+ ions increase (Table 1). Concentration dependences of the 
monoclinic and tetragonal phases content on the y value in the 
La1-x-ySmxCayVO4-δ samples are also demonstrated in Fig. 6a. It should 
be noted, that the phase content changes are described by the fairly 
smooth curves 1–3 in the Figure. An increase of the y value from zero to 
0.05 leads to an appearance of only 2.2 % of the tetragonal phase and a 
corresponding decrease of the monoclinic phase content occurs. 
Increasing the calcium content by two times, from 0.05 to 0.1 leads to a 
more noticeable but slow change in the phase composition: from 98 to 
74 % decrease - for the monoclinic phase and from 2.2 to 22 % increase - 
for the tetragonal one. Similar changes in phase content take place if the 
y value increases from 0.1 to 0.15. However, within a change of the y 
value from 0.1 to 0.15, the phase composition changes are more sig
nificant. Thus, the monoclinic phase content drops from 74 to 13 %, 
while the tetragonal content increases from 22 to 82 %. The content of 
the impurity phase increases from 4 to 11 % with a Ca2+ ions concen
tration y increasing from 0.05 to 0.2. This phase was previously iden
tified as CaV2O6.

As has been pointed out in the Introduction section, we have aimed 
to find a way to evaluate of the phase content in La1-x-ySmxCayVO4-δ 
using some optical spectroscopy procedures. That is why, the data on the 
phase content (see Table 1 and Fig. 6) were used by us as references for 
further spectroscopic analysis. Spectroscopic evaluations have to be 
based on physical imaginations concerning peculiarities of the Sm3+ and 
Ca2+ ions interactions with the neighborhood surrounding the crystal 
lattice and on the principal features of the electronic processes in the 
absorption and luminescence centers formed by the dopants. Besides, it 
should be emphasized that we have to select the characteristics that are 

Fig. 7. Emission spectra of the La1-x-ySmxCayVO4- δ samples, (x, y) = 0.05(1), 
0.1 (2), 0.15 (3), 0.2 (4); λex = 325 (a) and 473 nm (b); T = 300 K.

Fig. 8. a): Excitation spectra of the La1-x-ySmxCayVO4- δ samples; (x, y) = 0.05 (1), 0.1 (2), 0.15 (3), and 0.2 (4); b): normalized short wavelength band of the 1 and 4 
excitation spectra shown in Fig. 8a; λreg = 597 nm; T = 300 K.
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more sensitive to crystal structure transformations.
It is known, that vanadium and lanthanum atoms are coordinated 

with four and nine oxygen atoms in the monoclinic lattice, respectively, 
and they are characterized by a Cs local symmetry of the oxygen sur
rounding [52,57,67]. As for the tetragonal LaVO4 crystal lattice, the La 
and V cations are located there at higher symmetry positions. The V 
atoms are also coordinated by four oxygen atoms similar to the case of 
the monoclinic crystal structure, but here they form perfect VO4 tetra
hedrons of the Td local symmetry. The La atoms are coordinated by eight 
oxygen atoms with the D2d local symmetry of the neighboring oxygen 
surrounding [62].

Both Sm3+ and Ca2+ dopant ions have to replace mainly La3+ ions in 
the LaVO4 crystal lattice. It should be noted that incorporated Sm3+ and 
Ca2+ ions (effective ionic radii are 1.132 and 1.18 Å for the nine-fold 
coordination, CN = 9, respectively) are smaller than the La3+ ions 
(La3+ effective ionic radius is 1.216 Å at CN = 9). So, as a result of the 
replacement the crystal field strength in the environment of the dopant 
ions changes which leads to the deformation of the oxygen environment 
near the dopants and the distortion of the nearest VO4

3− molecular 
anions.

Besides crystal field perturbations, a necessity to compensate an 
effective negative charge of the [Ca2+/La3+]- defects is needed in case of 
the Ca2+ substitution in the La3+ sites. The compensation can be ach
ieved by the formation of [VO]2+ oxygen vacancies. Thus, one oxygen 
vacancy can be associated with two Ca2+ ions. As a result, both the Sm3+

and Ca2+ ions incorporation causes deformations of the LaVO4 mono
clinic crystal lattice and promote its transformation to the tetragonal 
one.

Here, the obtained results are undoubtedly consistent with the 
described features of the placements of samarium and calcium ions in 
the lattice of the lanthanum orthovanadate. Particularly, as noted above 
and based on the XRD results of the phase content, evaluations were 
made on the assumption that dopant ions are located in the La3+ ions site 
positions. This consideration coincides also with optical spectroscopy 
data about samples under study. There is no doubt, that a set of narrow 
lines observed in the reflection spectra should be related to the ab
sorption transitions in the f shell of the Sm3+ ions. There should be 6H5/2 
→ 4F9/2 (360 and 364 nm), 6H5/2 → 4D5/2 (374 and 380 nm), 6H5/2 → 
4F7/2 (404 nm), 6H5/2 → 6P5/2 (422 nm), 6H5/2 → 4G9/2 (460, and 466 
nm), and 6H5/2 → 4I11/2 (478 nm) transitions [29–33].

The broad absorption band which is manifested in the reflection 
spectra and is peaked near 310 nm corresponds to the O2− → V5+ charge 
transfer transitions in the VO4

3− vanadate anions [17,68,69]. The bands 
in the reflection spectra with maxima near 400 and 470 nm, the intensity 
of which increases in the spectra of the samples doped with calcium 
should be associated with absorption transitions in defect centers 
induced by the influence of Ca cations [51,56]. Such bands practically 
are not observed for the calcium-free La1-xSmxVO4 samples (Fig. 3, curve 
1). Oxygen vacancies can be responsible for the appearance of these 
bands [56]. Thus, spectral data on light diffuse reflection show that 
samarium and calcium ions are included in the lanthanum orthovana
date lattice, and their charge states should be Sm3+ and Ca2+, respec
tively. However, we did not find in these spectra evidence of a direct 
relationship between their concentration behavior and the phase 
composition of the studied samples.

It should be emphasized here that variations in the phase composi
tion of the samples could be manifested in a change of their electronic 
structure because the transformation from the monoclinic to the 
tetragonal crystal structure is accompanied by a structural change in the 
LaVO4 lattice. Therefore, we analyzed the effect of Sm3+ and Ca2+

doping on the band gap of the studied compounds using the data of the 
diffuse reflectance spectra.

The analysis was made using a well-known Kubelka-Munk trans
formation (Fig. S2) [70,71]. Evaluated with an inaccuracy of ±0.01 eV 
the band gap values are 3.85 eV for the samples without calcium, 
La0.9Sm0.1VO4, as well as 3.82, 3.75, and 3.78 eV for the samples with (x, 

y) = 0.05, 0.10, and 0.15, respectively. The Eg value of the sample with 
(x, y) = 0.2 was estimated as 3.62 eV. We suppose this value is incorrect 
as a result of the significant superposition of the fundamental absorption 
edge with bands of defects absorption when the dopant concentration is 
0.2 (Fig. 3, curve 5). It should be noted, that these values are in accor
dance with previous estimations, 3.5 eV (354 nm), of the band gap for 
LaVO4 [72].

Summarizing the made evaluations of the band gap, we can state that 
the obtained change of the Eg value with (x, y) concentrations can be 
regarded in correlation with the crystal phase content behavior. At the 
same time, we have to emphasize that the Eg value changes are only near 
1.1 %. We suppose that these Eg changes are too small to be recom
mended for discussion of a possible correlation of the Eg value with the 
content of the structural phases in the studied compounds.

We suppose that the characteristics of the PL and the PL excitation 
spectra have to be more suitable for phase content monitoring. This 
opinion originates from the specifics of the VO4

3− molecular groups and 
Sm3+ ions energy levels behavior under the transformation of the 
lanthanum orthovanadate lattice from the monoclinic to the tetragonal 
crystal structure.

As Fig. 5 shows, an excitation of the Sm3+ ions PL takes place, 
particularly in the wide short-wavelength band (250–350 nm) which 
corresponds to a similar band in the diffuse reflectance spectra (Fig. 4). 
These excitation bands are caused by absorption transitions in the VO4

3−

molecular groups [73,74]. It is known, that the site symmetry of the 
VO4

3− groups both in monoclinic m-LaVO4 and tetragonal t-LaVO4 
crystal lattices is lower than a symmetry of free VO4

3− molecular anions: 
C1, D2d, and Td, respectively, for the noted cases. The crystal field 
strength in the VO4

3− sites is also different for the m- and t-LaVO4 phases. 
As a result, the transformation of the lattice from the monoclinic to the 
tetragonal one can be accompanied by changes in the absorption tran
sition intensities as well as with changes in the 250–350 nm band pro
file. Fig. 5b illustrates how the mentioned changes in crystal structure 
are reflected in the shape and peak position of this excitation band.

The absorbed energy from the excited states of the VO4
3− group can 

be dissipated by radiation way causing wide bands of the own ortho
vanadate PL in the range 425–750 nm (Fig. 4). It is obvious that moni
toring the intrinsic PL band’s behavior depending on the phase 
composition of vanadate has no prospects. These PL bands are too sen
sitive to the impact of defects and dopants, and in addition, their in
tensity is strongly suppressed at room temperature (Fig. 4).

Besides, excitation energy can be transferred via a non-radiative way 
to the luminescent Sm3+ ions which can emit delivered energy in a set of 
relatively narrow lines which result from the 4G5/2 → 6H5/2, 6H7/2, 6H9/ 

2, and 6H11/2 radiation transitions in the inner f - f shell of the Sm3+ ions 
(Figs. 4 and 7) [29–33,75–77]. The groups of lines marked by us in the 
Section “Results” as I, II, II, and IV correspond with noted types of 
transitions, respectively. If incident light photons are from the 
3.64–2.38 eV (~340–520 nm) range, then Sm3+ ions can be excited 
directly via the intrinsic absorption transitions 6H5/2 → 4F9/2, 4D5/2, 
4F7/2, 6P5/2, 4G9/2, and 4I11/2 (Figs. 5 and 8).

The noted PL excitation mechanisms of the Sm3+ ions must respond 
to changes in the structure of the crystal lattice under transformation 
from one phase to another. Indeed, as it is known, the probability of an 
excitation energy transfer between molecular groups VO4

3− → VO4
3− … 

→ VO4
3− and its transfer to RE ions, VO4

3− → RE3+, is significantly higher 
for tetragonal vanadates than for monoclinic ones [36,53,70,71]. 
Therefore, the m-LaVO4 → t-LaVO4 transformation should lead to an 
increase of the wide excitation band (250–350 nm) intensity, that we 
have just observed (Figs. 5 and 8). At the same time, the intensity of the 
direct excitation of the Sm3+ ions PL (excitation spectrum in 440–520 
nm range) located in a higher symmetrical environment in the tetrag
onal crystal structure compared to the monoclinic one should be lower 
than in the case of the m-LaVO4 phase. A combined effect of these two 
factors leads to the decrease of the Rexc = Ilong/Ishort value by ~4.6 and 
2.4 times (e.g., at 597 nm registration) when the tetragonal phase 
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content increases from zero to 2.3 %, and from 2.3 to 84 %, respectively 
(Fig. 9a, Table S2).

For comparison, we have analyzed the concentration behavior of the 
relative intensity of the excitation bands belonging only to the long- 
wavelength part of the excitation spectra: the 385–440 and 440–520 
nm bands: Rexc* = I(440 – 520)/I(385 – 440). This analysis is also useful as 
these bands are a result of electronic transitions of different types. These 
are 6H5/2 → 4F7/2, 

6P5/2 transitions for the first range, and 6H5/2 → 4G9/2, 
4I11/2 transitions for the second range. The calculated Rexc* values are 
shown in Fig. 9b. The Figure shows that the change of the crystal field 
under the transformation of the samples from the monoclinic to the 
tetragonal crystal structure affects with a different rate on the intensity 
of the above-noted transitions in absorption, that allows, in principle, 
monitoring the phase composition.

The obtained results reveal a certain relationship between the 
behavior of the ratio of the intensity of the bands in the excitation 
spectra and the quantitative content of the phases in the La1-x-ySmx

CayVO4-δ compound. However, it is appropriate to use these data for 
estimation of the phases content only if the tetragonal phase content is 
below 25 % (Fig. 9a and b).

If we continue the discussion about the luminescent monitoring of 
the phase composition in lanthanum orthovanadates, it should be noted 
that the observed changes in the luminescent characteristics of Sm3+

ions, in principle, can be the result of not only lattice transformation. It 
should also be taken into account that Ca2+ dopant ions can form 
complex luminescence centers containing Sm3+ ions and neighboring 
oxygen vacancies. Thus, the luminescence of such complex centers could 
influence the concentration behavior of the Sm3+ ions luminescence. 
However, as we can conclude from the analysis of the high resolution of 
the PL (Fig. 4) and PL excitation spectra (Fig. 5) a direct influence of the 
Ca2+ ions on energy levels and electronic transitions in Sm3+ ions is 
negligible. Indeed, there were no noticeable changes in the PL line’s 

peak positions. Moreover, a manifestation of new complex luminescence 
centers in the samples that contain calcium ions should be out of 
consideration as the intensity of additive PL lines, which appear with the 
incorporation of Ca2+ ions and which could be related to such centers, is 
also negligible. (These lines are marked by stars in Fig. 4b and in 
Table S1).

Therefore, we have a strong reason to assume that the concentration 
behavior of the luminescence characteristics, described in the section 
“Results” is related just to phase transformations in the compound under 
study. The following analysis to some extent confirms the view above.

As already mentioned above, the transition from a monoclinic to a 
tetragonal phase is accompanied by a crystal lattice symmetry increase 
while the crystal field strength decreases at the Sm3+ sites. As a result, 
the Stark splitting of the 6HJ multiplets of the ground electronic state of 
the Sm3+ ions should be smaller for the case of a tetragonal phase 
compared to a monoclinic one. Therefore, if the increase of the t-LaVO4 
phase content occurs, the contribution of the Sm3+ ions in the m-LaVO4 
phase to the linear emission spectra should be decreased, which is re
flected by the decrease in the spectral contribution of the set of lines 
marked by pointing down arrows in Fig. 8. Since the range of the PL 
line’s location for the m-LaVO4 is wider than for the t-LaVO4, the in
crease of the t-LaVO4 content is accompanied by a decrease of half- 
widths of the group’s II and III envelopes and by a decrease in the Δ 
distance between the main peaks in group I (Table S2). The similarity of 
the behavior of the noted above characteristics indicates the identity of 
the mechanism that causes the changes and confirms the validity of the 
approach we used. However, from a practical point of view, the expe
diency of such an approach used for the phase content estimation is 
questionable due to the low accuracy of determining both the distance 
between the peaks in group I and the half-width of the PL groups II and 
III.

The data from Table 1 show that the sample with the lowest dopant 

Fig. 9. The dependences of the Rexc = Ilong/Ishort (a) and Rexc* = I(440–520)/I(385–440) (b) in the excitation spectra measured at λreg = 597 (1, 3) and 645 nm (2, 4); 
the dependences of the intensity asymmetric ratios in the luminescence spectra Rlum = I(III)/I(I); λex = 325 (c), and 473 nm (d) on the tetragonal phases content Ct in 
the La1-x-ySmxCayVO4- δ samples. The symbols mark experimental data; dashed black lines (1) are linear approximations, and dashed red curves are polynomial 
approximation of the experimental data.
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concentrations, (x, y) = 0.05, consists of ~98 % m-LaVO4 phase, and 
therefore the PL spectra of the sample (Fig. 7, curves 1) mainly represent 
the emission of this phase: m-LaVO4. Similarly, the sample with the 
highest, (x, y) = 0.2), dopant concentrations consist of ~89 % t-LaVO4 
phase, and therefore the PL spectrum in Fig. 7, curves 4) to some extent 
can be taken as representatives of the tetragonal phase emission. Taking 
into account the noted consideration we tried to present the PL spectra 
of the samples with intermediate concentrations of dopants by combi
nations of contributions of the indicated reference spectra (Fig. S3). One 
can find that spectra of the La0.8Sm0.1Ca0.1VO4-δ and La0.7Sm0.15

Ca0.15VO4-δ samples with intermediate concentrations of dopants can be 
represented by the sums of both types of emission with high accuracy. 
The contributions of the m- and t-phases to the total emission have to be 
chosen for those cases as (96, and 4 %) for the first, and (32, and 68 %) 
for the second case, respectively. The used values of contributions sub
stantially differ from the ratio of crystal phases content obtained from 
the XRD analysis (74 and 22 %) for the first case (La0.8Sm0.1Ca0.1VO4-δ), 
and (13 and 82 %) for the latter case of the samples (La0.7Sm0.15

Ca0.15VO4-δ). Therefore, we suppose that some additional factors must 
be taken into consideration.

Now, we will consider the possibility of evaluating the changes in 
phase composition using the ratio of the (I(I)) and III (I(III)) intensity in 
each of the emission spectra in Fig. 7. The physical basis for such 
analysis is that these groups are caused by electronic transitions of 
various types. The 4G5/2 → 6H5/2 transition (group I, peaked at 561 nm) 
is a magnetic dipole (MD) allowed one, thus its intensity is of low 
sensitivity to the local symmetry of the neighbour environment. The 
4G5/2 → 6H7/2 transition (group II, peaked at 597 nm for low and near 
601 nm for the high concentration of dopants) is a mixed magnetic- 
electric dipole transition (MD + ED) according to the selection rules. 
The 4G5/2 → 6H9/2 (group III, peaked at 645 nm) is an electric dipole 
(ED) allowed transition. The last transition is sensitive to the crystal field 
and it is known as a hypersensitive transition. In the case of the inverse 
local symmetry of the Sm3+ ions, the intensity of the 4G5/2 → 6H9/2 
transition should be higher than the intensity of the 4G5/2 → 6H5/2 and 
4G5/2 → 6H7/2 transitions, while in the case of the non-inverse local 
symmetry, the intensity of the 4G5/2 → 6H9/2 transition should be lower 
than the intensity of the 4G5/2 → 6H5/2 and 4G5/2 → 6H7/2 transitions 
[22,29–33].

The measured PL spectra have revealed an absence of the inverse 
center for the Sm3+ ions in the compositions under study (Figs. 4 and 7). 
As a local symmetry of the Sm3+ ions is determined mainly by their 
belonging to m-LaVO4 or t-LaVO4 crystal phases, then the ratios Rlum =

I(III)/I(I) (asymmetry ratio) of the intensities of radiation transitions can 
be used for finding a possible correlation with phase composition 
behavior. Indeed, the dependencies shown in Fig. 9 (dash red approxi
mating curves) show smooth changes in the Rlum values depending on 
the phase composition of the samples. (Parameters of the approximating 
curves can be seen in Supplementary, Part III.) So, we have to state that 
the transformation of the monoclinic phase to the tetragonal one occurs 
without any jumps (see also Fig. 6a). Since the sample with y = 0 con
sists only of the monoclinic phase (Ct = 0), the value of Rlum(Ct = 0) 
corresponds to the luminescence characteristic of the monoclinic phase, 
Rlum(Ct = 0) = Rm. According to the approximation results, Rm = 2.44 
and 3.72, for excitation with λex = 325 and 473 nm, respectively. We see 
also that the decrease of the Rlum in the range Ct value 0–0.3 correlates 
with the monoclinic phase amount decreasing. The Rlum decrease is 
caused by an increase in the content of the tetragonal phase, for which, 
as was mentioned above, the value of the asymmetric ratio, Rt, should be 
lower than Rm, Rt < Rm.

With a further change in the phase content ((x, y) are from the range 
0.11–0.14; Cm and Ct lie in the range 0.4–0.6) the Rlum value practically 
does not change. Assuming in the zero approximation, that the contri
bution of each phase to Rlum is proportional to the amount of the phase 
and taking at Ct = 0.5 that Rlum = 1.88, the Rt value was evaluated as 
1.32. The Rt for the case with λex = 473 nm was estimated as 1.46.

Thus, it can be supposed that the concentration behavior of the Rlum 
value in the range of the concentrations of dopants (x, y) from zero to 
0.11 (Ct = 0.3) can be used for evaluation of both the phases content and 
their asymmetric ratio luminescence characteristics in compounds 
under study.

Finally, we found that with a further increase of the content of the 
dopants (with an increase of the tetragonal phase content), the Rlum 
value also increases (Fig. 9c and d). It should be emphasized, that the 
noted increase of the Rlum value takes place at a rather low PL intensity 
and the changes are within the limits of 4 % (Fig. 6, curve 4). However, 
this Rlum value increase correlates with the increase in PL intensity. 
Therefore, we found it necessary to analyze more detailed its possible 
origins. Thus, analyzing and comparing data shown in Fig. 9c and d we 
see that the Rlum dependences can be determined at least by two factors. 
The first one is determined by various types of luminescence excitation, 
as λex = 325 nm represents excitation via host, VO4

3− molecular groups, 
while the 473 nm excitation occurs via absorption transitions directly 
within the f - shell of the Sm3+ ions. The second one, undoubtedly, is an 
influence of the phase’s content.

When considering the last factor, we concluded that there is no 
reason to consider the studied samples as a simple mixture of two 
phases, especially at a high content of the tetragonal phase (Ct > 0.5). If 
Ct increases from ~0.6 to 1.0, the Rlum value increases. Therefore, the 
case Rt > Rm should be fulfilled there. However, it is obvious that both 
the Rt and Rm values should not depend on the amount of the starting 
phases. Therefore, a change in these values has to be considered as a 
change in the phases themselves. Thus, the described behavior should be 
considered as a contribution of some third phase which content in
creases with Ct increasing. This phase exhibits an appropriate asym
metric ratio and the following relation must hold for its value R* > Rm >

Rt. Taking into account that the monoclinic phase at Ct = 0.9 is absent in 
the composition of the samples and assuming in the zero approximation, 
that the contribution of the mentioned phase is 10 %, the R* values can 
be estimated as equal to 13 and 25 for the cases with excitation at 325 
and 473 nm, respectively. Therefore, the ratio R* > Rm > Rt is fulfilled.

It should be mentioned here that the results of the XRD analysis also 
revealed the presence of a third component in the composition of the 
samples. The obtained data showed that the CaV2O6 compound can be 
the additive phase, with a volume reaching 11 % at a high content of 
dopants. At the same time, a low probability of the La and Sm ions 
entering this phase was established from the data of the XRD analysis. 
This conclusion was also confirmed by EDS analysis data (see Suppl. 
materials, part IV). So, if the Sm3+ ions were not included in this phase, 
it would be very difficult to explain its possible effect on the lumines
cence spectral characteristics discussed above.

In our opinion, the intermediate layers between the particles of 
different crystal structures can be regarded as the additive phase active 
in luminescence. This layered phase can be formed at synthesis of the 
samples. The thickness of such layers can be quite small, and their 
structures, due to the mutual diffusion of constituents of monoclinic and 
tetragonal phases, can be uncertain. As a result, this component is not 
determined by the XRD method, even, as in our case, with the high 
sensitivity of the XRD used. However, as the concentration of tetragonal 
phase particles increases, the total amount of the intermediate phase C* 
increases, and therefore its influence on the macro-characteristics of the 
material can also increases. Applied luminescence procedures, due to 
the ultra-sensitivity of electronic transitions with absorption and emis
sion of light to the symmetry of the Sm3+ ions, allowed to register 
manifestations of the additional component of the phase composition 
with an increase of the tetragonal phase nanoparticles content. It should 
be assumed that the local symmetry of the Sm3+ ions can be low in the 
intermediate layers of a disordered structure of the crystal lattice, and 
the crystal field in these layers can be strong. This fact can ensure the 
above-mentioned ratio R* > Rm > Rt, and therefore it satisfies the in
crease in Rlum with Ct increasing.

Another factor that ensures a significant increase of the Rlum at a high 
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Ct value at a relatively low volume of the intermediate layers is an 
intensification of excitation energy transfer through the tetragonal 
phase particles when their amount increases. Similar behaviors of the 
Rexc which characterize excitation spectra and the Rlum value charac
terizing emission spectra in the range of Ct > 0.22 confirm an important 
role of the excitation energy transfer (Fig. 9).

We suppose that the above-noted data and its description confirmed 
the possibility of using an experimentally measured “asymmetric” ratio 
Rlum in luminescence spectra of Sm3+ ions for monitoring the monoclinic 
and tetragonal phases content over all possible ranges of their changing.

5. Conclusions

The set of the La1-x-ySmxCayVO4-δ crystalline nanoparticles (x = y; (x, 
y) = 0.05–0.2) were synthesized for the first time. The citrate-nitrate sol- 
gel method was successfully used for the synthesis.

The synthesized samples are characterized mainly by two-phase 
composition. They contain nanoparticles of monazite and zircon struc
tures, and monoclinic and tetragonal crystal lattices, respectively. The 
increase of the Ca2+ ions amount leads to an increase of the tetragonal 
phase content Ct from zero (y = 0) to 2.3 % (y = 0.05) and 88.6 % (y =
0.2). Simultaneously, the monoclinic phase content Cm decreases from 
100 % (y = 0) to 73.7 % (y = 0.05), and to zero percent (y = 0.2).

Optical (diffuse reflectance and luminescence) characteristics of the 
samples have been analyzed in connection with the crystal phase 
content. 

- It was found that the band gap (Eg) values reflect to some degree the 
phase composition of the samples, but Eg changes are too small to be 
observed for a reliable correlation of their behavior with the phase 
content behavior.

- The photoluminescence spectra of the La1-x-ySmxCayVO4-δ contain 
four groups of lines (I – IV) resulting from radiation transitions 4G5/2 
→ 6H5/2, 6H7/2, 6H9/2, and 6H11/2, respectively, in the inner f - f shell 
of the Sm3+ ions. It was found that this luminescence is a super
position of emission of the Sm3+ ions located in the monoclinic and 
tetragonal phases. As the site symmetry and crystal field stretches are 
different for the Sm3+ ions arranged in crystal lattices of the noted 
phases, luminescence characteristics of the Sm3+ ion’s are different 
for these two phases. That is why, the concentration behavior of the 
Sm3+ ions luminescence characteristics is related to changing the 
La1-x-ySmxCayVO4-δ phase composition.

- The measured dependences of the total intensity for both lumines
cence emission and excitation spectra, can be used, in principle, for 
the phase content monitoring, but the differential method which uses 
the Rlum = I(III)/I(I) asymmetry ratio is more accurate for the noted 
monitoring.

- Formation of the luminescence active additional phase at the highest 
dopant concentration, which is the result of the monoclinic and 
tetragonal phases mutual diffusion, was assumed from the Rlum 
behavior. The assumption about the formation of such an additional 
phase and its role in phase transformation and luminescence pro
cesses has to be confirmed by future studies.

The complex procedure of evaluation of the data about the correla
tion of the structural and optical spectroscopic characteristics can be 
used in the further engineering of the phosphors based on both 
lanthanum orthovanadates and other multiphase oxide compounds 
containing the Sm3+ ions.
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