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Crystal Structure and Optical and Magnetic Properties of Pr2(MoO4)3
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Praseodymium molybdate Pr2(MoO4)3 was synthesized using the standard ceramic route. The crystal structure of the
material has been successfully solved in superspace group I2/b(Rβ0)00 with lattice constants a = 5.30284(4),
b = 5.32699(3), c = 11.7935(1) Å,γ = 90.163(1)�, and the modulation vector q = 2/3a*þ 0.88810(2)b*. The deviation
of the q vector from a rational value allows a description of the structure in terms of nanosize domains with the
La2(MoO4)3-like structure separated by stacking faults. Under 450 nm excitation, (3P0 level) Pr2(MoO4)3 exhibits the
characteristic red emission, with the most intense band at 649 nm corresponding to a 3P0 f

3F2 transition. Magnetic
susceptibility measurements reveal Curie-Weiss paramagnetism with predominating antiferromagnetic interactions
between Pr3þ-magnetic moments and no evidence of magnetic transitions down to T = 5 K.

Introduction

Oxides with scheelite-related structures have been exten-
sively investigated during the past four decades, owing to
their interesting physical properties.1-8 The basic undistorted
scheelite-related AXO4 crystal structure consists of edge-
sharingAO8 polyhedra linked toXO4 tetrahedra by common
vertices (Figure 1). Each A and X cation is surrounded by
eight and four oxygen ions, respectively, whereas each O2-

ion is surrounded by two A and one X cation. This structure
can tolerate a number of cationic substitutions, which can be
expressed by the general formula (A0, A00)n-δA[(X

0, X00)-
O4]n-δX,whereA

0(A00) andX0(X00) represent atoms occupying
AandXpositions, respectively, and δAg 0 andδXg 0 define
vacancies on the corresponding sites. Typically, A is alkaline,
alkaline-earth, or rare earth, and X=Mo, W, or V. Due to a
large number of possible cationic substitutions and possible
polymorphism, the spectrum of physical properties displayed

by scheelites is very broad. Applications have been found in
various optoelectronic fields such as solid-state lasers,7,9 scin-
tillators,4,10 Raman shifters,11,12 phosphors,8 and so forth.
Although a number of useful applications are already

known for scheelites, the crystal structures of many of them,
a key for designingmaterials with certain physical properties,
still present some puzzling challenges.13 Scheelites withmixed
occupied cationic sites preserve at least eight typesof different
ordered anion distributions. X-ray powder diffractograms of
some of the ordered scheelites together with the main
structure often contain weak additional reflections. These
reflections cannot be indexed on the basis of the unit cells and
are therefore often neglected or assigned to impurity phases.
A recent electron diffraction study on KNd(MoO4)2

14 and
KSm(MoO4)2

15 revealed similar reflections onX-ray powder
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diffractograms which could be interpreted as satellite reflec-
tions resulting from incommensurate phases. Further studies
led to the derivation of the crystal structure model based on
the superspace group I2/b(Rβ0)00, which allowed indexing of
their diffraction patterns and refinement of their structures
along with some other scheelites with cations or vacancies
ordered in the ab plane.13 The presence of satellite reflections
was explained in terms of compositionwaves resulting from a
two-component modulation vector q, the lengths of which
are incommensurate with the lattice periodicity. It appears
that the application of the superspace approach is a key
factor in obtaining detailed information on the structural
characteristics of members of the scheelite family in order to
link them to their physical properties.
Special considerations have been dedicated to those rare

earths containing scheelites, which emit in the visible or infra-
red regions of the electromagnetic spectrum because of their
possible applications in luminescent and telecommunication
devices.16-18 Among rare earths, the Pr3þ ion is known for its
rich emission spectrum with characteristic f-f transitions in
the visible (3P0f

3HJ,
3FJ,

1D2 f
3HJ) as well as in the near-

infrared ranges (1D2 f 3F4,
1G4).

19 In particular, its red
emission is interesting for application in white light-emitting
diodes (LEDs),17 and the near-infrared region is interesting
for telecommunication devices.16 Therefore, luminescence
properties and crystal structures of a number of Pr-contain-
ing scheelite oxides have been studied.5,20-22 It has to be
noted that retaining the valence state of the Pr ion is of
importance since the presence of Pr4þ ions can significantly
deteriorate the emission properties of the material.23 Since

the scheelite oxides are of particular interest, here, we con-
sider the crystal structure and optical and magnetic proper-
ties of praseodymium molybdate, Pr2(MoO4)3, related to
a scheelite family, where 1/3 of the A-site positions are
vacant.1,24,25

Experimental Section

A total of 2 g of Pr2(MoO4)3 was prepared from stoichio-
metric amounts of Pr6O11 (99.99%, Alfa Aesar) and MoO3

(>99.5%,AlfaAesar) by the standard ceramic route. Before
weighting, Pr6O11 was annealed at T=1223 K overnight to
remove excessive moisture and carbon dioxide. The starting
oxides were thoroughly mixed with acetone in an agate
mortar and reacted at temperatures of 753, 803, and 1223 K
over 24, 160, and 15 h, respectively, yielding a green-colored
Pr2(MoO4)3. Heating and cooling rates were 10 and 1K/min,
respectively.
The data set used to index the diffraction pattern was

collected at T=298 K in the angular range of 2Θ=5-40�
using a Phillips X’Pert PRO MPD Θ-Θ X-ray powder
diffractometer equipped with an X’Celerator linear detector
and a graphite secondary monochromator. The sample was
placed into a deep-load sample holder. Themeasurementwas
done in the reflection mode with a step size of 0.008�, a
counting time of 1500 s/point, Cu KR1/KR2 radiation, a
goniometer radius of 240 mm, 0.02 rad primary soller slits,
a 1/4� receiving slit, and a 15 mm mask. A total of 25 single
reflections were resolved in the angular range of 2Θ =
10.05-30.33�. Each reflectionwas fittedwith a pseudo-Voigt
profile function using X’Pert HighScore Plus software from
Phillips. The correction for the 2Θ offset (-0.01�) was
determined from the preliminary measurement made on a
Pr2(MoO4)3 sample admixedwith10wt%of the lineposition
standard Mica SRM 675. The mixture was applied on a
silicon sample holder using ethanol to avoid the preferred
orientation of the standard. For calibration, the positions of
the four first lines of the standard were used. Indexing was
performed with zone-searching and successive dichotomy
methods implemented in the software ITO1226 and DIC-
VOL06,27 a part of CRYSFIRE28 indexing suite. The best
solution for the space group was selected using the program
CHECKCELL.29

The room-temperature powder diffraction experimental
data sets used for the Rietveld refinement were collected with
two instruments. One data set was collected with a Mar-
ResearchMAR345 image-plate area detector using synchro-
tron radiation on beamline BM01A (SNBL) at the ESRF,
Grenoble (λ=0.7092 Å, Si(111) monochromator and focus-
ing mirrors). The diffraction pattern was collected at a
sample-detector distance of 200mm.The samplewas placed
in a 0.5-mm-diameter capillary, which was rotated through
30� during an exposure of 30 s per image. The collected data
had a good signal-to-noise ratio but a moderate resolution.
Another patternwas collected using a Phillips X’Pert powder
diffractometer. The experimental setup and measurement
conditionswere essentially the sameas for the indexing except
for the angular range (2Θ = 5.0-150.0�). The collected
data had a worse signal-to-noise ratio compared to the

Figure 1. Crystal structure of scheelite viewed along the [010] direction:
AO8 and XO4 polyhedra are shown with blue and green colors, respec-
tively.
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synchrotron data set but had better resolution. The refine-
ment was performed on the basis of these two data sets.
Crystal structure refinements were performed using the

software JANA2006.30 All of the figures were obtained from
the JANA2006 and DIAMOND31 program packages.
Optical properties of the polycrystalline powder were in-

vestigated by diffuse reflectance spectroscopy. Reflectance
datawere collectedatT=298Kusing aVarianCary 500Scan
UV-vis-NIR scanning double-beam spectrometer equip-
ped with a 150 mm Lambdasphere DRA-CA-50 integrating
sphere over the spectral range of 250-800 nm.
Luminescence data were recorded with a Fluorolog FL3-

22 spectrofluorimeter fromHoriba-Jobin-YvonLtd. onwell-
ground powder samples placed in quartz capillaries with an
internal diameter of 2.4 mm. Lifetimes were measured upon
the excitation of the Pr3þ ion (3P2 level, 450 nm) and mon-
itoring the 3P0 f

3F2 transition. Luminescence decays were
analyzed with Origin and proved to be single-exponential
functions. Excitation spectrawere recorded uponmonitoring
3P0 f 2F2 or 3P0 f 3H6 transitions of the Pr3þ ion. All
excitation and luminescence spectra were corrected for in-
strumental functions.Quantumyieldsweredeterminedunder
excitation of the 3P2 level of Pr3þ ion using an absolute
methodbasedona speciallymodified integration sphere from
GigHertz Optik in Zenith Teflon of 2 in. in diameter.32 The
detailed experimental procedure was described previously.33

Lifetime and absolute quantum yield values were calculated
on the basis of three independent measurements.
Zero-field-cooled (ZFC) and field-cooled (FC) magnetic

susceptibility data were collected under an applied field of
0.1 T in the temperature range of T=5-400 K using a
Quantum Design vibrating sample magnetometer. Field-
dependent isothermal magnetization measurements were
performed atT=5Kunder the applied field varying between
-2 and þ2 T. The obtained values were corrected for the
diamagnetic contributions of the sample holder, the low-
temperature varnish, and ionic core diamagnetism.

Results and Discussion

Crystal Structure. A suitable model has been found by
both DICVOL06 and ITO12 corresponding to a C-
centeredmonoclinic unit cell (a= 16.841 Å, b=11.792 Å,
c = 15.906 Å, β = 108.512�, and FOM = 15.4). An
additional reflection condition (hk0): h þ k=2n corre-
sponds to one of the space groups Cc or C2/c. Our choice
of the centrosymmetric space groupC12/c1 was based on
the subsequent successful refinement of the structure. The
asymmetric space group Cc has also been tested. How-
ever, the atomic deviations of all atoms from their posi-
tions in the centrosymmetric model were less than one
standard deviation. Hence, the average crystal structure
of Pr2(MoO4)3 is described by the model previously
derived for La2(MoO4)3 (see Table 1 for structure refine-
ment data for Pr2(MoO4)3).

34 The unit cell comprises 26

Table 1. Details on the Pr2(MoO4)3 Structure Refinement Using the Superspace Model

Crystal Data

chemical formula Pr2(MoO4)3
Mr 761.63
cell setting, space group monoclinic, I2/b(Rβ0)00
temperature (K) 298
a, b, c (Å) 5.30284(4), 5.32699(3), 11.7935(1)
γ (deg) 90.163(1)
V, Å3 333.14(1)
Z 7
Dx (Mg m-3) 5.0600(1)
μ (mm-1) 13.05 103.99
modulation wavevector q = 2/3a* þ 0.88810(2)b*
radiation type synchrotron Cu KR1/KR2

specimen form, color capillary, green cylinder, green
specimen size (mm) 0.3
absorption correction μr 0.67 none
specimen preparation cooling cooling from 1023 to 298 K with 1 K/min in the air
specimen preparation pressure (kPa) 101.325
specimen preparation temperature (K) 298

Data Collection

diffractometer MAR345 Phillips X’Pert PRO MPD θ-θ
data collection method specimen mounting, glass capillary;

mode, transmission
specimen mounting, infinite thickness

sample holder; mode, reflection
2θ (deg) 4-34.2 5-150

Refinement

overall R factors and goodness of fit Rp = 0.0481, wRp = 0.0660, S = 1.99
wavelength of incident radiation (Å) 0.7089 1.540598/1.544426
excluded region(s) none
profile function pseudo-Voigt
no. of params/no. of reflns 72/25200
weighting scheme based on measured s.u.’s
(Δ/σ)max 0.05
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independent atoms on general positions requiring the
refinement of 26 � 4 = 104 structural parameters
(assuming isotropic displacement parameters for ions).
In the superspace description,13 the corresponding model
requires 12 þ 18n structural parameters, the second
member giving the number of parameters of n harmonics
for the description of displacive modulations. It is known
that the use of the superspace model could reduce the
number of refined parameters. Thus, the 3D commensu-
rate approximation and (3þ 1) D model with superspace
group I2/b(Rβ0)00 and q=2/3a* þ 8/9b* were used to
describe the crystal structure of Pr2(MoO4)3. The distri-
bution of Pr3þwas modeled by a Crenel function with the
center of the Pr-atomic domain located at x4

0=0.5 and an
occupation parameter o=2/3.13 The background of the
synchrotron and laboratory powder diffraction data was
modeled by 9- and 12-coefficient polynomial functions,
respectively. The profile was fitted using a pseudo-Voigt
function. The scale factor, sample displacement, back-
ground, profile, lattice parameters, displacive modula-
tion functions (the first-order Fourier amplitudes for Pr,
Mo, and O; see Table 2), atomic coordinates, and iso-
tropic displacement parameters were refined together
during the final step. The refinement converged with
reasonably low agreement factors (Rp=0.0492, wRp=
0.0676, S=2.04), but a closer examination of the profile
revealed that the positions of some of the low-angle
reflections were not modeled accurately (Figure 2A).
Therefore, we attempted to refine the components of
the q vector, in order to investigate whether the structure
could possibly be incommensurate. The preliminary re-
finement of the incommensurate model resulted in the
first q-vector component within the doubled standard
deviation being equal to 2/3. But the value, 0.88810(2), of
the second component became irrational, slightly deviat-
ing from the value of 8/9. Therefore, only the second
component of the q vector was allowed to vary during the
final step. The refinement of the incommensurate model
(Figures 3 and 4) resulted in better agreement factors (Rp

=0.0481, wRp=0.0660, S=1.99) and better correspon-
dence between the calculated and observed reflection
positions (Figure 2B). The refined structural parameters
are listed in Table 1.
As already mentioned, Pr2(MoO4)3 belongs to the

group of scheelite-related compounds with 1/3 of the
crystallographic A-site positions being vacant. Five

structural types with different ordering schemes of the
cationic vacancies have been identified for these com-
pounds.34 Pr2(MoO4)3 has been reported as a structural
analog of La2(MoO4)3.

35 The lattice of the La2(MoO4)3-
type structure is related to the (pseudo)tetragonal
scheelite by the following transformation matrix:

am
bm
cm

0
BB@

1
CCA ¼

3 -1 0

0 0 1

3 0 0

0
BB@

1
CCA

at
bt
ct

0
BB@

1
CCA

where the subscript m represents the monoclinic and t the
tetragonal unit cells. The vacancies in La2(MoO4)3 are
grouped in three clusters (Figure 5). The clusters are
connected by symmetry operations of the space group
C12/c1 when applied to the monoclinic unit cell. This

Table 2. Structural Parameters and Derived Fourier Amplitudes

harmonicsa x y z Ueq (Å
2)

Prb 1/2 1/4 0.8807(2) 0.0077(2)
s, 1 -0.0125(1) -0.0059(1) 0
c, 1 0 0 0.0087(3)

Mo 1/2 1/4 0.3725(2) 0.0115(3)
s, 1 0.0096(2) 0.0148(2) 0
c, 1 0 0 -0.0009(2)

O1 0.3528(7) 0.0107(7) 0.2954(4) 0.021(2)
s, 1 -0.0048(8) -0.004(1) 0.0023(4)
c, 1 -0.014(1) 0.020(1) 0.0081(4)

O2 0.7689(8) 0.3948(7) 0.0363(4) 0.023(2)
s, 1 0.0078(9) 0.0341(8) 0.0081(4)
c, 1 0.008(1) 0.0063(8) 0.0018(4)

aHarmonics are listed by term (s for sine, c for cosine) and order n.
bThe Crenel function with occupation parameter o= 2/3 is used for Pr
(x4

0 = 0.5).

Figure 2. A portion of the low-angle laboratory X-ray powder diffrac-
tion data highlighting the difference between the fits obtained for the
commensurate (A) and incommensurate (B)models. The upper and lower
rows of reflection marks correspond to the average structure and satellite
reflections, respectively.

Figure 3. Rietveld refinement plot of the synchrotron X-ray powder
diffraction data for Pr2(MoO4)3. Space group: I2/b(Rβ0)00. The
observed, calculated, and difference intensities, and Bragg positions are
shown. The upper and lower rows of reflection marks correspond to the
average structure and satellite reflections, respectively. The inset shows a
magnified portion of the low-angle X-ray diffraction data.

(35) Brixner, L. H.; Sleight, A. W.; Licis, M. S. J. Solid State Chem. 1972,
5, 247–249.
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cluster arrangement can be reproduced as a commensu-
rately modulated structure within superspace group I2/
b(Rβ0)00with q=2/3a*þ 8/9b* and a (pseudo)tetragonal
unit cell.8 The structure obtained for Pr2(MoO4)3 is very
similar to La2(MoO4)3; however, this structure is incom-
mensurately modulated since there is a small deviation of
the second component of the q vector from the rational
value (Table 1). This deviation creates faults in the Pr-
vacancy distribution, regularly spaced along the b axis of
the pseudotetragonal monoclinic lattice (Table 1). The
distance between the two nearest faults can be estimated
as follows: d=Δ/(qc- qi), whereΔ represents the width of
the Pr-atomic domain, equal to 2/3, and (qc - qi) repre-
sents the difference between the commensurate and in-
commensurate q vectors. This formula yields d≈ 450 nm,
which is equal to about 845 basic translations along the b
axis of the monoclinic lattice of space group I2/b(Rβ0)00.
One of the faults is shown inFigure 6. It comprises a block
of the vacancy clusters, each formed by four vacancies
and located in the boundary separating two domains,
each characterized by a La2(MoO4)3-like structure. One
can claim that the small deviation of the q vector from a
rational value is a result of a regular nanosized domain
distribution.

It is further interesting to consider the first coordina-
tion spheres of the cation in Pr2(MoO4)3 and compare
them with La2(MoO4)3. According to ref 34, the varia-
tion of the La-O distance among three different LaO8

polyhedra is equal to Δ(La-O)= 0.126 Å, with very
close average La-O distances (2.5198, 2.5202, and
2.5201 Å). The Mo-O distance varies between 1.73
and 1.82 Å, and the average of the Mo-O distance
among five different MoO4 tetrahedra varies between
1.771 and 1.781 Å. This confirms that there is no
significant distortion of MoO4 tetrahedra. In all three
polyhedra, the coordination of La is also essentially the
same, the first coordination sphere of each La3þ being
surrounded by eight O2- ions. The polyhedra are not
significantly distorted. Figure 7 shows the variation of
Pr-O distance values in Pr2(MoO4)3 with the parameter
t. Evidently, the spread of Pr-O distances is wider in
comparison to the La-O ones. Indeed, according to the
figure, the coordination number (CN) of Pr tends to
vary between 7 þ 1 and 8. On one hand, the variation in
the Pr-valence state could account for the observed
phenomenon. However, as will be proved by the mag-
netic and optical data analyses, there is no significant
variation in the Pr-valence state. On the other hand, a
decrease in the ionic radius of lanthanides reduces the
tendency of the ion to retain a higher CN and to form
rigid polyhedra. Therefore, the larger variation observed
in the Pr-O distances as compared to the La-O ones
can be explained by the difference in ionic radii of Pr3þ

(1.126 Å, CN=8) and La3þ (1.16 Å, CN=8).

Figure 4. Rietveld refinement plot of the laboratory X-ray powder
diffraction data for Pr2(MoO4)3. Space group: I2/b(Rβ0)00. The observed,
calculated, and difference intensities and Bragg positions are shown.
The upper and lower rows of reflectionmarks correspond to the average
structure and satellite reflections, respectively. The inset shows a magni-
fied portion of the low-angle X-ray diffraction data.

Figure 5. Vacancy ordering scheme for La2(MoO4)3. Vacancy clusters
are outlinedwithblue rectangles. Theundistorted scheelite tetragonal unit
cell is outlined with red.

Figure 6. Vacancy ordering scheme observed in Pr2(MoO4)3. The
monoclinic unit cell is outlined in blue. The stacking of the regular
vacancy blocks (in yellow) along the monoclinic b axis is interrupted by
the defect vacancy blocks (in red).

Figure 7. Distances betweenmetal atoms and their surrounding O1 and
O2 atoms plotted versus t.
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Figure 7 gives the opportunity to evaluate the
surroundings of the Pr2(MoO4)3 vacancies. The distance
between a vacancy and the closest O2- ions tends to
increase in comparison to the one between Pr3þ and
O2-. This is somewhat expected and indeed observed in
La2(MoO4)3.

34 The coordination number 7 of the vacan-
cies in Pr2(MoO4)3 is lower than that in La2(MoO4)3,
which is 8. It is significant that only CN=8 is observed in
the interdomain boundary. This fact is consistent with
larger vacancy clusters appearing in the interdomain fault
(Figure 6).
All of the known room-temperature structures of

molybdates and tungstates with general composition A2-
(XO4)3 (A=RE) belong to three different structure types:
La2(MoO4)3, Eu2(MoO4)3, and Sc2(WO4)3.

36 The former
two can be derived from the parent scheelite structure and
differ in their cationic vacancy ordering schemes.13 The
latter one belongs to the Al2(WO4)3 structure type. The
selection of the structure type depends on the ionic radius,
R, of the RE ion.36 Thus, molybdates with a larger ionic
radius of the lanthanide adopt the La2(MoO4)3 type
(R(La3þ) = 1.16 Å) and CN(La) = 8. The decrease of
the ionic radius leads to the Eu2(MoO4)3 type (R(Eu

3þ)=
1.066 Å). The CN of Eu is still equal to 8. In the Sc2-
(WO4)3 type (R(Sc

3þ)=0.745 Å), the CN of Sc reduces to
6. Probably, the ionic radii of RE can also account for the
different vacancy ordering schemes of the La2(MoO4)3-
and Eu2(WO4)3-type compounds. The exact relation be-
tween these two parameters is however difficult to establish
so far with the present experimental data.

Optical Properties. The diffuse absorption spectrum of
Pr2(MoO4)3 presents narrow bands at 450, 475, 485, and
570-620 nm due to 3P2r

3H4,
3P1,

1I6r
3H4,

3P0r
3H4,

and 1D2 r 3H4 transitions, respectively, along with a
broad intense band in the UV range extending further
into the visible (Figure 8). Absorption up to 330 nm is
attributed to the band gap and occurs through excitation
of electrons from the valence to the conduction band.37

The band gap energy of 4.0 ( 0.1 eV has been calculated
from the position of the absorption edge. The narrow
bands at 430-500 nm and 570-620 nm are attributed to

the light absorption via the f-f electronic transitions of
Pr3þ and can be assigned to the 3H4 f

3PJ (J=0-2) and
the 1I6 and

1D2 transitions, respectively. No wide absorp-
tion bands in the range of 300-570 nm and peaks around
330 and 395 nm, which could be attributed to Pr4þ ion,
were found. This confirms that praseodymium ions of the
molybdate occur only in a trivalent state.
Room-temperature excitation spectra (Figure 9) of the

sample exhibits a broad band in the range of 250-350 nm
along with more intense f-f electronic transitions of the
Pr3þ ion in the visible range at 450 (3P2 r

3H4), 475 (
3P1,

1I6 r
3H4), and 485 (3P0 r

3H4) nm. It is worth mention-
ing that the excitation spectrum coincides well with the
absorption one. Upon excitation into the 3P2 level (450
nm) of the Pr3þ, praseodymium molybdate displays
characteristic red luminescence from mainly 3Pr0 to

3HJ

(J=4-6) or 3FJ (J=2-4) levels, with the most intense
band at 647.5 nm corresponding to the 3P0 f

3F2 transi-
tion (Figure 10). Emission from the 1D2 level is very weak

Figure 8. Absorption spectrum of Pr2(MoO4)3.

Figure 9. Excitation spectrum of Pr2(MoO4)3 recorded at T = 295 K
upon monitoring 3P0 f

3F2 transition (649 nm).

Figure 10. Emission spectra of Pr2(MoO4)3 upon excitation of the Pr3þ

ion (3P2 level, 450 nm) (A) at T = 295 K and (B) at T = 77 K.

(36) Abrahams, S. C.; Bernstein, J. L. J. Chem. Phys. 1966, 45, 2745–2752.
(37) DeMelloDonega, C.;Meijerink, A.; Blasse, G. J. Phys. Chem. Solids

1995, 56, 673–685.
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and presents less than 1% of the total integrated intensity
(Table 3). Upon excitation into this level at 598 nm, no
luminescence in the visible and emission in the near-
infrared (NIR) range were detected. Very weak emission
at 900-1100 nm due to the 1D2f

3F4 transition could be
observed when excited into the 3P2 level at 450 nm.
Luminescence decays upon monitoring either 3P0 f

3F2

(649 nm) or 3P0 f 3H6 (619 nm) transitions, which are
monoexponential functions with lifetime values being the
same and equal to 10.1(2) μs. The absolute quantum yield
of Pr2(MoO4)3 measured under direct excitation into the
3P2 level of Pr

3þwas found to be only 0.092(1)%. The low
luminescence can be caused by the concentration quench-
ing via the efficient cross-relaxation process between
closely settled Pr ions. Indeed, the refinement of the
structure indicates that the Pr3þ ions in Pr2(MoO4)3 are
arranged in blocks extending along the c axis (Figure 6).
The shortest distance between two blocks corresponds to
the distance between two closest vacancies and is equal to
1/2(atþ btþ ct) or∼ 6.99 Å (where at, bt, and ct are lattice
parameters of the parent tetragonal cell). Within one
block, the ions form a 2D network, where two closest
neighbors are related by the symmetry operation 41 along
the c axis. Hence, the distance between two closest Pr ions
corresponds to the translation 1/2at þ 1/4ct or ∼3.97 Å.
Magnetism. The temperature dependence of the molar

magnetic susceptibility of Pr2(MoO4)3 is presented in
Figure 11. No difference between the FC and ZFC
magnetic susceptibility values was observed. Above T=
100K, the FCmagnetic susceptibility data of Pr2(MoO4)3
were fitted to the Curie-Weiss formula:

χ ¼ χ0 þ
C

T -Θ
ð1Þ

where χ0 represents contributions of the Landau and
ionic core diamagnetism and Pauli paramagnetism, T is

temperature, and Θ refers to the Weiss constant and C
to the Curie constant. The fitting of the data results in
χ0=1.14 � 10-3 emu mol-1 Oe-1 (with a Pr3þ, Mo6þ,
and O2- ionic core diamagnetism contribution of 2.05
� 10-4 emu mol-1 Oe-1), C=0.43 � 10-3 emu mol-1

Oe-1, and Θ=-39 K. The latter indicates antiferro-
magnetic ordering of magnetic moments of Pr3þ ions
(4f2). The effective magnetic moment, μeff= 3.63 μB,
derived from the C value, is close to the theoretically
predicted one for the free Pr3þ ion (3.54 μB). Thus, it
can be concluded that, in the investigated oxide, the
praseodymium ion is mainly presented in oxidation
state þ3.
The inset of Figure 11 shows the temperature derivative

of the FC magnetic susceptibility (dχFC/dT) used to
determine the N�eel temperature (TN), which was found
to be TN=35 K. Isothermal magnetization (M) measure-
ments (inset of Figure 11) reveal no magnetic hysteresis
and M saturation.

Conclusions

Praseodymium molybdate Pr2(MoO4)3 has been synthe-
sized, and its incommensurate crystal structure has been
successfully described in the superspace approach, using
superspace group I2/b(Rβ0)00. The main structure motif of
the material is similar to that of La2(MoO4)3, but slightly
different in terms of coordination of the rare-earth element:
for La, CN=8; for Pr, CN=7 þ 1 and 8. In addition, the
crystals of Pr2(MoO4)3 contain regularly spaced stacking
fault defects accounted for by the incommensurate character
of their structure. The defects separate nanosized domains.
The incommensurate modulation of the cationic site occupa-
tion and displacive atomic modulations lead to a description
of the structure in terms of interdomain faults. The origin of
the defects and their regularity is not yet fully clarified, but it
would be expected that, after some thermal treatment at
elevated temperatures, the structure could become commen-
surate.
Emission characteristics of Pr2(MoO4)3 were investi-

gated in visible and NIR ranges. It has to be noted that
the absorption spectrum of Pr2(MoO4)3 and its strongest
excitation band of 450 nm overlap significantly with that of
modern GaN and GaInN-based blue LEDs (370-470
nm),17 which have an excess of the blue and a lack of the
red component.Moreover, the generation of the light from
the red region (3P0 f

3F2 transition at 647.5 nm) using the
blue region of the visible light is promising for white LEDs.
The application of Pr2(MoO4)3 in LEDs is however res-
tricted due to its low quantum yield. Since no evidence for
the presence of Pr4þ ions was found, the low emission
quantum yield was attributed to concentration quenching
between Pr3þ ions due to their high content (37 mol %).
The latter can be decreased by substituting praseodymium
with other rare-earth, alkaline-earth, or alkaline ions.
This, in turn, may result in a change of the coordination
environment and the valence state of Pr as well as optical
properties.

Table 3. Position of the Bands and Integral Intensities of Pr3þ f-f Transitions (relative to 3P0 f
3F2) in the Luminescence Spectra of Pr2(MoO4)3 at 77 K

compound 3P0 f
3H4

3P0 f
3H5

3P0 f
3H6

3P0 f
3F2

1D2 f
3H5

3P0 f
3F3

3P0 f
3F4

integral intensity 0.33 0.08 0.17 1.00 0.01 0.02 0.08
λ, nm 489, 498 547, 555.5 617.5 647.5 687 708, 711 731, 740

Figure 11. Temperature dependence of the FC and ZFC molar mag-
netic susceptibility of Pr2(MoO4)3 measured under the applied magnetic
field ofH=0.1 T. The inset shows the temperature derivative of the FC
magnetic susceptibility (dχFC/dT) variation with T and the isothermal
magnetizationM(H) loop (T = 5 K, -2 T <H < 2 T).
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It should be stressed that, due to the more accurate
description of the local coordination and composition envir-
onment of the rare-earth ions, the superspace approach has
an advantage over the 3D one in modeling the scheelite-
related compounds. The superspace approach provides a
better understanding of the relationship between their func-
tional properties and composition. Thus, further develop-
ment of the superspace approach to describe other scheelite
family members seems to be promising.
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